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Abstract:In this paper the output frequency of a wind turbine system supplying an isolated load is regulated by
controlling the rotor speed of the turbine using a PID (Proportional Integral Derivative) controller. The block diagram
of the linearized model of the wind turbine system is described and simulated using Matlab-Simulink software package.
The performance of the controller and hence the system response is optimized using Simulink design optimization and
manual tuning of the PID controller. The performance of PID controller is compared with the Linear Quadratic
Regulator control scheme under nominal and extreme conditions of operation of the wind turbine.
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I. INTRODUCTION

The rapid growth in energy demand and human progresses in various scientific and industrial fields have increased
the need to investigate its various resources of energy. To meet the energy demand of all households worldwide, energy
supplies must double by 2050 [1]. These facts along with economic problems and the increment of fuel cost have
encouraged the researchers in various countries to pay more attention to renewable energies. Therefore, the wind, as one
of the renewable energy resources, and its optimal exploitation methods, have been noticed so that the predictions
indicate that in 2020 the portion of wind in generating the energy required for human activities will be more than 20%.
The design of wind turbines depends on the conditions of the location they are installed, and most of them are designed
to generate power with the minimum possible cost at low wind speeds. Thus, if the wind speed exceeds a specified limit,
some of the important parts of turbine may be harmed. The designers use various control systems to prevent these harms
and also to optimal exploitation of turbines. The most important control systems are stall control, pitch control, and yaw
control, among which the pitch control is the most common system [2][3].

Frequency regulation in interconnected networks is one of the main challenges posed by wind turbines in modern
power systems. Frequency deviations can cause under/over frequency relaying and disconnect some loads and
generations. Frequency regulation becomes a major concern when the system is delivering an isolated or static load [4].
Hence there is a need to regulate the output frequency of wind turbine. Induction generators are commonly used
generators in wind turbine. Induction generators are predominantly used due to their rugged and simple construction.
Their easy maintenance and over speed capability makes them suitable for wind turbine application [5]. The output
frequency of induction generator predominantly depends upon its rotor speed and hence in order to regulate the output
frequency the rotor speed needs to be controlled.

Investigation of standard and advanced controls of variable speed wind turbine has been done.PI control acting on a
measurement of electrical power was the industry standard for constant-speedmachines [6].Most commercial systems are
implemented using single input single output (SISO) systems. Advanced controls robust multiple input multiple output
(MIMO) method,adaptive or nonlinear techniques have also been reported [11].Variable-speed wind turbines have
become more prominent and the blade pitch angle control is the most effective method of controlling the speed and
hence the output frequency.

In this paper a Proportional Integral Derivative (PID) controller is used to regulate the frequency of the wind turbine
by controlling the blade pitch angle. In this paper the complete system is simulated is using Matlab-Simulink package.
The performance of the PID controller based system is compared with Linear Quadratic Regulator control scheme.
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Il. LINEARIZED DYNAMIC MODEL [6]

The wind turbine is characterized by no dimensional curves of the power coefficient (Cp) as a function of both the tip
speed ratio (1) and the blade pitch angle (). Cp can be defined as the electricity produced divided by the total energy
available in the wind at that speed and A is the ratio of the angular rotor speed of the wind turbine to the linear wind speed
at the tip of the blades.
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Fig 1. Power coefficient surface as a function of tip-speed ratio and blade-pitch angle.

In order to fully utilize the available wind energy, the value of A should be maintained at its optimum value. An
optimum value of A corresponds to the maximum value of Cp.The fundamental dynamics of the variable-speed wind
turbine are captured with the mathematical equation (1).

Jo=Tw-Tm ° (@)

Jiis the moment of inertia of the turbine rotor in kg.mz, w is the angular shaft speed in radians/second ,Tw is the
aerodynamic torque in Nm ,Tm is the mechanical torque in Nm necessary to turn the generator and is assumed constant
value commanded by the generator. Because the generator moment of inertia of a direct-drive turbine is generally
several orders of magnitude less than Jt, it has been neglected.

The equation (1) is linearized by selecting operating pointsWop, w0p and pop corresponding to wind speed, rotor
speed and pitch angle respectively. The operating points are chosen such that the aerodynamic stability of the system is
maintained. The linearized model is as shown in equation (2), where a, b and c are the linearization coefficients given

by the partial differential of J.c, with respect to o, w andprespectively at their respective operating points.
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A. Turbine Model
Applying Laplace transform to equation (2) gives

Ji SAw; =aAw+ bAW(S) + cAB(S) (6)
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The linear turbine model is as shown in figure (2) where
Figure 2.Linear Turbine Model

The rotational speed operating point «.0p was selected to be desired constant speed of 600 rpm (62.83 rad/sec), Wop
as 13 m/sec [7] and Bop as 9 deg.

B. Actuator Mode
The pitch actuator can be modeled with a simple first-order model. Blade pitching inertia is very small in comparison
with other terms and can be neglected. The actuatortransfer function is described by transfer function as shown in
equation (7).
1
$s+1

Ac(s)=  (7)

The value of time constant < is taken as 0.20.The block diagram of the actuator model is as shown in figure (2) with
input and output as pitch angles Ui(s) and Uo(s) respectively.

