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Abstract This paper is a part of a research project to study the 
dynamics and control of distributed resources (DRs) in the 
deregulated electric power industty’. It reflects the need to look at 
large wind farms as power plants, as a result of the increased 
penetration of wind energy in the power systems many places 
in the world. To obtain an optimal integration of high 
penetration of wind energy in the system. the wind farms must 
be able to replace other power plants, i.e. he able to participate 
in the control and stabilization of the power system. If e.g. a 
large wind farm trips due to a grid fault, the power system will 
suffer from a severe loss of supply. The main result of the 
project is a verified model of a wind fm, which can be used 
to study and improve the power plant characteristics of the 
wind farm, and a tentative assessment of the power quality of 
the wind farm, based on simulations with the developed model 
and verified by measurements. 

This research provided a different approach to wind 
turbine modeling and control design methodology. All the 
results were in close agreement with results from other 
studies. The main strategy of the controller was to regulate the 
rotor angular speed and the power demand to match the 
required profiles. A simple wind turbine model was linearized 
about an operating point and it was used to systematically 
perform trade-off studies between minimization parameters. 
The robust nature of the PID controller was illustrated and 
optimal operating conditions were determed. 

Continued research illustrates that the optimum wind 
turbine has not yet been build and most of the remaining work 
lies in how the wind turbine is controlled. Additional design 
and control strategy improvements can be expected a s  
experience is gained with wind turbine operations. 

Keywords: Wind Turbine. Modeling, Controls, Distributed 
Resources. Power 

I. Introduction 

The main sources of electrical power have been fuel- 
buming engines, which use the energy from non-renewable 
fuels to mate  a shaft connected to an electric generator 151. 
These systems have seen vast improvements in the areas of 
efficiency, emissions and controllability because they have 
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always been the primary power sources. The deregulation of 
electricity in the US has seen rise in research geared towards 
altemative energy sources. Some of the major sources being 
investigated include fuel cells. micro-turbines and wind 
turbines. Wind turbines will be the main focus of this research. 

The most special feature about wind turbines is the 
fact that, unlike other generation systems. the power inflow 
rate is not controllable. In most power generation systems. the 
fuel flow rate, or the amount of energy, applied to the 
generator controls the output voltage and frequency. However, 
wind speed varies with time and so does the power demand. 
The fact that one has no control over the energy source input. 
the unpredictability of wind and the varying power demand are 
more than enough concerns to justify the need for a controller, 
which will regulate all the parameters that need to be 
controlled for a matched operation of the wind turbine. 

Il. Wind Turbine Performance 

Wind Power Available 
A packet of wind of mass m flowing at upstream 

speed U in the axial direction (x - direction) of the wind turbine 
possesses kinetic energy. The power, P, in the wind is the time 
derivative of the kinetic energy given by Equation 1 where A, 
is the cross-sectional (swept) area of the wind turbine and p is 
the air density. This represents the total power available for 
extraction. 

As the wind passes over the turbine, the wind will lose power 
equal to the power extracted by the turbine. Since the upstream 
cross-sectional area is not physically measurable, the extracted 
power is usually conveniently expressed in term of the wind 
turbine swept area A. Equation 2 shows that a turbine cannot 
extract more than 59% of the total power in an undisturbed 
tube of air with the cross-sectional area equal to the wind 
turbine swent area. 

Wind Power Extracted 
The fraction of power P, extracted from the available 

power in the wind P, by practical turbines is expressed by the 
coefficient of performance, C,. The power extracted P, can 
then be expressed as shown in Equation 3. 
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The value of C, varies with the wind speed. the rotational 
speed of the turbine, the rotor pitch angle. and the turbine 
blade parameters. Thc tip speed ratio. 1. is a variable that 
combines the effects of the rotational speed and the wind 
speed. It is defined as the ratio between the rectilinear speed of 
the turbine tip. wK, and the wind speed U. 

If the power performance of a wind turbine rotor is to 
be evaluated, its C,(h,P) curve might be obtained from the 
wind turbine manufacturer and a look-up table can be created 
to evaluate the coefficient of performance for each tip speed 
ratio and blade pitch angle. If the rotational speed, o. and pitch 
angle, p. are known, (61 = w, and P = Po for a constant Ipm 
fixed pitch rotor), then the mechanical power output, P,, at any 
upstream wind speed. U. can be found using Equation 2.6. 

Sometimes the full C,(h,P) data are not available so 
that Equation 3 cannot be used directly in power performance 
evaluations. According to Justus [XI, for any operation pitch 
angle, a good approximation to C, as a function of the speed is 
found by using Equations 4a and 4b. 

