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ABSTRACT 

As the share of wind power in the electric system is increasing, wind turbines must 

participate in primary frequency control (PFC). PFC is the act of a generator in the adjustment of 

the grid frequency either by increasing or decreasing active power production. The increase in the 

number of wind farm installations, and a decrease in conventional generators, reduces the inertia 

of the power system especially for islanded grids. This raises the need to modify the control loop 

of the wind turbine to behave like a conventional synchronous generator during frequency 

deviation. 

The main objective of this dissertation is to develop a comprehensive controller for a wind 

farm in order to support grid stability while optimizing the operation of individual wind turbine. It 

focuses on participation of the wind farm in primary frequency regulation in the power system. 

First, a centralized controller is designed for a wind farm to distribute the total reserved power 

among all wind turbines so that the line losses in the wind farm are reduced. The second 

contribution is based on designing an algorithm for every wind turbine to reduce the machine and 

conduction losses while maintaining the required reserve power using coordination control of the 

pitch angle and rotor speed. In addition, a cooperative dynamic droop controller is proposed to 

support grid frequency during disturbances. 

A centralized control scheme is proposed for a wind farm to maintain a certain power 

reserve of every individual wind turbine to be utilized during PFC. The controller is designed to 

minimize the line losses within the wind farm by optimizing the share of each individual wind 

turbine. Instead of using equal shares, each wind turbine is assigned a weighted power reserve 

based on its operating condition and its location on the feeder. The wake effect of the wind on the 

downstream wind turbines is taken into account.  

Then, a control algorithm is designed to maintain the power reserve of the wind turbine by 

controlling both pitch angle and rotor speed simultaneously to optimize the operation of the wind 

turbine system. The wind turbine system is based on a permanent magnet synchronous generator 

(PMSG). The algorithm uses the wind forecast to predict a consistent operating point of pitch 

angle.  

To ensure wind turbine participation in PFC, a dynamic droop controller based on fuzzy 

logic is developed to respond to frequency deviation. The controller is designed to identify the 
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participation factor of each wind turbine based on its reserved power specified by the proposed de-

loading approach. All algorithms proposed in this dissertation are incorporated to form a 

comprehensive control structure in order to efficiently achieve the wind farm’s required reserve. 

A small power system is developed to test the response of the wind farm to the frequency deviation.   
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CHAPTER 1                                                                                                            

INTRODUCTION 

1.1 Grid Stability and High Penetration of Renewable Energy  

Conventional synchronous generators store kinetic energy in their rotor shaft and provide 

inertia to the system. The frequency of the power system is directly coupled to the rotational speed 

of the generator. Therefore, more rotational inertia may lead to a stable power system. Recently, 

the installation of renewable resources in the power system has increased. These resources are 

integrated in the power system using power converters, but they do not provide rotating inertia to 

the power system. Therefore, a deep penetration of distributed energy resources (DER) might 

create instability if not properly controlled. 

In power systems with fewer conventional generators (mainly synchronous), several 

functions must be added to the renewable resources to compensate for the grid requirements, such 

as frequency response, negative sequence, low harmonic mitigation and resynchronization and 

black-start ability [2].   

 

 

Figure 1.1  Conventional power systems Vs power systems with several renewable resources 

Modifying the power grid code is necessary to improve grid reliability when there is an 

increase of renewable resources installment [1]. For example, fault ride-through has been 

implemented and several studies have been conducted for renewable resources such as: PV and 

wind farms. Since the installation of renewable resources is increasing, they contribute a 

significant amount of power production to the grid. They should have the ability to operate during 
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a range of acceptable frequency. The authors of [1] mentioned that IEEE 1547 is under discussion 

to alter the standard to add the fault ride-through and frequency change capability to the control of 

renewable resources. A new version of IEEE 1547.a is allowing more functions that can be added 

to the inverters control for reactive and voltage regulation.  The final version of the standard has 

not been approved yet.  

The dynamical interaction between all resources of the smart-grid is very essential. The 

dynamical behavior of renewable resources in smart-grid lead to stochastic system that needs to 

be properly modeled [2], [3].      

The active power control (APC) during disturbing condition is a challenge when it is 

applied to a wind farm. The APC requires a fast dynamic response range in a few seconds. One 

main challenge is that wind availability is uncertain, causing failure in the control loop due to wind 

speed variation. In addition, the reserved power in a wind farm should be calculated carefully to 

ensure that the desired amount of active power will be supplied as expected.   The wind farm must 

also contribute to the reactive power regulation and ensure voltage stability at the point of 

interconnection of the power system. Fluctuation of wind speed adds more uncertainty to the power 

system behavior including the dynamic nature of the system. Therefore, maintaining voltage 

stability and regulating the reactive power of the wind farm has been the major concern of power 

engineers.  The wind farm usually consists of multiple wind turbines, raising the need for 

cooperation and communication with the central controller in order to accomplish the control 

objective.  

1.2 Active Power and Frequency Control  

Active power control involves three main sub-control objectives in a power system: the 

inertial control, the primary frequency control (PFC), and automatic generation control (AGC) [4], 

[5]. Each is involved in the control of active power for a certain time in sequence order due to their 

time response.    

As the share of wind power in the electric system increases, wind turbines must participate 

in inertial and primary frequency control. The PFC is the act of the generator in the adjustment of 

the grid frequency either by increasing or decreasing active power production. Generators with 

high inertia and power capacity have to participate in the inertia response and PFC to ensure power 

security and to balance the power between demand and supply. The stages of different active power 
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control are shown in Figure 1.2. The lowest frequency point is called the nadir, and it takes about 

3-5 seconds. The primary frequency control should be activated and bring the frequency to a new 

steady state value within 20-30 seconds. Then, the automatic generation control (AGC) is achieved 

by the power system dispatch to restore the nominal frequency within 5-10 minutes. 

 

Figure 1.2 Grid frequency after major loss of generation 

 

Different types of wind turbines are being used in industry with different topologies of 

power electronics. Therefore, the response varies from one type to another due to the 

interconnected nature of the turbine to the grid. In this research, the direct-drive variable wind 

turbine equipped with permanent magnet synchronous generator is considered. The variable speed 

wind turbine is decoupled from the electrical system by a power converter. Consequently, the 

dynamic variations of the power system do not affect the wind turbine response directly. In other 

words, a wind turbine does not react to any disturbance in the power system unless the control 

loop is designed to do so.  

The active power control (APC) has been a challenge when it has been applied to wind 

turbines. The APC requires a fast dynamic response range of a few seconds. One main challenge 

is the availability of the wind, which is uncertain, causing failure in the control loop due to wind 

speed variation. Although wind forecast plays a vital role in the performance of the control loop, 

error is always possible. In the case of frequency drop, active power is injected into the grid 

avoiding instability.  
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With high penetration of wind power, the need for power reserves in the wind turbine is 

essential, even though a portion of the wind power is not being used [5]–[9]. The power system is 

always designed to ensure its security from a blackout. The governor of the conventional generator 

is designed and controlled to maintain the power system in stable condition as much as possible. 

For instance, grid frequency is controlled via the governor to maintain a certain range of acceptable 

frequency by adjusting the power flow. Also, the rotor shaft of the synchronous generator stores 

some inertia that responds quickly to any frequency deviation in the grid. A similar approach can 

be achieved in a wind farm without involving much detail about the methods of control used in 

these conventional generators.   

 The wind fluctuation also leads to another challenge which is setting the right reference 

point of power reserve in the wind turbine. In a high wind penetration area, the wind turbine can 

be operated below the optimum operating point to reserve power and act as a conventional 

generator during grid frequency variation [10]. An effective estimation of spinning reserve in a 

wind turbine is essential to ensure reliability [11]. The power that is required to be pushed to the 

grid for each 0.1 Hz is a metric measure of the generator’s response to the frequency deviation 

[12]. For this purpose, the wind turbine is de-loaded to operate under maximum power point.  

 The increase in the number of wind farms being installed and a decrease in conventional 

generators reduce the inertia of the power system especially for islanded grids. This raises the need 

to modify the control loop of the wind turbine to behave like the conventional synchronous 

generator during frequency deviation. The goal of the controller is to deliver the proper amount of 

power from a wind turbine in order to provide frequency support to ensure grid stability. Although 

some control methods and schemes have been conducted and effective results were achieved, some 

issues and challenges should be taken into account.  

 First, estimating the right amount of power reserve required for a wind farm. The concept 

of spinning reserve is implemented to de-load the wind turbine in order to maintain an adequate 

amount of power in the wind turbine. Then, this reserved power is released to the grid to improve 

the frequency deviation when it is needed. The wind speed is always fluctuating, causing 

uncertainty in the predicted power of the wind turbine. Thus, there is always a chance that the wind 

speed will decrease or increase unexpectedly when it is needed to support the grid frequency. 

Therefore, for a stochastic aerodynamic behavior, the percentage of the reserve should be time 

varying and be a function of wind speed and load forecast.    
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1.3 Literature Review 

Much research and discussion have been introduced regarding modifications for active and 

reactive power control of a wind farm in various conditions. Active power control for frequency 

deviation requires a fast response to reduce the power output during frequency rise condition. On 

the other hand, during a frequency dip, the power should be increased using the reserved power.  

Recently, researchers in electric power institutions and laboratories have been working on 

implementing the concept of active primary control (APC) in wind farms. The National Renewable 

Energy Lab (NREL) has started a project focusing on active power control to increase the stability 

and reliability of power systems [13].   For APC, different control stages are implemented in a 

sequence of order. The first stage is to supply/absorb the energy to/from the grid in order to balance 

the power system. This is done by using the inertia that exists in the rotor of the turbine. Control 

is achieved by an online control to respond to any frequency deviation in the system due to sudden 

loss of essential load or generator [4], [14]. The response of the inertial control extends for a few 

seconds, requiring another stage of power control.  

For stability, the power system must reserve an amount of power that can be used during a 

power imbalance.  The reserve power concept is defined as the power reserved in an electrical 

generator to be used in the frequency deviation event. It has been reported that the grid code for a 

conventional generator requires that the primary control reserve should start within 30 seconds for 

200 mHz deviation [15]. The supplying of this reserve must continue to at least 15 min [16].      

There are system operator concerns about the capability and availability of the spinning reserve. 

Several researchers have estimated the spinning reserve of a power system [11], [17]. Optimizing 

the spinning reserve of a power system while taking into account the load forecast probability of 

losing power generation has received major attention. With the increase of wind farm installation, 

the reserved power must include the wind forecast due to uncertainty. Different researchers have 

quantified the optimal reserve power with different power resources [11], [17], [18].      

Some researchers have discussed the need of renewable resources participating in 

frequency response. It is also required in some countries with high wind power penetration like 

Ireland [19]. Locations with high wind power penetration annually can provide frequency 

regulation similar to the conventional generator. All generators regardless of conventional or 

renewable must operate within a certain range of system frequencies. For example, in Germany 

the frequency can range between 49.5-50.5 Hz. In Denmark, the offshore wind turbine must 
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decrease the rated power by 20% in 2 seconds  during fault [19]. The wind turbine has the ability 

to react fast during a frequency change in the power system. The rotating part of the wind turbine 

has an inertia that has fast response to frequency variation.  

For the wind turbine, the inertia stored in rotor, gearbox and blades can contribute to the inertial 

control [20]–[27] . The inertia of the wind turbine rated in MW ranges from 2 to 3 seconds [28]. 

The inertia of the wind turbine as well as its stored Kinetic energy can be calculated and 

predetermined to be used in inertial control [29].      

For adjusting the frequency of a grid during frequency deviation, there are different control 

strategies and approaches that have been implemented. These control methods can be categorized 

based on the duration and capability of certain features and limitations [30]–[32] . The first 

approach is to use the stored kinetic energy to be implemented as inertial control. The stored energy 

can be released for a few seconds depending on the inertia of the turbine. The other control is to 

de-load the wind turbine below the maximum power point, providing a long-term power supply 

following the inertial response to maintain a new steady state value of frequency. This is known 

as primary frequency response (PFC). There have been several studies on implementing the PFC 

in power systems with existing wind turbines. Some studies have focused on the wind farm level, 

whereas others have focused on the power system level [33]–[36]. In addition, some studies have 

analyzed the damage equivalent loads for de-loaded wind turbines[37]. Other researchers have 

focused on the reserve methods and the response of the wind turbines to PFC [38]–[41].  

 Using the aggregated model of wind to study the performance of a whole wind farm is not 

accurate especially for coordination control design. In the aggregated model, the wind turbines are 

assumed to be exposed to the average wind speed profile, ignoring the individual effect of 

turbulence and wake on the power output of the turbine. This leads to the need for a detailed model 

of a wind farm, including the behavior of each wind turbine with a local controller.  

 For a whole wind farm, using the aggregated model is not adequate for designing a 

controller. With the absence of a detailed model, the plant level set point achievement might not 

be possible. Having a detailed model for a wind farm, including the WT converter and line feeder, 

improves the control response and increases the reliability of the system. 
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1.4 Contributions and Dissertation Overview 

The main contribution of this dissertation is to develop a comprehensive master controller 

of a wind farm in order to support grid stability while optimizing the operation of an individual 

wind turbine. It focuses on the participation of a wind farm in primary frequency regulation in a 

power system. The first contribution is based on designing an algorithm for every wind turbine in 

order to reduce machine losses and conduction losses while at the same time maintaining the 

required reserve power using coordination control of pitch angle and rotor speed. Second, a 

centralized controller is designed for a wind farm to distribute the total reserve power among all 

wind turbines so that the line losses in the wind farm are reduced. Finally, a cooperative dynamic 

droop controller is proposed to support the grid’s frequency during disturbances. Simulations and 

hardware-in-the-loop with real-time platforms were used to validate the proposed approaches. 

Before discussing the proposed control algorithms and simulation studies, mathematical 

models of the wind turbines, generators, converters, and power system as well as the wind farm 

layout, including wake effect, are presented in Chapter 2.  