Ui(s) 1 U (s)
—® 15+l [—»

Figure.3 Actuator Model

C. Controller Model
A PID controller with input as rotor speed and output as pitch angle was used with the transfer function described as
shown in equation (8) with Kp, Ki and Kd as proportional, integral and derivative gains.

C(s)=Kp + Ki/s + Kd s 8)
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Figure.4 Controller model with input as rotor speed and output as pitch angle.

D. System Model
The complete model of the system is obtained as shown in figure (4) consisting of the turbine model, actuator model

and the controller model.

Turbine Plant

Actuator

Controller

Figure 5. System Model

I11. SIMULATION RESULTS

The system model was simulated using MATLAB Simulink package. The wind speed input was given using a
random generator block in Simulink with a mean value of 10m/s and a deviation of 3 m/s. The output of the system
was obtained for the turbulent change in the wind speed. The output of the system was measured in terms of Root Mean
Square (RMS) error [8]. RMS error is defined as the fraction of change in RMS value of the output rotor speed to the
desired rotor speed of 62.83 m/s. The controller is tuned in order to reduce the RMS error to the least possible value.
Manual tuning of controller [9] and design optimization tool in Simulink [10] were the two methods identified and
adopted to tune the controller gain to optimum values such that the RMS error is minimized.
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Figure 6. Simulink Block Diagram
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Figure 7. Wind speed input

A.Simulink design optimization toolbox

Simulink Design Optimization improves designs by estimating and tuning model parameters using numerical
optimization. The desired response or output rotor speed was specified in the signal constraints toolbox with a peak
overshoot of 0% and desired final value of 62.83.Optimization was performed by selecting gradient descent algorithm to
arrive at the desired response within 10 iterations. The optimized values of gains were obtained as Kp =43.4186, Ki=-
0.2895 and Kd=30.5946. The RMS value of output speed was 61.85 m/s resulting in an RMS error equal to 1.6%.
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Figure 8. Simulink Design Optimization output

B. Manual Tuning

It was observed that in the absence of the controller the RMS error was as high as 14.38 % (output RMS of 53.79
m/s).The absence of a PID controller resulted in a larger rise time and RMS error. In the absence of derivative and
integral gain (P controller), the system has a faster response but the RMS error is high. When a PI controller is used, the
system response time increases as compared to a PID controller. The addition of a derivative component improves
system response. The controller gainsKp, Ki and Kd were varied over a wide range of values [9] such that the RMS error
is minimum. At the gain values of Kp =50, Ki =10 and Kd =40 the rotor speed has 0% RMS error. But a peak overshoot
of 11.41 % is observed as shown in figure (9).
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Figure 9. Rotor Speed output using manual tuning of the PID controller

Manual tuning was observed to be a tedious method as it involves varying the gains over a wide range of values and
checking RMS error for each of the variation in gain. It is difficult to obtain an output response with zero RMS error and
and least overshoot using manual tuning of controller gains.

Hence the goal of minimizing the overshoot and decreasing the RMS error was observed to be conflicting. Manual
tuning of PID controller is effective in minimizing the RMS error and the design optimization method is effective in
minimizing the overshoot of the output rotor speed.

1V. COMPARISON WITH LINEAR QUADRATIC REGULATOR (LQR) CONTROL SCHEME

An LQR control scheme is used when the system dynamics is described by linear differential equations and the cost
is described by a quadratic function. The PID control was compared with LQR control scheme under nominal and
extreme conditions [11]. It was observed that under extreme conditions like cold air, low atmospheric temperature, wind
turbulence etc., the rotor speed showed larger variation when operated using PID controller compared to LQR controller.
But under nominal conditions i.e. close to the operating point, the PID controller is significantly better than LQR
controller.

In terms of the cost function [12] of the two controllers, under extreme conditions of cold air and ice accretion on the
turbine blades the LQR controller outperforms the PID controller. Such off-design extreme conditions are unidentified
by the PID controller. Hence under nominal conditions close to operating point a well-tuned PID controller is the
optimum choice to control the rotor speed and hence regulate the output frequency of a wind turbine.

V. CONCLUSION

In this paper the output frequency of a wind turbine system driven by an induction generator was regulated by
controlling the rotor speed of the generator using a PID controller. The system was simulated using Matlab Simulink
software package. The gains of the PID were tuned using manual tuning and design optimization toolbox. The manual
tuning of the gains delivered zero RMS error in the output but with a peak overshoot of 11.41 %.Using Simulink design
optimization tool the peak overshoot was reduced to zero but there was an RMS error of 1.6 % in the output. The manual
tuning method and design optimization method are suitable for minimizing the RMS error and peak overshoot of the
output response of the turbine system respectively. The task of simultaneously minimizing RMS error and overshoot was
found to be contrasting. The performance of the PID controller was compared to LQR control scheme in terms of rotor
speed and cost function and it was concluded that under nominal conditions close to operating points the PID control
significantly outperforms the LQR control scheme.
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