U R S U 5 U ,  (46) 

The coefficient5 F and G can be found using boundary 
conditions that the coefficient of performance C, is zero at the 
cut-in spced. and is C 

For each pitch angle, this approximation method 
requires knowledge of the cut-in speed, U,. whch is a function 
of the rotational moment of inertia of the rotor and the shaft, 
the maximum coefficient of performance. C,,. the rated 
coefficient of performance, CpR, the rated wind speed, uR. the 
wind speed at which C,, occurs. U,, and the rated power P, of 
the wind turbine. Fortunately. IL, uR, C,R, C,, and PR are given 
for a wind turbine and the coefficients F and G can be found 
by applying the boundary conditions that C,(&) = 0 and C,(UR) 

The wind turbine rotor performance can also be 
evaluated as a function of the coefficient of torque C,. The 
wind turbine power, P,. is equal lo the product of the torque, T 
and the rotational speed w. It follows that the torque 
coefficient, C,, can be related to the power coefficient. CP. 
through the relation shown in Equation 5 .  

Therefore, manipulation of the torque coefficient using h and 
will result in manipulation of the power produced by the 
turbine. 

It is important to recognize the relationship between 
the aerodynamic torque TA and the torque coefficient C,. 
Using Equations 3 and 5 .  the aerodynamic torque. TA, that 
tums the rotor shaft is therefore represented by Equation 6. 

at the rated spced. ? 

= C,R. 

C , a a )  = q n p )  (5)  

(6 )  
1 

T - - pARC, (1, P)rr 
A - 2  

111. Wind Turbine Modeling 

In deriving a wind turbine mathematical model. a 
specific constant-speed. pitch-control wind turbine was 
selected. One of the key factors is to find values for the 
constant parameters in the transfer functions representing the 
wind turbine system at operating conditions. The variation of 
the coefficient of torque C, with the pitch angle, 6, and the tip 
speed ratio, h. is highly nonlinear and unique for each wind 
turbine. It would be useful to obtain some experimental data 
for the variation of C, with P and h because there are no 
general linear equations relating these parameters. Therefore. 
in choosing the wind turbine for the model. it would be better 
to choose a wind turbine whose experimental data C,@& is 
available. The geometry and aerodynamic characteristics of the 
simulated wind turbine resemble those of a Gmmman 
Windstream-33, 10-m diameter, 20 kW turbine. The National 
Renewable Energy Laboratory's (NREL) National Wind 
Technology Center modified this wind turbine to operate at 
variable speeds using blade-pitch regulation [41. 

Wind Turbine Mathematical Model 
The wind turbine plant model was divided into two 

main parts. The first part was the wind tuhine, which included 
a turbine rotor on a low-speed shaft a gearhox and high-speed 
shaft. The second part was the electric generator whose input 
was constant angular rotation from the tuhine plant and whose 
output was electrical power. Figure 1 illusuates the general 
block diagram of the wind turbine system. 

Reference Blaoe P m  Angle Wind Speed 
I I 

Figure 1: Block diagram of wind turbine system 

Although the goal of this control sequence is to maintain a 
constant angular speed and constant power. P,. only the 
angular speed is Dd back lo accommodate the wind speed 
fluctuations. This is because. conuolling the angular speed 
automatically means that the aerodynamic torque. TA that 
causes the rotation, is controlled and hence the extracted 
mechanical power. PnV This is derived from the fact that these 
three quantities, P,". TA and ware related by Equation 7. 

Therefore controlling TA and 0 to remain constant will cause 
the power P, to remain constant as well. Throughout this 
paper, only angular speed control will be mentioned because 
its output profile will be closely related to that of the power 
Pm. 

The aerodynamic torque. TA, must be opposed by an 
equal and opposite load torque. TL, for the turbine to operate at 
steady speed. If TA is greater than TL. the turbine will 
accelerate, while if TA is less than TL, the turbine will 
decclcrate. Equation 8 gives this mathematical dcscription, 
where JT is the equivalent combined moment of inertia of the 

P, =TAW (7) 
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rotor. gear reducer and both the low-speed and high-speed 
shafts. 

TL is the mechanical torque necessary to tun the generator and 
was assumed to be a constant value derived from the wind 
turbine plant physical properties. The aerodynamic torque. TA, 
is represented by Equation 6. The power extracted from the 
wind is shown in the Equation 9: 

J T h T  = T A  -TL (8) 

1 

2 PA =-pAC,(1,P)rr3 (9) 

quation 9 is non-linear because it is a function of C,, 
which is highly non-linear. A traditional approach is to design 
a commonly used linear controller, such as proponional- 
integral-derivative (PID) and Linearize the non-linear turbine 
dynamics about a specified operatin point 

Assuming. TAlop = TL OP. lineanzation of the 
Equation 6 results in Equation IO. 

f ' . .  