In Chapter 3, a central control scheme is proposed for a wind farm operating to maintain a 

certain power reserve that can be utilized during primary frequency control. The controller is 

designed to minimize the line losses within the wind farm by optimizing the share of every 

individual wind turbine. Instead of using equal shares, each wind turbine is assigned a weighted 

power reserve based on its operating condition and its location on the feeder. The wake effect of 

the wind on the downstream wind turbines is taken into account.  

In Chapter 4, a control algorithm is designed in order to maintain the reserved power of the 

wind turbine by controlling both pitch angle and rotor speed simultaneously to optimize the 

operation of the wind turbine system. The wind turbine system is based on a permanent magnet 

synchronous generator (PMSG). Also, the algorithm utilizes the wind forecast to predict a 

consistent operating point of rotor speed and pitch angle. In order to validate the proposed de-

loading approach in this chapter, a detailed WT system is modeled and simulated in 

Matlab\Simulink. Then, the proposed control scheme is tested using hardware-in-the-loop (HIL) 

and real time simulation built in Opal-RT platform. Also, the C-code that generated and compiled 

in the digital signal processor (DSP) for HIL implementation is discussed.  

In Chapter 5, the power system stability and the need for primary frequency control of a 

wind turbine is discussed. The primary frequency control is implemented in the de-loaded wind 
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turbines. Several static droop curves are investigated to evaluate the response of the wind turbine 

during frequency deviation. The two methods of reserve discussed in Chapter 3 are used for 

different scenarios. Deep analysis is performed to compare the responses of the wind turbine based 

on control methods.   

In Chapter 6, a dynamic droop controller based on fuzzy logic is developed for the wind 

farm to respond to frequency deviation. The controller is designed to identify the participation 

factor of each wind turbine based on their reserved power specified by the proposed algorithm in 

Chapters 3 and 4. All algorithms proposed in this dissertation have been incorporated to form a 

comprehensive control structure in order to achieve the required reserve by the wind farm 

efficiently. A power system is developed to test the response of the wind farm to the frequency 

drop.   

Conclusions and further discussions for future work are presented in Chapter 7.   
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CHAPTER 2                                                                                                        

MODELING AND CONTROL OF WIND TURBINE SYSTEMS 

This chapter discusses types of wind turbine systems and their effect on the grids. In 

addition, the mathematical modeling of the considered wind turbine system, including the turbine 

model, the generator and power electronics topology, is presented along with a general control 

prospect of a wind turbine system.  

2.1 Wind Turbine Model 

The dynamics of a wind turbine has a significant effect on the behavior of the turbine. Each 

model represents a different dynamic response considering the mechanical structure, such as the 

gearbox and the drive train. The way that the wind turbine is integrated with the grid also 

contributes to the system’s dynamics. Therefore, it is important to study the response of each wind 

turbine type and use a suitable control approach for each type of wind system. 

There are different types of wind turbines have been implemented in the industry of wind 

generation [4]. These types are categorized based on the electrical generator and how it is 

connected to the grid using a certain structure of power converter. There are four main types of 

wind turbines generator systems as shown in Figure 2.1.  

Type-1 represents the fixed speed wind turbine using an induction generator. This type has 

no power converter, and it requires a mechanical gearbox to keep the shaft speed at the 

synchronous speed of the grid. In type-2, the induction generator is equipped with variable rotor 

resistance. Type-3 has a doubly-fed induction generator with a partially rated power converter at 

the rotor side to increase speed limits. Also, a gearbox is required to increase the shaft speed of the 

generator. Type-4 does not require a gear-box, and the generator can be either synchronous, 

induction, or permanent magnet.   

In type-4 wind turbine systems, the wind generator is decoupled from the electrical circuit 

using a full scale converter providing active and reactive control. Therefore, the use of reactive 

power compensation is not necessary depending on the grid requirements.            
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Figure 2.1 Different wind turbine systems 
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2.1.1 Aerodynamics of Wind Turbines 

The motion of air crossing a wind turbine produces power that can be converted to 

mechanical power as:  

 �� = � , �� � (2.1) 

Where � is the blade swept area; � is the averaged wind speed, and �  is the air 

density. The maximum power that can be extracted from wind depends on the power coefficient 

( �). The power coefficient depends on the wind turbine manufacturer based on the rotor design. 

The power coefficient is a function of pitch angle and tip speed ratio. The tip speed ratio 

( ) is the ratio between the speed of the blade-tip to the wind speed [42].  The tip speed ratio is 

calculated as: 

 = ��  (2.2) 

where �   is the radius of the turbine’s blades and  is the angular rotor speed expressed 

in (rad/s).  

The tip speed ratio is used to extract the maximum power point of the wind turbine for 

every wind speed. Knowing the pitch angle and the tip speed ratio, the coefficient power can be 

calculated using an expression given by [43]: 

 � , = ( − − ) − 5 +  (2.3) 

The coefficients  ,  x  and 61 cc   can be defined in different ways based on the type of 

the turbine’s rotor [44], [45]. The coefficients ( −  ) defined in [46] [43] for the three-blade 

wind turbine model are given as ( = .  , =  , = .  , =  , =  , =.  ).  
    = + . ∗ − .+  (2.4) 
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2.2 Permanent Magnet Synchronous Generator 

The winding in the rotor side of a synchronous generator is placed with a permanent magnet 

using a rare earth magnet making the permanent magnet synchronous machine (PMSM). PMSM 

is used commonly in direct drive wind turbine systems due to their high efficiency [47].   

The d-q equivalent circuits of a permanent magnet synchronous generator are given in 

Figure 2.2. The core loss is ignored in the circuits assuming high core resistance. The circuits are 

represented in the rotating reference frame [48], [49]. 

 

 

 
Figure 2.2 Equivalent circuit of PMSG model in d-q rotating reference frame: (a) d-axis (b) q-

axis  

Writing KVL equations for d-axis and q-axis in the generator notation yield:  

 = − − −  (2.5) 

 = − − + +  (2.6) 
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where  and  are the rotating reference voltages of the d-axis and q-axis, respectively. The 

currents of the q-axis and d-axis are denoted as  and  respectively. Here,  and  are the 

electrical speed and the flux linkage of the PMSG. The d-axis and q-axis inductances are 

represented by  and , respectively, and  is the stator resistance of the machine.    

Then, the three-phase voltages of the PMSG can be represented as: 

 {  
  =                              = − ( + √  )= ( − √  )     (2.7) 

Then, the stationary reference frame is given by:  

 
{ = cos � + sin �    = − sin � + cos �  (2.8) 

The instantaneous power is given by: 

 � = ( + ) (2.9) 

Substituting (2.5) and (2.6) in the power equation (2.9) and from the air gap power, the 

electromagnetic torque of the machine is given by: 

 

 = � { + ( − ) }  (2.10) 

where  is the number of poles of the machine. Then, the rotational angular speed is expressed 

as: 

 
= � − −  (2.11) 
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Where � is the torque produced by the wind turbine, and  is the turbine moment of inertia, and 

 is the friction coefficient. The angular electrical speed is related to the rotor speed by:  

 =   (2.12) 

2.3 Control of Wind Turbine System 

This section will discuss general concepts about the control of the wind turbine system. 

The turbine is usually designed to extract the maximum power point (MPP) when the wind speed 

is below rated. Above rated the power produced by the wind is maintained constant using the pitch 

angle to control the torque of the turbine. There are several control approaches for wind turbine 

systems connected to grids. 

Several control approaches have been introduced in the literature for wind turbines in 

standalone and grid connected systems [50], [51]. The machine side controllers are designed to 

extract maximum power points from wind using hill-climbing control, fuzzy-based, and adaptive 

controllers [52], most of the time based on field-oriented or vector control approaches. The grid 

side controllers are designed to ensure active and reactive power is delivered to the grid [53], [54]. 

 The wind turbine considered in this dissertation is based on type-4 where a fully rated 

back-to-back converter is used to link the wind system to the grid. The active and reactive power 

can be controlled using the grid side converter as will be discussed in the following subsections. 

The wind turbine system considered in the dissertation is shown in Figure 2.3.  

 

Figure 2.3 Wind turbine system with back-to-back converter 

2.3.1 Control of Rotor Speed (MPP) 

The purpose of the machine side converter is to track the optimum point of the rotor to 

extract the maximum power existing in the turbine. For a given wind turbine, the maximum power 
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occurs at the maximum power coefficient of the turbine. For a given wind speed there is an 

optimum rotor speed that gives the optimum tip speed ratio ( ) [49]. 

One simple way to extract the maximum power is to calculate the optimum tip speed ratio 

and then calculate the required rotor speed for any measured wind speed as: 

, = � �  (2.13) 

Maximum power occurs at the optimum rotor speed for every wind speed. As the wind 

speed changes from one point to another, the optimum point changes to different values. To do so, 

a controller must be designed to follow the reference speed. Different techniques can be applied 

either using a search technique that does not need measurement of the wind speed or simply using 

the direct relation as (2.13). The control scheme of the rotor speed is implemented as shown in 

Figure 2.4.    

 

Figure 2.4 Grid side converter with rotor speed controller 

2.3.2 Control of Pitch Angle 

There are two different types of wind turbine based on blade design, stall control and 

active pitch control. High power wind turbines are based on active pitch angle control, where the 

blades are controlled to provide fixed power production during high wind speed (above rated). 
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The adjustment of pitch angle can be activated to achieve maximum power during-under-rated 

wind speed, but it is not common.  

 

 

Figure 2.5 Power curve of typical wind turbine  

There are several approaches to control the blade’s pitch angle [55]–[67]. Some 

approaches focus on the implementation of pitch angle to achieve constant power above rated 

wind speed. Also, pitch angle control can be utilized to reduce the mechanical stress on the 

turbine to avoid fatigue [68], [69].  

2.3.3 P-Q Control 

The grid side converter is responsible for delivering the power produced by the wind 

turbine system. In addition, the grid side converter maintains the voltage of the dc-link capacitor. 

Participation of distributed generators in the grid is not limited to active power supply.  They must 

contribute to the reactive power regulation and ensure voltage stability at the point of 

interconnection (POI) of the power system. Therefore, the reference to the power converters are 

generated from active and reactive power demand. The overall control scheme of the grid side 

converter is shown in Figure 2.6.  
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Figure 2.6 Grid side converter with P-Q control using d-q reference frame 
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CHAPTER 3                                                                                                                                
CENTRALIZED POWER RESERVE ALGORITHM OF A WIND FARM 

The participation of a wind farm in PFC depends on several factors, such as wind 

penetration and the power available at certain conditions. The central controller of a wind farm 

provides the appropriate references to the local controllers of wind turbines. Therefore, the 

requirements of a detailed wind farm and wind turbine system are necessary to ensure reliability 

and stability of the system.  

The objective of this chapter is to design a central control algorithm of a wind farm required 

to maintain a certain reserve of power to be utilized during primary frequency control. The 

controller is designed to minimize the power losses within the wind farm by optimizing the share 

of every individual wind turbine. Instead of using equal shares, each wind turbine is assigned a 

weighted power reserve based on its operating condition and its location on the feeder. The wake 

effect of the wind on the downstream wind turbines is taken into consideration.  

3.1 Introduction and Background 

Before discussing the proposed central controller in this chapter, mathematical modeling 

of the wind farm is presented. The wind farm layout and the wake effect is discussed. Downstream 

wind turbines will be exposed to lower wind speeds compared to upstream wind turbines. 

Therefore, the share of power reserve of every individual wind turbine varies based on its location 

and its maximum power available.   

3.1.1 Wind Farm Model 

With the increase of integration of wind farms in the power system, an appropriate model 

is essential.  Some researchers have been working on the overall performance of the wind farm by 

deriving an equivalent model of the plant. The aggregated model has the advantage of reducing 

the computational speed [70][71][72]. However, this type of modeling leads to uncertainty due to 

the wrong estimate of the active power produced by each turbine. The downstream wind turbines 

will receive reduced wind speeds, causing active power variation. Also, modeling every wind 

turbine on a very large wind farm requires a very large simulator because of the high computational 

process. This adds complexity to the modeling of the whole wind farm. Several models have been 
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developed for different purposes. For example, to control the wind farm to participate in automatic 

generation control, the availability of active power in each wind turbine should be accurately 

estimated.     

In simulation, an aggregated model of a wind farm is usually used to study the performance 

of a whole wind farm. This is done by deriving the equivalent model of the wind turbine, generator, 

transformer and the feeder. In the aggregated model, the wind turbines are assumed to be exposed 

to the same wind speed. The turbulence is not included. Thus, the power coefficient � is assumed 

to be the same for all wind turbines in the wind farm.  

The need for a detailed wind farm along with a detailed wind turbine model and its local 

controller is necessary to evaluate the performance of the controllers and ensure an accurate 

response to grid stability. In a wind farm, the production of power is not distributed evenly among 

all turbines because of the wake effect. When the wind speed is below or at rated, the downstream 

will be exposed to lower wind speeds with a delay that should be considered.   

A wind farm is a collection of wind turbines that ranges from a few to hundreds of turbines. 

A typical configuration of a wind farm is shown in Figure 3.1. Every couple of wind turbines are 

connected to a feeder, which is connected to the main bus of the substation through a step-up 

transformer. The layout of the wind farm is usually designed to maximize the annual power 

production by optimizing the location of all wind turbines. Unlike offshore, the terrain in land 

plays an important role in the location of the wind turbines in the site. However, in flatland a 

uniform distribution of a wind farm can be achieved.  

 

Figure 3.1 Wind farm layout 
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3.1.2 Wake Effect and Time Delay 

Each wind turbine in a large wind farm experiences different wind speed distributions, 

causing different power generation. Downstream turbines are exposed to lower wind speeds due 

to the wake effect caused by upstream wind turbines [73].  The wake effect has a vital impact on 

the power production of a wind farm.  The front wind turbines on a farm create wake and 

turbulence that will reduce the wind speed, causing mechanical stress as well as a reduction in the 

total power output.  Different models have been presented to study and analyze the wake effect 

[73] [74]. One common model is the Jenson Model, which represents the effect for flat terrain [75]. 