Simplifying this equation yields Equation 11 

= aAu + fl o + SAP (11) 
In this equation, A+. Au and Ab represent deviations from the 
chosen operating point WOP. uop and pop. The parameters a. y 
and 6 represent the coefficients. 

The parameters a. y and 6 represent the wind 
turbine dynamics at the linearization point. Their quantities 
depend on the wind speed and the partial derivatives of the 
coefficient of torque, C, with respect to h and fi at the 
operation point. The magnitudes of a and 6 show the relative 
weight of the effect wind speed U and the pitch angle 0, 
respectively. on the wind turbine angular speed. Quaiion 11  is 
the linear equation describing the wind turbine dynamics. 
Applying Laplace transforms and manipulating Equation 11 
yields: 

(1 2) 
1 

AO=[OAu(s)+&P(s)]- 
s-Y 

After linearization about the chosen operating point 
for which the angular rotation speed is wop, the wind speed 
uop, and the pitch angle is pop, Equation 12 is a linear equation 
that describes the wind turbine dynamics in the Laplace 
domain. I t  represents the change in rotor speed output from the 
wind turbine. The inputs Au and Ab represent deviations from 
the chosen operating points.. 

The wind turbine is therefore represented by the first- 
order transfer function, GJs)  shown in Equation 13. 

Actuator Model 
Equation 14 represents the actuator dynamics where 

A~c(s )  is the Laplace transform of the input pitch angle change 
from the controller and Ap(s) is the Laplace transform of the 
output pitch angle change. 

Controller Model 
The transfer function Gc(s) for the PID controller between 

the input rotational speed error and the output pitch angle 
change is: 

Wind Turbine Aerodynamic Data Specifications 
The complete Cp(1,p) data was not available for the 

Gmmman Windstream-33 wind turbine but a few key data 
points relating C,, h, and p, were available and they were 
sufficient to evaluate the wind turbine performance. The 
available data was obtained from the study that was conducted 
in 1141. Based on the available data, the linearized operating 
point wa. chosen tu be pop = 9". bp = 7. uop = 7.5 tnd and 
C,, = 0.2. This operating point was chosen because it 
represents operation at relatively aerodynamically stable 
conditions. 

The coefficient of performance. C, was evaluated at 
the linearized wind tuhine operation blade pitch angle. p. of 
9". The variation o l  the coefficient of perfomance with the tip 
speed ratio was obtained using the method outlined in earlier. 

l h e  coefficient of performance as a function of the 
pitch angle was derived using the three C,(B) data points that 
were given at the operation (linearization) tip speed ratio of 7. 
A third-order polynomial was used to fit the data in order to 
derive the variation of the coefficient of performance. C,. with 
the pitch angle, p. The constants ai the operation point. the 
derived C,(h.fi) curves and the relation between C, and C, 
were used to calculate the wind turbine dynamic constants a, 6 
and 7. 

Electric Generator Model 
For the p q o s e  of this research. the generator was 

modeled using the Power System Blockset in Sitnulink 1331. In 
modeling the synchronous generator, the Matlab Power 
System Blockset has the mechanical power as its input. The 
voltage output is controlled through the excitation field voltage 
y i d .  which produced the magnetic flux that induces the emf on 
the coils. 

This research focused more on the mechanical control 
of wind turbines. Also a lot of studies have been done in the 
modeling and control of synchronous generators [2.12]. 
Therefore, the existing generator models that are built within 
the Power System Blockset were used The modeled 
synchronous generator was a 150 kW generator. which was 
extensively studied by Jadric 1141. 

IV. Controller design methodology 

Gain selection for PID controllers has generally been 
a trial-anderror process relying on experience and intuition 
from the field control engineers. A systematic approach to gain 
selection provides visualization of the potential performance 
enhancements to the system control. This work presents a 
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methodology for selecting gain values for a PID controller that 
regulates the rotor speed of a constant-sped wind turbine by 
adjusting the blade-pitch angle. 

Visual inspection of the rotor speed response and the 
pitch angle response may be used to determine the best 
combination of kp, kl and ko gains to achieve appropriate 
damping of the system. However. when the third gain is 
introduced. this trial and error method becomes much more 
tedious and complicated. This method does not provide the 
control designer with a feel for the sensitivity of the controller 
to slight variations in the gain values. and a best possible range 
o l  gain values is not easily identified. Therefore a different 
PID tuning method was used. 