The wake effect can be demonstrated using Figure 3.2. 

 

 

Figure 3.2 Effect of wake on wind speed 

The expression of the wind speed at downstream turbine can be given as:  

 
= ( − ( − √ − �) ��, ) (3.1) 

 , = +   (3.2) 

Where  and  are the wind speeds at the upstream and downstream turbines, respectively.  

is the radius of the turbine, and  is the distance between the two turbines. The thrust coefficient 

can be expressed in a simplified relation as [76]: 
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 � = . ∗ − .
 (3.3) 

The wake grow rate is a function of the hub height (ℎ) and surface roughness (�), and it is given 

as: 

 
= .ln ℎ�  

(3.4) 

On a wind farm with different locations of turbines, wind in the downstream will have a time-

delay compared to the upstream wind turbines, which is given by [77], [78]: 

 
=   (3.5) 

3.2 Power Reserve of Wind Turbines  

For a wind farm to participate in primary frequency regulation, some power must be 

reserved to be utilize during the grid’s frequency drop. Therefore, every wind turbine must be de-

loaded below its maximum availability. Based on the operating conditions of the power system, 

the system operator must specify the amount required to be reserved by the wind farm (Δ�� ). 

Thus, the power produced by the wind farm is limited to: 

 
� .,� = �� − Δ��   (3.6) 

Where ��  is the demand power produced by the wind farm or is the available maximum 

power that can be produced by the wind farm.  

Then, the reserve needs to be assigned to the individual WTs in the farm. One way is to 

distribute all reserves equally among all wind turbines that have the capability of providing power 

reserves. Then, the individual reserve is calculated as: 
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                   Δ���, ∗ = Δ� ∗        = : ∗ (3.7) 

Where ∗ is the number of wind turbines that can participate in the total reserve power. In this 

method, all wind turbines will provide the same reserve regardless of their available power that 

may vary due to wake effect. To demonstrate the de-loading approach in Equation (3.7), a wind 

farm consisting of five wind turbines is used. Figure 3.3 shows the reserve power of all the wind 

turbines distributed equally.  

 

 

Figure 3.3 Available power of each wind turbine and its reserve power (equal share) 

Another conventional realistic way is to assign each ℎ wind turbine to a defined reserve 

based on its available power. Therefore, the weight of an individual wind turbine can be expressed 

as:  

 ��, = � ,��,  ��   (3.8) 

 

Then, the amount of reserve power of each wind turbine can be determined by:  

 
Δ���, = ,  Δ��    (3.9) 

WT1 WT2 WT3 WT4 WT5 WF

Available Power Reserve Power
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The weight of de-loading factor of each wind turbine must satisfy: 

 

 ∑ ��,= =    (3.10) 

 

Figure 3.4 shows the uneven reference of de-loading for the same wind farm with five 

turbines. The wind turbine with the highest available power reserves the highest portion of the 

total reserve.    

 

Figure 3.4 Available power of each wind turbine and its reserve power (Based on maximum 

available power) 

3.3 Centralized Power Reserve Algorithm  

The objective of a centralized de-loading algorithm is to assign a weight of each individual 

wind turbine based on the location and the availability of the power in order to reduce the line 

losses of the wind farm. In other words, the wind turbine at the farthest location on a feeder and 

with the highest wind speed will have the highest weight and vice versa. The decision is made to 

maximize the power reserve in the farthest wind turbine, which in sequence will reduce the power 

produced (i.e., less line current).  

To explain the proposed de-loading algorithm, a wind farm layout like the one shown in 

Figure 3.5 is considered. A couple of wind turbines are connected to one feeder, representing one 

WT1 WT2 WT3 WT4 WT5 WF

Available Power Reserve Power
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group. This grouping can be utilized to determine the available power of each feeder by evaluating 

each individual wind turbine connected to that feeder. Therefore, instead of having one central 

controller, a decentralized controller can be implemented to each group (feeder).   

The approach can be implemented as follows:  

 Divide the wind turbines into groups based on the number of main feeders of the 

wind farm. 

  Determine the total available power that can be provided by each feeder. 

 Determine the total reserve power that can be achieved by each feeder. 

 Identify the location of each wind turbine.  

 De-load each wind turbine to maintain the reserve power. 

 

 

Figure 3.5 Wind turbines grouping based on number of main feeder  
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To implement the de-loading strategy of this section, we first need to estimate the total 

power that can be achieved by the wind farm. Then the power produced by each group is 

calculated to assign the reserve power of each wind turbine.  

The total power available in a wind farm can be estimated by:  

 

 �� =∑∑��� ,==  (3.11) 

 

Where  and  are the number of feeders of a wind farm and the number of wind turbines 

connected to that feeder, respectively. For example, wind turbine, ��� , , represents wind turbine 

1 on feeder 2 (group 2).   

The wind turbines are then divided into groups based on the number of feeders of the 

wind farm and the total available power that can be achieved by each feeder is determined by: 

 � =∑��� ,=  (3.12) 

 

Where, = , , …  , represents the feeder or group number of the wind farm. The 

strategy of distributing the weight to the WTs in the wind farm can be implemented as shown in 

the following algorithm. 

Weight  can be defined as the ratio of the power of the feeder to the total available power of the 

wind farm as: 

 = � ,��  (3.13) 

Weight  should satisfy: 

 ∑= =  (3.14) 

Then, the portion of the reserve power for each feeder can be calculated using this weight as: 
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 �� , = ���  (3.15) 

 

The de-loading strategy is summarized in algorithm 3.1. The wind farm layout is assumed 

to be known, and the location of each wind turbine is defined. Therefore, for each feeder, the loop 

starts with the farthest wind turbine ( = ) on the feeder, and the maximum reserve power that 

could be achieved considering the wind speed and operating conditions of the wind turbine is 

calculated.  

The next turbine is considered and the same process is repeated until the total required 

power reserve is reached. The parameter, , in the algorithm specifies that the percentage from the 

turbine’s power is delivered to the grid, and it is selected to ensure a reliable operating point to 

respond to frequency deviation ( < ). For =  means no reserve power is achieved by 

the wind turbine, and =  means all power of the wind turbine is reserved. Thus, it is obvious to 

select  above zero but small enough to ensure fast and stable response during frequency deviation.   

     

Algorithm 3.1: Reserve power determination for each wind turbine 

  1:      for    = :  

  2:             = ��,��� 

  3:             �� , = ���   

  4:            for    = :   

  5:                    select   

 6:                     ���� , = −  ��� ,   
  7:                    if    ∑���� ,  �� ,   

  8:                        { 

  9:                         ���� , = ���� , − ∑���� , − ��  

 10:                         set =  

11:                         } 

12:                    end 

13:            end 

14:      end  
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To demonstrate the approach, a group of five wind turbines connected to the same feeder 

is used with order of 1:5. This means WT1 will have the highest possible power reserve and then 

WT2 and so on. Assuming all wind turbines are exposed to the same wind speed and are connected 

to the same feeder, the total power produced is 7.5 MW (1.5 MW each turbine), and the reserve 

power is 2.5 MW. WT1 and WT2 reserve 1 MW each, and WT3 reserves 0.5 MW. Since the 

reserve power is achieved by only the first three wind turbines, WT4 and WT5 will not participate 

in the PFC. Figure 3.6 demonstrates the proposed de-loading approach in algorithm 3.1.   

 

Figure 3.6 Available power and reserve power for each WT (based on algorithm 3.1) 

The overall proposed de-loading algorithm along with the local controller is represented in 

Figure 3.7. The central controller received the comands from the power system dispatcher 

including the reserve power to be obtained by the wind farm. The wind speed and available power 

of local controller data are sent to the central controller in order to calculate the total power that 

can be produced by the wind turbine. The reserve is then divided among the main feeders (groups) 

as discussed in the algorithm. After that, the reserve power of every feeder is distributed among 

all wind turbines connected to that feeder.   

The central controller will send the estimated reserve to the local controller, which is 

responsible for de-loading the turbine in order to maintain the required power. In this chapter, only 

the conventional de-loading approach is implemented. In chapter 4, an optimal approach is 

proposed to combine both rotor speed and pitch angle controllers to maintain the required reserve.  

WT1 WT2 WT3 WT4 WT5 WF

Available Power Reserve Power
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Figure 3.7 Power reserve determination of a wind farm (wind farm level, local wind turbine 

level)   
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3.4 Active Power Controller  

A wind farm is usually enhanced with a high level controller (total wind farm level) to 

track the demand and power reference received from power dispatch. Instead, sub-level controllers 

can be applied for each group developed for the de-loading approach in the previous section. The 

available power at each feeder is estimated using the local wind turbine information and local wind 

speed. Then, is subtracted from the measured actual power and the end of the feeder. The 

difference is passed through the PI controller to compensate for the error that might arise due to 

power losses, such as mechanical losses, machine losses, power electronics losses and line losses.  

 

  

 

Figure 3.8 Demand power tracker at feeder level 

 

3.5 Local Wind Turbine Controller 

The reserve power of each wind turbine is fed to the local controller of the wind turbine. 

Then this local controller is responsible for de-loading the wind turbine to the required power.  The 

local controller of the wind turbine system considered in this chapter is a conventional rotor speed 

controller discussed in chapter 2. The reserve power for PFC is obtained by controlling the rotor 

speed of the wind turbine system. The local controller receives the reserve power (Δ��� , ) and 

then it generates the reference set points to the rotor speed controller and\or pitch angle controller.  
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3.6 Simulation Studies 

To evaluate the performance of the proposed algorithm, simulation-based studies were 

carried out. The approach is to determine the desired reserve power of each wind turbine by first 

dividing the wind turbines into groups. The candidate wind farm considered in this study is based 

on 10 wind turbines. Every group is based on five wind turbines that are connected in radial to one 

feeder. Different scenarios with different wind directions were considered to validate the approach 

and compare it to the line losses with a baseline simulation.    

 

 

 

Figure 3.9 Wind farm used in simulation studies 
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3.6.1 Simulation Setup 

The wind farm shown in Figure 3.9, with two feeders ( = ) and 5 WTs ( = ) was 

considered. The wind speed was generated using the random auto regression model [ref]. Then, 

wind profiles were generated using the wake effect model discussed in section 3.1.2. Therefore, 

each wind turbine was exposed to a different wind speed. After that, algorithm 3.1 was used to 

calculate the required reserve power of each feeder and correspondingly to each wind turbine. For 

comparison, a baseline simulation was used where the reserve power was assigned based on the 

ratio of the wind turbine’s maximum power to total power as demonstrated in equations (3.8) and 

(3.9).     

The purpose was to reduce the power losses within the wind farm. The only losses 

considered in this simulation were the line losses of the feeders.  Two different cases were 

implemented.  

 

 Case 1: In this case the wind blows from south to north, which means that the 

upstream turbines located at row 1 (i.e. ,  and , ) are exposed to higher 

wind compared to the other turbines at row 2-5. Therefore, the wake effect 

contributes to the power production of the downstream turbines. First, the de-

loading is achieved using Equations (3.8) and (3.9) to all wind turbines in the farm. 

Then, the proposed method of de-loading summarized in algorithm 3.1 was 

implemented to maintain the required reserve power.  

 

 Case 2: The direction of the wind is from the west, which means that the upstream 

turbines connected to feeder 1 are exposed to higher winds than the turbines in 

feeder 2. Therefore, the wake effect reduces the power produced by the wind 

turbines in feeder 2. As in Case 1, de-loading is achieved first using equations (3.8) 

and (3.9) and then the proposed method of de-loading is implemented to assign the 

required reserve power to the wind turbines.  
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3.6.2 Results and Discussions 

The wind speed profile used in this simulation is shown in Figure 3.10. Each wind turbine 

provided different power due to the wake effect. The wind farm is required to reserve 3MW.  Since 

the wind speed is identical to each group (feeder), each group contributed to 50% of the total power 

produced by the farm as shown in Figure 3.11.  

 First, the reserve power was achieved using the conventional method by distributing the 

reserve among all wind turbines in the farm. Figure 3.12 demonstrates the available power and 

the power produced by each wind turbine using the conventional method (baseline). Each wind 

turbine participated in reserving a fixed amount of power. The reserve power of each wind turbine 

was related to the percentage of available power to the total power available of the wind farm. 

Every wind turbine’s attempt to keep its reserve around a fixed value is demonstrated in 

Figure 3.13.  

 

Figure 3.10 Wind Speed for Case 1 
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Figure 3.11 Active power of wind farm and each feeder 
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Figure 3.12 Power of individual wind turbine of feeder 1 and 2 (baseline) 
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Figure 3.13 Reserve power of wind turbines (baseline) 

 

Reserve power was achieved using the proposed strategy to assign the reserve power for 

all wind turbines in the farm. Figure 3.14 demonstrates the maximum available power and the 

power produced by each wind turbine using the proposed method. Each wind turbine maintains a 

variable amount of reserve power that varies with wind speed and available power as shown in 

Figure 3.15. Both feeders were exposed to the same wind profile, consequently wind turbines in 

the same row had the same reserve power. The reserve at each wind turbine varies with wind 

conditions. At higher wind speeds, upstream wind turbines are assigned higher reserves while the 

downstream wind turbines make smaller contributions to reserve power as shown in Figure 3.15. 

In some conditions, some turbines will provide zero reserve power.  

 The power of the wind turbines at bus 1, 2, 6 and 7 was decreased in order to reduce the 

line currents at the farthest end of the feeder. As a result, the line losses were reduced as shown in 

Figure 3.16. The average power losses of the wind farm was reduced by about % from .  KW 

to .  KW.  
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Figure 3.14 Power of individual wind turbine of feeder 1 and 2 (Algorithm 3.1) 
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Figure 3.15 Reserve power of all wind turbines using proposed algorithm 

 

Figure 3.16 Power losses (feeder) of the wind farm using baseline and proposed strategy 
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The wind speed profile used in this case is shown in Figure 3.17. Wind turbines connected 

to feeder 1 were exposed to the same wind. Wind speed at wind turbines connected to feeder 2 was 

decreased due to the wake effect.   