Controller Design: Gain Selection 
The main controller requirement is to compensate the 

wind speed deviations by changing the pitch angle, p, to keep 
the rotor angular speed, w. constant. A Matlab code was 
written in order to determine the best combination of the 
controller gains, kp. kI and ko. The design was based on the 
minimization of two parameters. The first parameter was the 
root m a n  square (RMS) of the error between the actual 
rotational speed and the desued rotational speed. The root 
mean square of the error indicates the capability of the 
controller to reject the wind speed fluctuations. The second 
parameter was the actuator duty cycle (ADC), which was 
proposed by Kendall. et al. (1997) as a measure of actuator 
motion during a simulation run. It is simply the total number of 
degrees the blades are pitched over the time period of the 
simulation. In order to prevent over-heating of the hydraulic 
fluid. this value must remain below a certain value provided by 
the manufacturer. For each simulation run, these two 
parameters were analyzed, and both were considered in 
determining acceptable operating conditions. 

In order to systematically determine combinations of 
the three gains that produce acceptable operating conditions, 
the simulation was used repeatedly. Each of the gains was 
varied over a wide region, and the two minimization 
parameters were analyzed for each run. Contour plots for both 
parameters were created while the kp, ko and k, gains were 
varied. Trade-off studies between the series of surfaces were 
performed to determine the region where acceptable operating 
conditions existed. Lastly, time-series traces of rotational 
speed and pitch angle for gain combinations within this region 
were produced to verify acceptable operation. 

Figures 2 depicts surface for a fixed value of kI = 10. 
All of the contour plots indicate wide, flat surfaces for the 
RMS of the rotational speed error. This surface illustrates that 
a wide range of gain value combinations may be chosen with 
similar results. Thus, the controller is robust and relatively 
insensitive to changes in the values of the gains. However, 
choosing the most acceptable operating set points for the gains 
requires a closer examination of the surfaces. 

The output angular speed satisfactorily tracks the 
reference angular speed as shown in Figure 3. This shows the 
robustness of the controller and the fact that wind turbine 
operation heavily depends on the control strategy. 

Figure 4 shows the wind turbine output torque for the 
selected gain combination. 

Figure 2: Graph of ko. kp versus RMS of angular speed 
error fork, = 10. 

Figure 3: Angular speed for three gain combination 
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Figure 4 Torque for selected three-gain combination 

Synchronous Generator Control 
The wind turbine system in this research has already 

been controlled to track the desired angular speed and the 
mechanical power profile. Therefore. the voltage controls only 
depended on the exciter of the synchronous generator. The 
inbuilt excitation system was used for the control of the 
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generator. This excitation system implements an IEEE type 1 
synchronous generator voltage regulator combined to an 
exciter [Z]. 

The control strategy was simpler for the generator 
because the mechanical power input and the angular rotation of 
the shaft were already controlled at the wind turbine. 
Synchronous generators are a common platform for most 
electricity production. The only difference between generation 
devices is the reliability and controllability of the mechanical 
power system. This research has shown that a wind turbine can 
replace a diesel engine and electric power production will 
continue satisfactorily, using the same generator. This also 
shows the extent of wind turbine applicability. Wmd turbines 
have reached a stage where their operation and controls have 
matched that of traditional electric generators. 

V. Conclusions and Recommendations 

Conclusions 
This research contributed a method of wind turbine 

performance estimation, modeling. linearization and control. 
The wind turbine model was derived using a linearization 

technique coupled with the approximation of the wind turbine 
dynamics. Given that there was no readily available data for a 
straightforward data reduction procedure, the method 
developed by Justus [SI was used and it proved to be 
successful based on the output profiles that were obtained for 
all the simulations. All of them were comparable to the profiles 
of other wind turbines that have been studied 151. This was a 
different and useful approach to wind turbine modeling. 

The systematic approach to PID-controller design that was 
used provides a mans  of visually observing the effect of gain 
changes on both RMS speed error and actuator duty cycle. 
which is also tied with the size of the gains and the cost. While 
these parameters were in opposition by nature, the surfaces 
permitted selection of gain values that produce favorable 
results for both of the parameters. This visualization of the 
effect of gain permits selection of the best possible 
combination of controller parameters without requiring a 
lengthy trial-and-error process. 

The level of connectivity of wind turbines to the electric 
grids was reflected by the ease with which the mechanical 
wind tuhine was connected to the synchronous generator 
without having to apply any special control scheme to the 
generator. It is the reliability and the controllability of the 
mechanical power output of the wind turbine that determines 
its connectivity to the grid. 

Future Research and Recommendations: 
The non-linear dynamics simulated with this simple model 

are easily linearized. but several considerations must be made 
in order to design a PID controller using a linear model. The 
optimal region based on the balanced performance of the two 
minimization parameters shifts with the linearization point 
selection. Operating point selection for a linear model is 
critical to obtaining the best possible performance from this 
highly non-linear system. Therefore, other operating points 
can be selected and analyzed. 
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