As in Case 1, the wind farm was required to maintain a fixed reserve power (  MW).  Since 

the wind speed was not identical to each group (feeder), their contributions to the total power 

produced by the farm were not equal as shown in Figure 3.18. Feeder 1 produced more power than 

feeder 2.  

Reserve power was achieved using equations (3.8) and (3.9). The reserve power of each 

wind turbine was related to the percentage of available power to the total power available of the 

whole wind farm. Therefore, all wind turbines in each group attempted to reserve the same power 

as shown in Figure 3.19. Figure 3.20 demonstrates the available power and the produced (curtailed) 

power of each wind turbine using the conventional method (baseline).  

 

Figure 3.17 Wind profile for Case 2 
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Figure 3.18 Power of wind farm and power of each feeder 

 

Figure 3.19 Reserve power of all wind turbines (baseline) 
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Figure 3.20 Available power and power produced (curtailed) by all wind turbines (baseline) 

 

After that, the reserve power was accomplished by utilizing the proposed algorithm to 

determine the reserve power for all wind turbines in the farm. Figure 3.21 demonstrates the 

maximum available power and the power produced by each wind turbine using the proposed 

method. Each wind turbine maintained a variable amount of reserve power that varied with wind 

speed and available power as shown in Figure 3.22. The wind turbines at feeder 1 can have similar 

maximum power that they can produce. The farthest wind turbines in the same feeder were 

assigned with higher weight of reserve power. Therefore,   and  provided a high reserve 

of power, while  and  did not provide any reserve. When the wind speed went down, 
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 participated with a small amount of power for a certain time. Similarly, wind turbines in 

feeder 2 had the same behavior, but with less power availability.  

The power of the wind turbines at bus 1, 2, 6 and 7 decreased to provide reserve power. 

Therefore, the line currents at the farthest end of the feeder were reduced. As a result, the line 

losses were reduced as shown in Figure 3.23. The average power losses of the wind farm was 

reduced by about % from .  KW to .  KW.  

 

 

Figure 3.21 Available power and produced (curtailed) power of all wind turbines (Algorithm 

(3.1)) 
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Figure 3.22 Reserve power of all wind turbines (Algorithm (3.1)) 

 

 

Figure 3.23 Power losses (feeder) using two different approaches of determining reserve power 
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3.7 Discussion and Conclusion 

In this chapter, a central controller of a wind farm was designed to de-load the turbines in 

order to maintain a power reserve to be used for frequency regulation. The algorithm was designed 

to minimize the power losses of the feeder within the wind farm by optimizing the share of every 

individual wind turbine. Instead of using equal shares, each wind turbine was assigned a weighted 

power reserve based on its operating condition and its location on the feeder. The wake effect of 

the wind on the downstream wind turbines was taken into consideration. 

The proposed algorithm was tested using a simulation platform and was compared to the 

conventional method. The results showed a reduction in the line losses for the wind farm compared 

to the conventional method (fixed reserve). The average of the power losses of the wind farm was 

reduced by about %. In a large wind farm, this power loss would be a significant number. In the 

future, the algorithm will be tested in a more extended wind farm model with local controllers of 

wind turbine.  
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CHAPTER 4                                                                                                                              

OPTIMAL POWER RESERVE OF WIND TURBINE SYSTEM  

Recently, the participation of wind turbines in frequency regulation has drawn much 

attention. For a wind turbine (WT) to participate in primary frequency control (PFC), it needs to 

reserve some power. In other words, WT operates under its available capability, causing reduction 

of the annual power production of a wind farm. Many approaches have been proposed to provide 

PFC. The objective of this chapter is to design a control method of a WT system to maintain the 

reserve power of the WT by controlling both pitch angle and rotor speed simultaneously to 

optimize the operation of the WT system. The proposed approach can reduce the power losses of 

the machine and the switches of the converter. In addition, the method can utilize the wind forecast 

in order to set an optimal pitch angle valid for different wind speeds. Simulation and hardware-in-

the-loop experiments are performed to validate the proposed algorithm.  

4.1 Introduction and Literature review  

Participation of wind turbines in PFC has been discussed widely in several publications. 

Controllers based on rotor speed regulation or pitch angle regulation to de-load WT for PFC have 

been discussed in [79]–[85].  

 A coordination control was proposed between inertial, rotor speed and pitch angle for WT 

based on a doubly-fed induction generator (DFIG). This approach depends on a new classification 

of wind speed to select among the proposed controllers. Storing kinetic energy in the rotor shaft to 

be used during the PFC stage was proposed in [86], [87].  

A design for discrete linear quadratic Gaussian Controller for PFC participation has been 

introduced [88], [89]. Controlling WT for PFC along with energy storage systems has also been 

discussed [90], [91]. An optimization algorithm was proposed to provide stable power reference 

considering wind speed prediction in [92]. This approach gives a possible range of power reserve 

for specific timeframe.  

In this paper, the aim is to de-load the turbine’s power by controlling both pitch angle and 

rotor speed simultaneously to optimize the operation of the wind turbine. The blade’s pitch angle 

is obtained such that the rotor speed is increased to reduce the power losses (cupper losses) in the 

stator of the machine and the conduction losses of the converter. Also, to avoid blade fluctuation 

and an excessive number of pitch operations, wind forecast is implemented in order to predict the 
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consistent pitch angle valid for a longer period of time. This can reduce the high wear on the pitch 

system by reducing the number of pitch usage over time [93]. Then, the selected pitch angle and 

the known curtailed power are used to find the optimal rotor speed by applying a nonlinear solver. 

With the variation of wind speed, the control algorithm update the pitch angle set point adaptively. 

Therefore, the reference of the rotor speed must follow the variation in the pitch angle and the 

wind speed.  

4.2 Understanding Wind Power Curve for Primary Frequency Control 

To understand the relationship between pitch angle and rotor speed with the response of 

the torque and stator current of the machine, the model of the wind turbine and PMSG must be 

presented first. The wind turbine model is a function of two main variables, the pitch angle and 

the rotor speed as given by (2.1).  

From the curve characteristics of the mechanical power equation (2.1) and the power 

coefficient (2.3), maximum power is achieved at a zero pitch angle and optimum tip speed ratio 

for under rated wind speed conditions. Figure 4.1 shows the characteristics of wind turbine power 

for different pitch angles and rotor speeds for specific wind turbines. As the pitch angle increases, 

the power produced by the WT decreases. This helps identify the operating point of the WT system 

for de-loading purposes. In addition, the rotor speed can be used to reach a specific production of 

power. To implement de-loading to a WT system, power is curtailed by a certain amount, (Δ�), 

using either pitch angle or the rotor speed controller. The power is curtailed to (� .) providing a 

reserve power of Δ�.  

The power curve can be represented in terms of rotor speed for different pitch angles for 

several wind speeds. This allows us to select an optimal operating point of rotor speed and pitch 

angle for the purpose of PFC. Figure 4.2 represents a three-dimensional plot of the power curve. 

During regular operation of WT, maximum power is tracked. However, for PFC, the sub-optimal 

operating point is selected to reserve the required power in the WT system. The curtailed power is 

plotted using a flat surface where the intersections of the two surfaces demonstrate all possible sets 

of pitch angle and rotor speed that can be used. 
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Figure 4.1 Wind power Vs rotor speed and pitch angle 

 

Figure 4.2 Power curve and Curtailed power Vs rotor speed and pitch angle 
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4.3 Power Losses in Wind Turbine System 

The power losses considered in this section are the copper and conduction losses of the 

switches. The resistive losses of PMSG are basically dependent on the current flowing through 

the stator resistance. The switches of the converter have two major losses, the switching and the 

conduction losses. In this section, our concern is to reduce the resistive and conduction losses of 

the system.   

4.3.1 Copper Losses 

The machine considered in this paper is based on PMSG. A detailed model of the machine 

is presented in [94]. Recalling only the equation of the electromechanical torque given as  

= � { + ( − ) }  (4.1) 

Assuming round rotor type (i.e. = ), the quadrature current can be given as: 

=     (4.2) 

At constant power production, a higher rotor speed means lower torque. From (4.2), it is clear that 

 is proportional to the torque (i.e., lower torque results in lower current). This contributes to the 

resistive losses of the PMSG. The resistive (copper) losses in the stator equivalent circuit of the 

PMSG can be expressed as: 

��, =   ( + ) (4.3) 

The copper losses are directly related to the current of the quadrature-axis and direct-axis. Thus, 

by controlling the quadrature current of the machine ( = ), the resistive losses can be reduced 

by involving pitch angle control for PFC. 
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4.3.2 Conduction Losses 

The power converter used is based on insulated gate bipolar transistor (IGBT) switches. 

Power losses of such switches are conduction and switching losses.  Conduction loses occur when 

the switch is turned on and conducts current.  

To evaluate the conduction losses of the IGBT, a voltage drop and a small resistor are added in a 

series with an ideal switch. The simple expression of the conduction losses is given as: 

� . =  +  (4.4) 

The conduction losses of IGBT depend on the temperature causing variation of the voltage 

drop across the switch.  Also, it depends on the current passing through the switch. Therefore, 

decreasing the current through the switch will reduce conduction losses. The conduction losses of 

the semiconductor devices can be evaluated using information from the data sheet from the 

manufacturer considering thermal model of the switch.  

4.4 Wind Speed Prediction   

Using a wind speed sensor provides a reference for a power tracking controller. With the 

availability of wind data, a wind forecast can be implemented to predict the wind speed. This 

allows us to estimate the behavior of the turbine and select the optimal operating point ensuring 

control stability.  

Knowledge of future wind speed can be utilized in the control algorithm to enhance the 

wind turbine operation. There are several approaches to estimate the average wind speed [95]. 

Here, we implement the auto-regression model (AR) to generate and predict the mean of wind 

speed as:      � = Φ � − + �  (4.5) 

Maximizing power using a speed controller is preferable during under rated wind speed. 

However, in some cases, a pitch controller can be involved to ensure smooth power production 

near rated wind speed. In addition, combining a pitch angle controller with a speed controller can 

improve the efficiency of the machine as will be discussed in the following section.   
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4.5 De-loading Algorithm for Primary Frequency Control 

The WT system considered in this dissertation is a direct drive configuration where the 

power converter is directly connected to the machine’s stator winding. In such a system, the rotor 

speed is fully controlled by the converter, while the blades are controlled by the pitch angle control 

system.  

The reserve power for PFC is achieved by controlling both the pitch angle and rotor speed 

simultaneously in order to optimize the operation of the WT system. The purpose is to minimize 

the power losses in the PMSG given in (4.3) and the conduction losses given by (4.4). This is 

accomplished by involving the pitch angel controller during under rated wind speed as shown in 

Figure 4.3. 

 

 

 

Figure 4.3 De-rated wind turbine for PFC 

Initially, with the prediction of wind speed, the pitch angle is obtained so that the rotor 

speed is increased to reduce the power losses in the stator of the PMSG. Predicted wind speed is 

averaged to avoid blade fluctuation and an excessive number of pitch motor operations. Therefore, 
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averaged pitch angle is selected to ensure consistent operation WT, while minimizing resistive 

losses of the machine and conduction losses of the converter. 

First, the measured wind speed is averaged and used to calculate the maximum power that 

can be achieved by the turbine. The wind forecast is needed to estimate the maximum possible 

power in advance for (t+k) to help reduce the number of pitch operations. For a given specific 

reserve power, the curtailed power is obtained and used to determine the required pitch angle 

instantaneously. The optimum operating point of the pitch angle and rotor speed is determined 

using the steps as described in algorithm 4.1 below. 

 

Algorithm 4.1: Optimum de-loading of Wind Turbine System 

 

1. Measure the wind speed �,  

2. Calculate the current maximum available power as: 

 � ��� = �( ., ) �� � 

 

3. Calculate the curtailed power as: 

 � = � ��� − ���� + �� �  
 

4. where, �� �  is the output power of droop curve.  

5. Set =  and, 

6.  solve the nonlinear power equation for  as: 

 =  
 = �� � { ( − − ) − 5 + } − �  

7. where:  = + . ∗ − .+   
8. and  = ��  

9. = + ,  

10. Repeat steps 6-9.  

11. Stop if  does not converge or  is reached.   
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All set of solutions ( = { , }) found by the solver provides the same curtailed power as 

demonstrated in Figure 4.4. However, the optimal solution, ∗ = { ∗ , ∗}, is selected so that pitch 

angle is at its maximum, m�x .  

As a result, the required rotor speed of WT increases and is obtained by the nonlinear 

solver. This minimizes the resistive power in the machine as well as the conduction losses: 

��, ��, + � .   
To ensure stability during de-loading and during the PFC response, as discussed in Chapter 

5, the algorithm must consider operation limits such as: 

, ,  

 

The optimum rotor speed results in maximum power that can be reached when PFC is 

activated. Also, to avoid fluctuation and possible instability, the pitch angle can be limited to a 

reasonable value.  

 

Figure 4.4 Demonstrating all possible solutions 
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To utilize the wind speed prediction, algorithm (4.1) is implemented in parallel to the 

current measurements of wind speed by replacing � by � +  and solving for  and . 

Then, the maximum common pitch angle between the current and the future is selected and used 

as a reference, and rotor speed is obtained accordingly. Involving the prediction of wind forecast 

can help reduce the number of pitch actuations.  

 

 

Figure 4.5 Obtaining the optimal pitch angle using current and predicted wind speed in order to 

reduce the pitch actuator.   

 

The algorithm is used to generate the optimum operating point of the pitch angle and rotor 

speed. Note that the output of the droop curve can be involved in the equation in order to define 

the rotor speed for the amount of power necessary to inject during frequency drop. Otherwise, the 

PFC power is considered to be zero. The algorithm is designed to ensure convergence of all 

possible pitch angels. It is adaptive to consider the dynamic reserve power received from the wind 

farm.   

4.6 Simulation Studies 

The proposed algorithm with the control loop is shown in Figure 4.6. The pitch controller 

is based on the conventional method where the pitch angle is controlled considering the pitch servo 

transfer function [96]. The rotor speed is controlled using the designed PI controller with an inner 

loop to control the current. The controller must ensure a smooth and reliable response to frequency 

drop. Therefore, the power required to adjust frequency variation was taken into account by 

considering the output of a droop curve. The wind turbine has a nominal rotor speed of 25.88 rpm 

at 12 m/s rated wind speed. The rated power of the machine and WT is 2 MW. The parameters of 
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the system considered in this study including WT and PMSG are presented in Appendix A. The 

wind turbine has a nominal rotor speed of 25.88 rpm at 12 m/s rated wind speed. The rated power 

of the machine and WT is 2 MW. 

 

Figure 4.6 Wind turbine system with detailed control loop 

4.6.1 Long-term (one day) Simulation  

4.6.1.1 Simulation Setup  

In the simulation, different scenarios were implemented to achieve de-loading. The first 

scenario was based on varying only the rotor speed while keeping the pitch angle constant. The 

second scenario was performed using the proposed method but allowing pitch angle variation 

without wind speed forecasting. In the last scenario, the proposed de-loading method was 

implemented to obtain an optimal pitch angle that was valid for a longer time frame and which 

updated the rotor speed instantaneously. 

The simulation experiment was repeated again to perform de-loading for PFC purposes. In 

this scenario, the pitch angle was kept constant (i.e., 0 degree), while the de-loading was performed 

using a rotor speed controller. The MPPT here was modified to track the curtailed power by 

subtracting the maximum power by the required power to be reserved. Then, the reference rotor 

speed was calculated to provide the required reserve power.  

The proposed algorithm was used to de-load the WT in order to maintain an adequate 

amount of power for PFC use. In this scenario, the wind profile was assumed to be predicted by 

wind forecast. The average estimated wind speed was used to find the optimum pitch angle for a 

longer period. Then, the current and future wind speed was used to estimate the optimal possible 

pitch angle for that time frame. The rotor speed was extracted using the nonlinear relation.  
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4.6.1.2 Results and Discussions 

First, a simulation of one day of wind profile was performed.  A simplified model of the 

WT and PMSG were used to expedite the simulation. The wind profile used in this study is shown 

in Figure 4.7. Figure 4.8 shows the maximum power available and the de-loaded power.  The 

dotted line represents the curtailed power achieved by rotor speed only. The curtailed power 

obtained by using coordination between rotor speed and pitch angle is presented by the dashed 

line.  It is clear that both approaches provided the same amount of reserve power (Δ�). The reserve 

was fixed at 0.3 MW for all wind profiles. 

Although, every method gave the same reserve, the rotor speed was different as shown in 

Figure 4.9. The rotor speed was increased by involving the pitch angle. This is because the higher 

pitch angle results in lower torque of the WT.  Therefore, to maintain the same reserve, the rotor 

speed increased.  

As a result, the quadrature current of the PMSG ( ) was reduced as shown in Figure 4.10. 

In this simulation, we controlled the current of the direct-axis to be zero. Therefore, the only 

current that appears in the losses is the current of the q-axis. From Figure 4.10, it is clear that with  pitch angle, the current is higher for the whole period considered in this simulation.  

Current produced by the proposed approach reduced the power losses in the stator of the 

machine and the conduction losses of the switch as given in (4.3) and (4.4). The resistive losses 

for both approaches are shown in Figure 4.11.  In Figure 4.12, the pitch angle is represented using 

the dashed line. 

The proposed strategy has the ability to utilize a wind speed forecast and predict the optimal 

solution. In this case, one can combine the optimal operating point of the current and future state 

in order to minimize the operation of the pitch angle. For the same wind profile, one model 

included the wind forecast and the other model did not consider the wind prediction in the decision. 

The pitch angle changed 82 times for the model without a forecast. In contrast, for the case of 

having a wind forecast, the pitch angle changed 64 times as shown in Figure 4.13. In both cases, 

the power produced by the WT was the same as shown in Figure 4.14. The rotor speed for both 

scenarios are demonstrated in Figure 4.15.  
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Figure 4.7 Wind profile (one day simulation) 

 

Figure 4.8 Mechanical power for MPPT and de-loaded scenarios 
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Figure 4.9 Rotor speed of the WT 

 

Figure 4.10 Stator current (��) 
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Figure 4.11 Resistive losses 

 

Figure 4.12 Pitch angle 
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Figure 4.13 The pitch angle with wind forecast and without wind forecast 

 

Figure 4.14 De-loaded power using proposed method with and without a forecast 
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Figure 4.15 Rotor speed using proposed method with and without a forecast 

4.6.2 Short-term Simulation  

4.6.2.1 Simulation Setup  

To test the wind system with the designed controller, a study was performed to validate the 

proposed method using a detailed model of the whole system. The proposed WT system and 

control scheme shown in Figure 4.6 was modeled in Matlab/Simulink.  

The aim of this short-term simulation was to validate the performance of the proposed 

algorithm and to examine its accuracy and response to wind variation. Therefore, the approach had 

to give the reference of pitch angle and rotor speed as fast as possible. 

In this simulation, the wind speed was scaled to be in seconds instead of minutes. The wind 

turbine system was tested with the wind profile shown in Figure 4.16. Like the one-day simulation, 

to demonstrate the performance of the proposed de-loading algorithm, two different approaches 

were performed with different methods of de-loading. First, rotor speed only was used as a tool to 

maintain the reserved power. Then, the proposed de-loading approach was implemented using the 

same wind profile for the purpose of comparison.  

Initially the MPPT was implemented to be used as baseline. Then, two scenarios discussed 

previously were examined. 
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4.6.2.2 Results and Discussions 

Figure 4.17 shows the maximum power and de-loaded power for the two methods.  This is 

the power injected to the grid measured at the terminal of the inverter. Both approaches provided 

the same amount of reserve power (Δ�). As a one-day simulation, the reserve was fixed at 0.3 MW 

for all wind speeds.  

The rotor speeds for the different methods are demonstrated in Figure 4.18. For the 

proposed method, the rotor speed was reduced compared to the other method. The proposed 

method is constrained to limit the rotor speed below optimum rotor speed at every wind speed. 

The low speed resulted in higher stator current as shown in Figure 4.19.  

 

Figure 4.16 Wind profile  
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Figure 4.17 Power injected to the grid 

 

Figure 4.18 Rotor speed  
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Figure 4.19 Stator current (��) 

 

Figure 4.20 Pitch angle 
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In Figure 4.20, the pitch angle of the proposed method is represented using the blue line. 

The pitch angle varied based on the wind speed.  

This high current caused an increase in the resistive and conduction losses as demonstrated 

in Table 4.1. The table presents the average resistive losses and conduction losses for the whole 

period (240 sec). The resistive losses were calculated using (6) where the d-axis current is 

controlled to be fixed at 0 A. The IGBT characteristics were taken from an ABB data sheet that 

matches the rating of the WT system, (5SNA 3600E170300 HiPak IGBT module). The conduction 

losses were calculated using web-based software (SEMIS) developed by Plexim for ABB data-

sheet characteristics in order to consider the detailed thermal module of the converter. 

Table 4.1: Power Losses for Different Scenarios 

Losses MPPT 
Controlling  

 only 
Proposed Approach 

Resistive losses (kW) 12.577 13.238 7.063 

Conduction losses 

(kW) 
12.77 12.87 8.13 

 

The algorithm implemented in this chapter is based on solving the nonlinear equation for 

every possible pitch angle. One advantage of the proposed strategy is the fast convergence of the 

algorithm since the rotor speed can be estimated in advance by knowing the maximum power 

point of certain wind speeds.  

 

Figure 4.21 Convergence of the nonlinear solver for rotor speed ( =  �/�,� = ��)  
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Figure 4.22 Process time of the Matlab code ( =  �/�,� = ��) 

4.6.3 Hardware-in-the-Loop and Real-time Simulation 

To validate the response and the performance of the proposed approach with the designed 

controllers, hardware-in the-loop (HIL) was implemented. The HIL study provides a real time 

benchmark to test the proposed method and the designed controllers 

4.6.3.1 C-Code Generation and Setup 

The WT system was modeled and compiled inside an Opal-RT real time simulator. Then, 

C-code was generated for the controller of the machine side converter and was implemented inside 

the TI Digital signal processor (DSP), (TI TMS230F28335). The controller (DSP) received the 

rotor speed and machine’s current as an analog signal (fixed-sample) from Opal-RT. Then, the 

controller processed the signals and generated PWM pulses to control the switches of the 

converter. The sampling frequency of the DSP was selected to be 9kHz. The s-domain PI 

controllers were discretized using the Backward Euler conversion method. The inner loop (current) 

controller was guaranteed to be faster than the outer loop (speed) controller.  
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Then, de-loading was achieved using rotor speed only. A fixed reserve power of 0.3 MW was set 

for both approaches. The same controller was fed with a rotor reference to de-load the WT system. 

Finally, the reference generated by the proposed method was used to obtain the reference set points 

(rotor speed and pitch angel).  

4.6.3.2 Results and Discussions 

The wind speed profile used in the HIL simulation is shown in Figure 4.23. The results 

obtained from the real time simulator and HIL are demonstrated in Figures below. For the proposed 

method experiment, the three-phase current for machine is shown in Figure 4.24. The rotor speed 

(measured and reference) and q-axis current for all cases are shown in Figure 4.25. It is clear that 

the proposed method reduced the q-axis current. As a result, the power losses decreased. The rotor 

speed in the plot is in (rad/s) and the gain is 1. For instance, the rotor speed at the first 5-second 

time slot was 2.3 (rad/sec) for the MPPT case. The rotor speed resulting from the proposed method 

was 2.2 (rad/sec), whereas, the rotor speed was 1.6 (rad/sec) when pitch angle was kept at 0.   

The gain for the q-axis current was 2000. Therefore, the current at the MPPT case was 

3400 A for the first 5-second time slot. For the proposed and fixed pitch angle methods, the 

currents were 2600 A and 3600 A respectively.         

Figure 4.26 shows the power generated from the WT system. Both approaches provided 

the required reserve power as can be seen from the plot. The proposed method involved the pitch 

angle controller as shown in Figure 4.26-b.  

The results showed good performance of the proposed algorithm. The method was able to 

maintain the required reserve power for different wind speeds. The resistive losses were calculated 

and compared to the conventional method to de-load the power of WT. Also, the conduction losses 

were evaluated using web-based software developed for ABB data-sheet characteristics. The 

resistive and conduction losses were reduced significantly compared to the conventional rotor 

speed control method.  
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Figure 4.23 Wind speed for HIL 

 

Figure 4.24 Three-phase machine current 
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Figure 4.25 Rotor speed and q-axis current (�� gain is 2000) 

 

Figure 4.26 Active power (gain is 1M), and pitch angle (gain is 2)  

4.7 Discussion and Conclusion  

This chapter aimed to design an optimal control method of WT system intended to provide 

PFC. The reserved power of the WT was achieved by controlling both pitch angle and rotor speed 

simultaneously. The main contribution of the proposed method is to reduce the current of the 

PMSG and in sequence reduce the resistive and switching losses. Comprehensive case studies were 

implemented in simulation as well as HIL with a real time simulator. The results showed good 

performance of the proposed algorithm. The method was able to maintain the required reserve 

power for different wind speeds. The resistive losses were calculated and compared to the 

conventional method to de-load the power of WT. Also, the conduction losses were evaluated 

using web-based software developed for ABB data-sheet characteristics. The resistive and 

conduction losses were reduced significantly compared to the conventional rotor speed control 

method.  
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CHAPTER 5                                                                                                                              
RESPONSE OF WIND TURBINE SYSTEM DURING PFC  

In this chapter, power system stability and the need for primary frequency control to be 

provided by a wind turbine is discussed. The primary frequency control is implemented in the de-

loaded wind turbines. Several static droop curves are investigated to evaluate the response for the 

wind turbine during frequency deviation. The two methods of reserve discussed in Chapter 3 are 

used for different scenarios. Deep analysis is performed to compare between the responses of the 

wind turbine based on control methods.   

The performance of several static droop curves was analyzed for different cases using a 

detailed model of wind turbines connected to a small power system. The power system and wind 

turbine are modeled with a controlled synchronous generator and load. The tests were conducted 

using Matlab\Simulink.     

5.1 Introduction 

To ensure stability of the power system during a large disturbance, some power must be 

reserved to be used during the power imbalance.  The reserve power concept is defined as the 

power reserved in an electrical generator to be used during a frequency deviation event. 

As the number of renewable resources installed increases, more functions must be added 

to their controllers. Besides active delivery, frequency support can be accomplished by the 

renewable resources. A wind farm can be controlled to provide active power during a frequency 

deviation to provide PFC. In Chapters 3 and 4, a novel method was proposed to maintain adequate 

reserves of power on a wind farm and at the local wind turbine level.   

Different approaches have been proposed to provide PFC. In [97], a comprehensive study 

was performed for wind turbines to provide active power control which included inertial, primary 

frequency control and automated generation control. An adjustable droop controller was designed 

to improve the response of a wind turbine based on DFIG in [98].  

Droop control methods have been proposed to support the frequency of the power system. 

The implementation of the droop can be seen at the wind farm level, in the coordination of a 

distributed generator in power systems, or in the local controller of wind turbines [99]–[101].  
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A combination of static and dynamic droop curve was proposed by [102]. The parameter 

of the droop varies based on the ROCOF only. In [5] the control loop was modified to maintain 

reserve power and react to the frequency drop in the grid. In this approach, a pitch angle controller 

is utilized to de-load the turbine. In [103], a droop control for different regions of wind speed was 

proposed. Dynamic droop was proposed for wind turbines and solar systems to support frequency 

[104]. In [105]–[107] droop control was designed for voltage and frequency of  distributed 

generators in the power system. Another dynamic droop was introduced for a wind generator to 

utilize the inertia for frequency support  [108]. The proposed inertial control determines the 

dynamic droop depending on ROCOF. 

5.2 Power System Stability (Background) 

A power system is a complicated structure involving various elements with different 

dynamics. In the very ideal world, the loads of the power system are provided with consistent 

frequency and voltage. At normal conditions, all synchronous generators are synchronized to 

avoid up-normal fluctuation in the voltage and current which may lead to disconnecting areas 

form the grid. The frequency deviation is a result from an imbalance between the load and power 

generated. The frequency of the gird is directly related to the rotor speed of the synchronous 

generators of the system. The change of frequency of a network can be given as [109]:  

 
Δ = ( ) +  ∑Δ� −∑Δ�   

(5.1) 

where  and  are the equivalent inertia and damping constants of all machines of 

the system. The change in generated power and load power are represented by Δ�  and ΔP  

respectively.   

To ensure stability, the synchronous generator should be equipped with a droop curve in 

the speed controller of the turbine’s torque-speed characteristic. The droop characteristic is 

typically set to 5% in the US [110].    

5.3 Frequency Support by Wind Turbine System (Overview) 

With an increase in the installation of wind farms and other renewable resources, ancillary 

functions must be added. In this dissertation, the main work is focusing on frequency regulation 
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of power systems with high penetration of wind power. De-loaded wind turbines can provide PFC 

by adding a droop controller to the power reference of the rotor speed and/or pitch angle controller.    

The droop control determines the amount of active power to be injected to support grid 

frequency. The response of a wind turbine to the frequency drops depends on the initial conditions 

just before the incidence. In addition, the method used to de-load the turbine has a substantial effect 

on the response to frequency deviation. Therefore, selecting the droop gain ( ) must be done 

carefully to ensure a reliable and stable response to the grid deviation. Because deviating the signal 

away from its operating condition may cause instability of the controllers of the wind turbine [15], 

[87], [101], [111].   

The concept of droop that has been used for a synchronous generator can be adapted for 

wind turbines. The change in grid frequency can be related to a change in active power as presented 

in [103]. The �  in the droop equation is replaced with the maximum available power of the 

wind turbine to consider the wind variation. The amount of power versus the frequency deviation 

can be given as:  

 
�� � = ���, − �

 (5.2) 

 

where ���,  is the available wind power that can be produced by the turbine.  and �  

are the nominal and measured grid frequency, respectively. The droop parameter R represents the 

slope of the droop curve, and it is in percentage (%). This parameter defines rate of change in 

active power reference. The smaller the droop parameter, the more aggressive the response is. 

Figure 5.1 shows the different slopes for the droop response in percentage change in power. 

Therefore, the droop rate, , determines the speed of response to the frequency deviation. Several 

studies have defined dynamic droop that changes with the ROCOF. If the change in the ROCOF 

is large, the more aggressive the change in power. The droop curve represented in equation (5.1) 

and shown in Figure 5.1 does not include deadband. Adding a deadband prevents any undesirable 

reaction to small disturbances in the grid that may cause negligible changes in grid frequency.  
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Figure 5.1 Droop curve for different slope 

    The droop equation can be implemented with deadband to prevent the wind turbine from 

reacting against negligible frequency deviations. Equation (5.2) can be implemented as shown in 

the block diagram represented by Figure 5.2.  

 

 

Figure 5.2 Droop equation implementation 
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5.4 Power System Model for Simulation Studies 

To do the study, a simplified power system model shown in Figure 5.3 was used. The 

synchronous generator was based on a hydraulic turbine governor with its controller [112]. Also, 

an exciter system was implemented to maintain the terminal voltage at its nominal value. The 

details of the hydraulic turbine are given in the Appendix.  

The wind turbine with the detailed model presented in Chapter 2 and 3 was used. The 

detailed model is considered to incorporate the proposed method of de-loading and to study the 

stability of the speed controller. Also, it helps compare the actual response of the wind turbine for 

different droop curves.  

   

 

Figure 5.3 Power system model used for simulation study 

 

5.5 PFC of Single Wind Turbine System 

In this section, the power system is modeled with a single wind turbine system as shown 

in Figure 5.4. The load is shared between the synchronous generator and the wind turbine. The 

turbine is de-loaded to provide PFC to the frequency drop. Several scenarios were carried out to 

study the response of the wind turbine using different droop curve characteristics. The experiment 

was performed using the rotor speed controller only. Then, the same experiment was repeated with 

the same conditions, but the response was achieved by combining the rotor speed with pitch angle. 

The block diagram showing the control loop including the droop equation is demonstrated in 
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Figure 5.5. Power obtained by the wind turbine (���) is used to determine the reference rotor 

speed and the pitch angle.    

 

Figure 5.4 Power system used to Study the Response of Single Wind Turbine 

 

 

Figure 5.5 Block diagram of the control loop used to provide PFC 

 

5.6 Simulation Studies 

To study the response of wind turbines to frequency deviation, several simulation-based 

studies were performed. The goal was to compare the responses of different droop curves for 

different ROCOF. First, the study was implemented using only a rotor speed controller. Then the 

same scenarios were repeated using the proposed algorithm combining pitch angle and rotor speed 

controller. The sensitivity to different droop gains was studied and compared with different control 

approaches.  
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5.6.1 Response of Wind Turbine to Large ROCOF Using Rotor Speed Controller   

In this simulation study, the wind turbine system was de-loaded using the rotor speed 

controller only, while keeping the pitch angle at 0 degree. The rotor speed is controlled through 

the generator side converter. The turbine operates at its rated wind speed (  m/s). Different 

scenarios were considered to study the response of the wind turbine to the frequency drop.  

In the first scenario, frequency drop occurred after  seconds with a large ROCOF. The wind 

turbine was de-loaded to reserve .  MW using the rotor speed only (i.e., % of available wind 

power). The droop equation in Figure 5.2 was implemented using different droop parameters ( =%, %, %).  

The grid frequencies for all different droop parameters are shown in Figure 5.6. With a 

steep slope of droop, the frequency nadir point is higher than the one with = %. Figure 5.7 

shows the rotor speed of the PMSG during the response for PFC with a large frequency drop. The 

rotor speed reference for = % changes rapidly, which may cause instability to the rotor speed 

controller. Therefore, droop slope must be slower if the reserve is moderate or small compared to 

the ROCOF. With a fast rate of droop, the power reaches its maximum before the grid frequency 

reaches its nadir point as demonstrated in Figure 5.8.  

 

 

Figure 5.6 Grid frequency (Large ROCOF, ��� = % ) 
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Figure 5.7 Rotor speed (Large ROCOF, Δ��� = %) 

 

Figure 5.8 Wind turbine power for the three droops (Large ROCOF, Δ��� = %) 

In the second scenario, the frequency incident drop occurred after  seconds with a large 

ROCOF. The wind turbine is de-loaded to reserve .  MW using the rotor speed only (i.e., % 

of available wind power). The droop equation in Figure 5.2 was implemented using different droop 

parameters ( = %, %, %).  

The grid frequencies for all different droop parameters are shown in Figure 5.9. The grid 

frequency during the event is similar to the previous situation. The droop with = % reduced 

the nadir point compared to other droops. Figure 5.10 shows the rotor speed of the PMSG during 

the response for PFC with a large frequency drop. Unlike the previous case, the rotor speed 



76 

 

reference of the droop with = % did not reach its maximum limit. Therefore, with a large 

ROCOF and large reserve margin, the droop can be set with a high droop rate. Although the power 

changes rapidly as seen in Figure 5.11, the maximum available power is not reached due to the 

large margin of reserve. In a more economical study, the reserve of the wind farm must be 

determined based on the wind penetration and power system inertia with prediction of worst 

possible frequency drop.   

 

Figure 5.9 Grid frequency (Large ROCOF, Δ��� = %) 

 

Figure 5.10 Rotor speed (Large ROCOF, Δ��� = %) 
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Figure 5.11 Wind turbine power (Large ROCOF, Δ��� = %) 

5.6.2 Response of Wind Turbine to Moderate ROCOF Using Rotor Speed Controller   

The simulation was repeated with smaller ROCOF events. In this simulation study, the de-

loading was achieved only using the rotor speed controller. In this case, at  seconds, the grid 

frequency incident happened with moderate ROCOF. First, the wind turbine was de-loaded to 

reserve .  MW using the rotor speed only (i.e., % of available wind power).  

Figure 5.12 demonstrates the grid frequency for all different droop parameters. The droop 

with = % has the lowest nadir point compared to the other droops. Figure 5.13 shows the rotor 

speed of the turbine during the response for PFC to a moderate frequency drop. Here, the reserve 

margin is small but the ROCOF is not large. Therefore, even with a fast rate of droop the speed 

reference and power does not reach its maximum limit.  

 

Figure 5.12 Grid frequency (small ROCOF, Δ��� = %) 
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Figure 5.13 Rotor speed (small ROCOF, Δ��� = %) 

 

 

Figure 5.14 Wind turbine power (small ROCOF, Δ��� = %) 
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5.6.3 Response of Wind Turbine to Large ROCOF by Combining Rotor Speed and Pitch 

Angel Controllers   

The simulation study in the previous section was repeated using the proposed optimal de-

loading approach in Chapter 3. In this case, two parameters were used to track the power reference, 

rotor speed and pitch angle. In this approach, the pitch angle was used to increase the rotor speed 

during de-loading. As a result, the initial condition of the rotor speed was higher than when the de-

loading was achieved by just the rotor speed controller. In this simulation, the wind turbine 

operated at its rated wind speed. The response was evaluated for different case studies.  

First, the frequency drop occurred after  seconds with a large ROCOF. The wind turbine 

was de-loaded to reserve .  by combining both controller (rotor speed and pitch angle). The droop 

equation was implemented using different droop parameters ( = %, %, %).  

During the frequency drop, the pitch angle was set to its optimal pitch for maximum power. 

Then, the rotor speed followed the power reference to track the droop curve as shown in 

Figure 5.15 and Figure 5.16. The rotor speed decreased until the pitch angle reached , then it 

started following the droop curve output. The rotor speed with = % fluctuated with the high 

rate even though it reduced the nadir point of the grid frequency.  The grid frequencies for all 

different droop parameters are shown in Figure 5.17. The wind turbine power reached its 

maximum before the grid frequency reached its nadir point when fast rate of droop is used, as 

demonstrated in Figure 5.18.  

 

Figure 5.15 Pitch angle (Large ROCOF, Δ��� = %) 
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Figure 5.16 Rotor speed (Large ROCOF, Δ��� = %) 

 

Figure 5.17 Grid Frequency (Large ROCOF, Δ��� = %) 

 

Figure 5.18 Wind turbine power (Large ROCOF, Δ��� = %) 
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The same simulation was repeated with .  MW reserve of wind turbine power. This was 

done to increase the margin and check the response of the controllers to a large ROCOF. The grid 

frequencies for all different droop parameters are shown in Figure 5.19. As expected, the droop 

controller with = % had the better grid frequency support. To reserve .  MW of the total 

power, the initial pitch angle was  as shown in Figure 5.20. When the droop started to activate 

the droop, the pitch angle imposed more power while it went to its minimum value.  However, the 

rotor of the wind turbine fluctuated due to the fast rate of droop in a very short time as shown in 

Figure 5.21. In this case the power produced by the turbine system didn’t reach its maximum limit 

as shown in Figure 5.22.    

 

Figure 5.19 Grid frequency (large ROCOF, Δ��� = %) 

 

Figure 5.20 Pitch angle (large ROCOF, Δ��� = %) 
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Figure 5.21 Rotor speed (large ROCOF, Δ��� = %) 

 

Figure 5.22 Wind turbine power (large ROCOF, Δ��� = %) 

 

5.6.4 Response of Wind Turbine to Moderate ROCOF by Combining Rotor Speed and 

Pitch Angel Controllers   

The simulation in this case was performed with smaller ROCOF events. During the simulation, 

the reserve was maintained using the proposed rotor speed controller combined with the pitch 

angle controller. The grid frequency incident happened with a moderate ROCOF. The wind turbine 

was de-loaded to reserve .  MW using the rotor speed and pitch angle (i.e., % of available 

wind power).  
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Figure 5.23 demonstrates the grid frequency for all different droop parameters ( =%, %, %). The pitch angle in this condition was  before the start of the frequency incident. 

Then, the rotor speed changed based on the droop reference during PFC as shown in Figure 5.24. 

The frequency drop did not cause the power to reach its maximum limit as shown in Figure 5.25.   

 

 

Figure 5.23 Grid frequency (moderate ROCOF, Δ��� = %) 

 

Figure 5.24 Rotor speed (moderate ROCOF, Δ��� = %) 
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Figure 5.25 Wind turbine power (moderate ROCOF, Δ��� = %) 

 

5.6.5 Comparison of Wind Turbine Response Based on Control Methods    

The response of a wind turbine during frequency deviation depends on several factors. The 

response of the pitch angle controller is different from the response of the rotor speed controller. 

The power of the wind turbine depends on two variables, pitch angle and rotor speed. However, 

each variable contributes differently to the wind turbine power.     

To evaluate the difference in response to the PFC during a frequency event, the same 

frequency event was repeated using both approaches. First, the wind turbine was de-loaded using 

the rotor speed controller and then a disturbance causing frequency drop at = . The droop 

response was achieved using only the rotor speed controller. Then, the situation was repeated using 

the combined controller of pitch angle and rotor speed.  

The grid frequencies for both cases are shown in Figure 5.26. When rotor speed and pitch 

controller simultaneously were implemented, the droop was set to = %. However, when only 

rotor speed was used, the droop was set to = %. The grid frequency had the same nadir point 

and behavior. This was because of the pitch angle influence on the power output of the wind 

turbine.     
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Figure 5.26 Grid frequency using different control methods 

5.7 Discussions and Conclusion 

In this chapter, static droops were implemented to a de-loaded wind turbine system to 

provide PFC. First, the several droop curves were implemented using rotor speed only while 

keeping pitch angle constant. Then, the same droops were applied using the combined pitch angle 

and rotor speed controller proposed in Chapter 4.   

It was noticed that with = %, the response was very fast. However, the rotor of the wind 

turbine fluctuated in a very short time. Also, the aggressive droop might cause mechanical stress 

on the wind turbine. The combined rotor speed and pitch controller performed better than the rotor 

speed only.  
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CHAPTER 6                                                                                                                              
DYNAMIC DROOP CONTROLLER 

Since each individual wind turbine is assigned to a certain weight of power reserve based 

on its operating conditions, the response to PFC of each wind turbine is different. To ensure reliable 

stability and smooth response to PFC, deep analysis of the behavior of the controller is necessary. 

In addition, the operating points just before the frequency incident must be considered to predict 

the response of the system.  

The objective of this chapter is to design a dynamic droop curve for the local controllers of 

the wind turbines to achieve primary frequency regulation of a wind farm. The approach is to select 

the appropriate droop gain that depends on measurements of the individual wind turbines, such as 

available power and amount of reserve. Also, the controller considers the ROCOF at the point of 

common coupling. A fuzzy-based dynamic droop controller is proposed to provide PFC for the 

wind turbine system. The droop gain is determined by the fuzzy sets using the difference in 

frequency and the reserve power of the wind system. The performance of the dynamic droop curves 

was analyzed for different cases using a detailed model of wind turbines connected to a small 

power system.  

6.1 Introduction 

A combination of static and dynamic droop curve were proposed by [102]. The parameter 

of the droop varied based on the ROCOF only. In [5] the control loop was modified to maintain 

reserve power and react to the frequency drop in the grid. In this approach, a pitch angle controller 

was utilized to de-load the turbine. In [103], a droop control for different regions of wind speed 

was proposed. Dynamic droop was proposed for wind turbines and solar systems to support 

frequency [104]. In [105]–[107] droop control was designed for voltage and frequency of  

distributed generators in a power system. Another dynamic droop was introduced for a wind 

generator to utilize the inertia for frequency support [108]. The proposed inertial control 

determined the dynamic droop depending on ROCOF. 
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6.2 Dynamic Droop Controller of Wind Turbine System 

As discussed in Chapter 4, de-loading the wind turbine can be done using rotor speed only, 

pitch angle, or by combining rotor speed with pitch angle. Each method will lead to different 

operating points of the speed and pitch angle controllers. Also, the response of the wind turbine 

will be different using each method. When only a speed controller is used to de-load the wind 

turbine, the rotor speed margin to the optimal speed will be large as shown in Figure 6.1.  If the 

combined rotor speed and pitch angle controller is used, the initial rotor speed ( , ) is pulled 

closer to the optimal point of maximum power ( , ���). The power curve of the wind turbine 

model is very sensitive to the pitch angle. Small variations of the pitch angle have a significant 

impact on the power reference. Therefore, controlling pitch angle and rotor speed must be designed 

carefully. 

Selecting the droop curve parameter sounds straight forward. However, the droop must be 

designed to ensure an accurate and smooth response to actual frequency deviation. In addition, the 

initial conditions and power availability must be considered to accurately determine the rate of the 

droop curve. In wind turbine systems, the margin of power reserve is dynamic because of the 

uncertainty of the wind. Therefore, dynamic droop curve is required to ensure proper frequency 

support.   

 

Figure 6.1 Demonstrating the difference in operating conditions of two control methods 
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In this chapter, a fuzzy logic-based dynamic droop controller is proposed to provide the 

PFC of a wind turbine system. Fuzzy logic can be adapted based on a set of rules to achieve a 

certain function [113].  Fuzzy logic has been implemented wildly in control applications of power 

systems and power electronics [114]–[118].   

Fuzzy logic is used to estimate the appropriate droop rate based on the ROCOF and the reserve 

power provided by the wind turbine system. For example, if the ROCOF is large but the reserve is 

small, the droop should provide the required power with an acceptable moderate rate. On the other 

hand, if the ROCOF is large and the reserve available is large, the droop should provide power 

with an acceptable fast rate.   

6.3 Fuzzy-Based Dynamic Droop Controller 

Recall the droop equation in chapter 5 and the replacement of the static droop rate by the 

dynamic droop rate. The new expression can be given as:    

 
�� � = ���, − �

 (6.1) 

The goal of fuzzy logic is to determine the proper rate ( ) based on two inputs. The first 

input is the change in frequency (Δ ) of the point of common coupling (PCC). The second input 

is the reserve power of the wind turbine (Δ���) just before the frequency incident. As discussed 

in chapter 3, the reserve power of a wind turbine system varies with time depending on the wind 

condition and on the wind farm de-loading approach.  

6.3.1 Fuzzification 

The triangle membership function is used to map the crisp value for both inputs to fuzzy 

sets. Five fuzzy sets are defined for both inputs as presented in Figure 6.2 and Figure 6.3. The 

fuzzy sets are defined as: very small (VS), small (S), medium (m), large (L) and very large (VL).  

The first membership function represents the absolute value of the change in grid frequency.  The 

second input represents the amount of the reserve power available. Change in frequency between .  and .  is considered very small, and above 0.8 is considered very large.  
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Figure 6.2 Membership function for the change in grid frequency 

 

Figure 6.3 Membership function for the reserve power of the wind turbine (�� �/ ��) 

 

Figure 6.4 Output membership function to determine the droop curve 
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The reserve power of a wind turbine of megawatts level can range from a few kilowatts to 

a couple of megawatts. In this dissertation,  MW wind turbines are considered. The reserve of 

the wind turbine can reach 1 MW (i.e., % of the rated power). The input to the membership 

function for the reserve is scaled down to simplify the ruling and defuzzification process.   

The output membership function is given in Figure 6.4. The fuzzy sets for the output are 

defined as: very slow (VSL), slow (SL), medium (M), fast (F), very fast (VF). This provides the 

slope of the droop curve represented in equation (5.2). The rules of the fuzzy logic used to define 

the output are discussed in the following section.   

6.3.2 Fuzzy Inference Rules 

There are 25 rules defined to give the output based on two inputs: Δ  and Δ���. These 

rule are listed in Table 6.1. The conjunction operator, (minimum), is used to evaluate the rules of 

the fuzzy sets. 

Table 6.1: Fuzzy logic rules for droop curve Δ���\Δ  VS S M L VL 

VS VSL VSL SL M M 

S VSL SL M F F 

M SL M M F F 

L M M F F VF 

VL M M VF VF VF 

    

Fast droop is desired if the drop in frequency and the reserve of the wind are large. If the 

reserve power of the wind turbine is very small and the ROCOF is not large, slow droop is desired. 

The rules avoid fast droop for small power reserves because of the limited availability of active 

power. The fuzzy rules listed in the table are explained below:    
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 IF Δ��� is VS AND Δ  is VS THEN  is VSL 

 IF Δ��� is VS AND Δ  is S THEN  is VSL 

 IF Δ��� is VS AND Δ  is M THEN  is SL 

 IF Δ��� is VS AND Δ  is L THEN  is M 

 IF Δ��� is VS AND Δ  is VL THEN  is M 

 IF Δ��� is S AND Δ  is VS THEN  is VSL 

 IF Δ��� is S AND Δ  is S THEN  is SL 

 IF Δ��� is S AND Δ  is M THEN  is M 

 IF Δ��� is S AND Δ  is L THEN  is F 

 IF Δ��� is S AND Δ  is VL THEN  is F 

 IF Δ��� is M AND Δ  is VS THEN  is SL 

 IF Δ��� is M AND Δ  is S THEN  is M 

 IF Δ��� is M AND Δ  is M THEN  is M 

 IF Δ��� is M AND Δ  is L THEN  is F 

 IF Δ��� is M AND Δ  is VL THEN  is F 

 IF Δ��� is L AND Δ  is VS THEN  is M 

 IF Δ��� is L AND Δ  is S THEN  is M 

 IF Δ��� is L AND Δ  is M THEN  is F 

 IF Δ��� is L AND Δ  is L THEN  is F 

 IF Δ��� is L AND Δ  is VL THEN  is VF 

 IF Δ��� is VL AND Δ  is VS THEN  is M 

 IF Δ��� is VL AND Δ  is S THEN  is M 

 IF Δ��� is VL AND Δ  is M THEN  is VF 

 IF Δ��� is VL AND Δ  is L THEN  is VF 

 IF Δ��� is VL AND Δ  is VL THEN  is VF 

 

6.3.3 Defuzzification 

The output of the fuzzy rules listed in Table 6.1 are linguistic variables that need to be 

translated into crisp value. There are several methods to implement the defuzzification. Here, since 

the membership functions are symmetric, the weighted average method is used. The 

defuzzification expression of the output which gives the rate of the droop ( / ) is given as:  

 

 
= ∑ � ∗  �=∑ �  (6.2) 
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where �  is the center of the membership function, and �  is the membership value 

corresponding to � . The output of the fuzzy logic is used in the droop equation (6.1).  

6.4 PFC by Wind Turbine System 

The turbine is de-loaded to provide PFC to the frequency drop. Several case studies were 

carried out to study the response of the wind turbine using the proposed dynamic droop curve. The 

simulations were performed using the rotor speed controller only. Then, the same simulations were 

repeated with the same conditions but the PFC was achieved by combining the rotor speed with 

pitch angle. The block diagram showing the control loop including the fuzzy-based dynamic droop 

curve is demonstrated in Figure 6.5.  

 

Figure 6.5 Block diagram of the control loop to provide PFC using dynamic droop 

6.5 Simulations 

The power system discussed in chapter 5 (Figure 5.4) was used for this simulation. First, 

only one wind turbine was used to study the performance of the proposed dynamic droop controller 

and was compared to different static droops discussed in Chapter 5. The synchronous generator 

was modeled with a governor controller, hydraulic system and exciter system in order to mimic 

actual frequency drop in a power system. The wind turbine system was controlled to support grid 

frequency by injecting the required active power. The power of the load was distributed between 

the synchronous generator and the wind turbine system. The rated power of the conventional 

synchronous generator was 15MW. The contribution of the synchronous generator to the load 

power was about 90%. The wind turbine rated power was 2MW. The power provided by the wind 

turbine represented 10% of the total load power.      
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Then the simulation was conducted for the power system structure using one synchronous 

generator, wind farm and load. The wind farm in this case was modeled with  single wind turbine 

systems as shown in Figure 6.6. The load power was shared between the synchronous generator 

( %) and the wind farm ( %). The turbines were de-loaded to provide PFC to the frequency 

drop. The reserve was distributed among the turbines using the central controller approach. 

Therefore, some wind turbines would have higher reserves than others. Several scenarios were 

carried out to analyze the response of the wind turbines using different droop curve characteristics. 

The experiment was performed using the proposed dynamic droop controller.  

6.5.1 Response of Wind Turbine to Large ROCOF Using Rotor Speed 

The dynamic droop controller was tested for two different control methods. In this study, 

two cases were conducted. Both cases were achieved using the rotor speed controller only. In the 

first scenario, the wind turbine was de-loaded to reserve 1.0 MW. The PFC was achieved using 

the proposed dynamic droop and two static droop curves ( = %, %).   

Figure 6.7 shows the grid frequency of the baseline simulation (without wind turbine 

participation in PFC). Figure 6.8 demonstrates the grid frequency for the different droops (dynamic 

droop, = % , %).  

The dynamic droop provided adequate frequency support compared to static droop. The 

dynamic droop rate started to change from 10% to about 3% in the first few seconds of the 

beginning of the event. Then, it reached to 2% (VF), when the grid frequency reached its minimum 

as shown in Figure 6.9. The response of the wind turbine using static droop with = % was very 

slow. In contrast, the static droop with = % was very fast. Since the reserve was large, and the 

ROCOF was large, the dynamic droop chose to react as fast as possible. Therefore, the response 

of the dynamic droop was very close to the static droop with = %. The rotor speed of the 

PMSG and the active power of the wind turbine during the response for PFC with a large frequency 

drop are demonstrated in Figure 6.10 and Figure 6.11.  
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Figure 6.6 Power system model with wind farm of 4 wind turbine systems 

 

Figure 6.7 Grid frequency of the event without wind turbine participation.  
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Figure 6.8 Grid frequency (large ROCOF, Δ��� = %) 

 

Figure 6.9 Dynamic droop (large ROCOF, Δ��� = %) 

 

Figure 6.10 Rotor speed (large ROCOF, Δ��� = %) 
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Figure 6.11 Wind turbine power (large ROCOF, Δ��� = %) 

 

In the second scenario, the wind turbine was de-loaded to reserve 0.5 MW (i.e., % of 

the rated wind power). Similar to the previous case, the PFC was achieved using the proposed 

dynamic droop and two static droop curves ( = %, %).   

Figure 6.12 shows the grid frequency for the different droops (dynamic droop, = % , %). The dynamic droop provided adequate frequency support compared to static droop. Unlike 

the previous case, the dynamic droop rate changed to about 3.5% and stayed at that value for the 

whole period. The dynamic droop for this case is shown in Figure 6.13.     

The response of the wind turbine using static droop with = % was very slow. The 

response of the static droop with = % was very fast and the power limit was reached. The 

reserve power was medium, and the ROCOF was large (if wind turbine does provide PFC), the 

dynamic droop curve was medium. The nadir point of the grid frequency using dynamic droop 

was very close to the one when static droop with = % was used (0.1Hz difference). The rotor 

speed of the PMSG and the active power of the wind turbine during the response for PFC with are 

demonstrated in Figure 6.14 and Figure 6.15.  
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Figure 6.12   Grid frequency (large ROCOF, Δ��� = %) 

 

Figure 6.13 Dynamic droop (large ROCOF, Δ��� = %) 

 

Figure 6.14 Rotor speed (large ROCOF, Δ��� = %) 
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Figure 6.15 Wind turbine power (large ROCOF, Δ��� = %) 

 

 

6.5.2 Response of Wind Turbine to Large ROCOF by Combining Rotor Speed and Pitch 

Angle Controllers 

The fuzzy logic-based dynamic droop controller was tested using the proposed combined 

rotor speed and pitch angle controller. In this study one scenario was considered. In this scenario,   

the wind turbine was de-loaded to reserve 1.0 MW. The PFC was achieved using the proposed 

dynamic droop and two static droop curves ( = %, %).   

Figure 6.16 demonstrates the grid frequencies for the different droops (dynamic droop, = % , %). From the plot, it is clear that the dynamic droop provided adequate frequency 

support. The dynamic droop for this case is demonstrated in Figure 6.17. The dynamic droop rate 

started to change from the lowest rate (10%) to about 3% in the first few seconds of the beginning 

of the event. To provide a faster response, the droop jumped to 2% when the grid frequency 

reached its minimum.     

As expected, the response of the wind turbine using static droop with = % was very 

slow. The static droop with = % was very fast, which caused aggressive oscillation of the rotor 

speed as shown in Figure 6.18. Since the reserve was large, and the ROCOF was large, the dynamic 

droop was fast enough. Therefore, the grid frequency achieved by the dynamic droop was very 

close to the static droop with = %. The active power of the wind turbine during the response 

for PFC with a large frequency drop is demonstrated in Figure 6.19.  
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Figure 6.16 Grid frequency (large ROCOF, Δ��� = %) 

 

Figure 6.17 Dynamic droop (large ROCOF, Δ��� = %) 

 

Figure 6.18 Rotor speed (large ROCOF, Δ��� = %) 
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Figure 6.19 Wind turbine power (large ROCOF, Δ��� = %) 

 

6.5.3 Response of Wind Turbine to Small ROCOF by Combining Rotor Speed and Pitch 

Angle Controllers 

The fuzzy logic-based dynamic droop controller was tested using the proposed combined 

rotor speed and pitch angle controller. The wind turbine was de-loaded to reserve a small amount 

of active power (0.15 MW). For the purpose of comparison, the PFC was achieved using the 

proposed dynamic droop and two static droop curves ( = %, %).   

The grid frequencies for the different droops (dynamic droop, = % , %) are shown in 

Figure 6.20. From the plot, it is clear that the dynamic droop supported the grid frequency. The 

dynamic droop is demonstrated in Figure 6.21. The dynamic droop rate started to change from the 

lowest rate (10%) to about 5% in the first few seconds of the beginning of the event. Then it 

oscillated and settled down at 10% when the grid frequency reached its nominal value.  

In this scenario, the response of the wind turbine using static droop with = % was very 

adequate. The static droop with = % was very fast, which caused aggressive oscillation of the 

rotor speed as shown in Figure 6.22. This unnecessary aggressive rate may have caused instability 

of the digital controller of the rotor speed. In addition, mechanical loads and stresses were added 

to the structure of the turbine. Since the reserve was small, and the ROCOF was also small, the 

dynamic droop should have been small. Therefore, the grid frequency achieved by the dynamic 

droop was very close to the static droop with = %. The active power of the wind turbine during 

the response for PFC with a large frequency drop is demonstrated in Figure 6.23.  
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Figure 6.20 Grid frequency (small ROCOF, Δ��� = . %) 

 

 

Figure 6.21 Dynamic droop (small ROCOF, Δ��� = . %) 

 

Figure 6.22 Rotor speed (large ROCOF, Δ��� = . %) 
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Figure 6.23 Wind turbine power (small ROCOF, Δ��� = . %) 

6.5.4 PFC of Wind Farm  

In this simulation, the power system shown in Figure 6.6 was used. The power system 

consisted of one synchronous generator, wind farm and large load. The wind farm consisted of  

single wind turbine systems. The power of the load was distributed among the synchronous 

generator ( %) and the wind farm ( %).  

Baseline was conducted to observe the grid frequency without wind participation. In this 

case study, the grid frequency was supported by the droop curve of the synchronous generator 

only. The grid frequency is shown in Figure 6.24. The nadir point exceeded �, and it reached 

the new steady state frequency in about 25 seconds. The response was very slow due to the nature 

of the governor and the hydraulic turbine used to drive the synchronous generator.  

 

Figure 6.24 Grid frequency (baseline simulation) 
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Then, the fuzzy logic-based dynamic droop controller was tested using the proposed 

combined rotor speed and pitch angle controller to provide frequency support. The wind farm was 

de-loaded to reserve active power of  . Every individual wind turbine was de-loaded 

differently to provide frequency support. The reserve of the whole wind farm was distributed 

among the turbines as: Δ��� = .  , Δ��� = .  , Δ��� = .  , Δ��� =.  . Therefore, some wind turbines would have a higher reserve than others. A simulation 

was carried out to analyze the response of the wind turbines using different droop curve 

characteristics. The experiment was performed using the proposed fuzzy-logic based dynamic 

droop controller.  

The grid frequency at the PCC bus is shown in Figure 6.25. From the plot, it is clear that 

the dynamic droop improved the grid frequency. The grid frequency reached the minimum point 

(nadir) in about 3 seconds. The dynamic droop curves for all the wind turbines are demonstrated 

in Figure 6.26. The dynamic droop rates of wind turbines 1 and 2 are the same. Both had slower 

rates compared to wind turbines 3 and 4. This is because wind turbines 3 and 4 had more reserves 

than the other two turbines. The active power of the whole wind farm and the synchronous 

generator during the response for PFC are demonstrated in Figure 6.27. The power of the 

individual wind turbine is shown in Figure 6.28. The rate of change in the wind power of turbines 

3 and 4 was higher than wind turbines 1 and 2.  Also, the rotor speed of the individual wind turbine 

was observed and plotted in Figure 6.29. Since the combination of rotor speed and pitch angle 

controllers was used to de-load the turbines, the rotor slowed down until pitch angle reached its 

optimum value (in this case = ). The pitch angles of all wind turbines are demonstrated in 

Figure 6.30.   

 

Figure 6.25 Grid frequency (wind farm response) 
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Figure 6.26 Droop curve of all 4 wind turbines during PFC 

 

Figure 6.27 Grid power: synchronous generator and wind farm 

 

Figure 6.28 Power of individual wind turbine during PFC 
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Figure 6.29 Rotor speed of each wind turbine generator 

 

Figure 6.30 Pitch angle of each wind turbine 

 

Figure 6.31 Grid frequency for different reserve strategies 
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Another simulation was conducted for the wind farm with the proposed dynamic droop 

controller. In this scenario, the wind turbines were assigned the same amount of reserve power. 

Each wind turbine was assumed to operate at its rated wind speed (12 m/s) and reserve 0.5MW. 

The grid frequency is shown in Figure 6.31. 

6.6 Discussion and Conclusion 

In this chapter, a fuzzy logic-based dynamic droop controller was tested using the proposed 

combined rotor speed and pitch angle controller (algorithm (4.1)) to provide frequency regulation. 

The proposed droop controller was able to maintain adequate frequency support while maintaining 

stable and proper droop curves depending on the change in frequency event and on the available 

reserve power.  The dynamic droops collectively improved the grid frequency. The nadir point of 

the grid frequency was reduced, and the new steady state value was reached quickly.  

Static droop was not sufficient for the wind turbine application due to the nature of wind 

variability. Although a steep droop curve provided a fast response to grid frequency deviation, it 

may have caused instability of the speed controller and unnecessary mechanical loading. 

Therefore, it is preferred to have dynamic droop that can change its response rate based on the 

change in frequency and the availability of wind turbine power.     
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CHAPTER 7                                                                                                                       
CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

In this dissertation, a comprehensive control strategy has been developed for a wind farm, 

based on PMSG wind turbine systems, to provide PFC to the frequency of a power system. To 

accomplish this objective, three main contributions have been introduced.  

The first contribution is the development of a wind farm level reserve algorithm (Chapter 

3) that distributes the reserve among individual wind turbine controllers. The central controller 

receives the power system operator command of the required reserve power that should be 

maintained by the wind farm. Since the local wind speeds of each wind turbine are not identical, 

measurements from each wind turbine local controller were considered. Therefore, the wake effect 

is involved in the wind farm model. The central power reserve algorithm considers the power 

availability and the location of the wind turbine on the feeder. One can assign a higher power 

reserve for the wind turbines that are located at the farthest point of the feeder. The aim of this 

approach is to minimize the line loses on the feeder by reducing the power production of the 

farthest wind turbine. Simulation studies were carried out to evaluate the performance of the 

proposed strategies. The tests were performed for different wind directions, and the line losses of 

the feeder were compared with the traditional approach of de-loading. The proposed algorithm 

showed acceptable power minimization that can reduce the drawback of losing power in the wind 

farm because of de-loading. 

The second contribution (Chapter 4) is the development of an optimal power reserve 

algorithm of de-loading wind turbines by combining the rotor speed and pitch angle controllers. 

The central reserve power algorithm sends the required reserve power of each individual wind 

turbine. The local controller maintains the required reserve by computing the right reference of the 

pitch angle and rotor speed. The developed algorithm requires activating the pitch angle controller 

below the rated speed. In general, this approach is not preferable during that region because of the 

excessive pitch actuator operations. However, the approach has the capability of limiting the range 

of pitch angle values. In addition, the wind forecast can be added by running the same algorithm 

with one step ahead wind speed predictor. This procedure helps define an optimal pitch angle for 

current and future timeframes. As a result, the number of pitch angle operations can be reduced. 
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Involving the pitch angle controller helps increase the rotor speed of the generator, which causes 

a reduction of the current of the machine. The reduced current minimizes the copper and switching 

losses of the machine side converter.  The algorithm was tested using a detailed wind turbine 

system that included a wind turbine model, PMSG model, back-to-back power converter, and step-

up transformer. The rotor speed was controlled using the machine side converter while the pitch 

angle was controlled by the pitch actuator. The whole system was implemented in 

Matlab\Simulink software to evaluate the response of the algorithm using an actual model. The 

wind speed was generated using a first order auto-regression time series to mimic a real time wind 

profile. For further validation, a real time simulation based on the hardware-in-loop was 

performed. The wind turbine system was modeled inside Matlab\Simulink and then compiled in 

the real time simulator (Opal-RT). The controller of the grid side converter was digitalized, and its 

C-code was generated. Then, it was downloaded and implemented inside a digital signal processor. 

The results showed stable performance of the controllers. The resistive conduction losses were 

reduced compared to the traditional approach. 

The third contribution of this dissertation (Chapter 6) is the design of a dynamic droop for 

a wind turbine to provide primary frequency control during a major frequency drop. The dynamic 

droop considers the rate of change in frequency as well as the amount of power reserve available 

maintained by the wind turbine. Therefore, fuzzy logic was introduced to encounter these variables 

as inputs. Triangle membership functions were used to transform the crisp values into degrees 

between 0 and 1. Then, a set of rules was defined to make a decision on the desired output. The 

outputs of the fuzzy sets were defuzzified using a weighted average method to produce a crisp 

value (i.e., rate of the droop). Initially, different static droop curves were investigated using two 

different control methods. The first was implemented using only the rotor speed controller. Then, 

the same scenarios were carried out using the proposed combined pitch angle and rotor speed 

controller. Deep analysis was performed to compare between the two approaches. The static droop 

curves were not adequate for wind turbine applications due to wind fluctuation. The proposed 

fuzzy logic based dynamic droop was tested on a wind farm that consisted of 4 wind turbines with 

their detailed models and controller. The wind farm was connected to a small power system that 

included a conventional synchronous generator with its governor and hydraulic system. The 

proposed dynamic droop was able to react to the frequency drop and support the frequency of the 

power system.        
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7.2 Future Work 

The proposed central controller has been designed for a commonly used radial wind farm 

layout. However, we might have some wind farms that have a combination of radial and mesh 

layout due to the terrain in certain areas. Therefore, the developed central controller can be 

extended for a more general layout using nonlinear optimization techniques. In addition, 

considering modeling of feeders to involve power flow optimization along with power reserve 

assignation.    

De-loading the wind turbines in order to maintain some reserve means that the wind farm 

will operate under its capacity. This must be considered in an economic study to design a wind 

farm. The local optimal algorithm developed in Chapter 4 is intended to reduce the resistive losses 

of the machine and the conduction losses of the converter. This partially compensates for the loss 

due to derating a wind farm. Therefore, a comprehensive study must be carried out to analyze the 

effect of derating a wind farm on its annual operational cost and how the optimization can improve 

the efficacy of the wind farm.  

In high penetrations of wind power, the variation of wind speed makes it very challenging 

to keep the grid frequency within its nominal value. The proposed can be extended to consider 

wind gust which causes a sudden increase in wind power followed by a sudden drop in that wind 

power. This requires an adaptive dynamic droop that has the ability to respond quickly. Thus, the 

designed fuzzy-logic-based dynamic droop can be extended to handle high wind variation. 
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APPENDIX A 

 

 

Table A.1: Wind Turbine, and PMSG Parameters 

Wind Turbine and PMSG Values 

Nominal wind speed 12m/s 

Nominal output power 2.0 MW 

Nominal rotor speed 25.88 rpm 

stator resistance of PMSG 0.821 mΩ 

Armature inductance of PMSG 1.5731 mH 

Flux linkage 7.8264 v.s 

Number of poles of PMSG 26 

Equivalent turbine inertia  3E6 kg.m  

Machine side switching frequency 1.5 KHz 

DC link voltage 1450 V 
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Figure A.1 Simulink implementation of the model tested in Chapter 3 

 

 

 

 

Figure A.2 Simulink implementation of wind turbine system used in Chapters 4, 5 and 6 
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Figure A.3: Hardware-in-the-loop implementation discussed in Chapter 4 

 

 

  

Figure A.4: The power system implemented in Simulink for static droop tests in Chapter 5 
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Figure A.5: The hydraulic turbine governor and excitation system 

 

Figure A.6: The power system implemented in Simulink for dynamic droop 
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Figure A.7: Individual wind turbine system with dynamic droop and controllers 

 

 

Figure A.8: Fuzzy logic implemented inside Matlab\Simulink 
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Figure A.9: Fuzzy rules implemented in Matlab\Simulink 

 


