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ABSTRACT 

This Ph.D. research focuses on control methods for performance improvement for small-

scale three-phase wind generation systems particularly when operating in high wind speed 

regions. For small-scale wind generation systems, the generated torque and power as well 

as the rotation speed fluctuate violently with changing wind conditions. And these 

fluctuations would easily result in over-rated operation. Many attempts in regulating the 

system have been presented in recent literature which can be summarized by adding 

additional regulation devices, such as: pitch control units, yaw control units; and by 

advanced control algorithms. The additional regulation components will lead to an increase 

in system cost and size which make the use of the advanced control algorithm more 

promising in the practical applications. In order to overcome the drawbacks of the control 

methods in recent literature, a novel control algorithm called “High Wind Power Regulator 

(HWPR)” is designed as a major part of this dissertation to perform electrical stall 

regulation of the small-scale wind generation system when operating in high wind speed 

regions.  

 

Meanwhile, in a typical wind generation system, a DC-link is used to balance the power 

difference and to decouple the control between the wind generator-side converter and the 

grid-side inverter, which plays a critical part in the system. However, as the HWPR 

algorithm regulates the wind generation system in high wind speed regions, the power flow 

from the wind generator to the power grid changes violently due to rapid wind power 

changes. And this rapid power transition may cause severe DC-link voltage fluctuations. 

In order to reduce this DC-link voltage fluctuation, observer-based DC-link voltage control 
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algorithms featured in fast DC-link voltage regulation are also developed in this Ph.D. 

research. The proposed algorithms estimate the power value fed into the DC-link and 

integrates with a Proportional-Integral (PI) controller combining the advantages of a fast-

transient response offered by the observer and control robustness from the PI controller. 

 

The effectiveness of the proposed control methods for small-scale wind generation have 

been verified through both the computer simulation on a MATLAB/SIMULINK platform 

and laboratory experiments on a wind turbine testbed with a prototype wind generation 

system. 
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1 Introduction 

1.1 Background 

With the implementation of advanced smart grid technologies, the distributed energy 

resources (DER) have become one of the most important parts in modern power systems. 

Among all available the DERs, the renewable energy systems are playing an increasingly 

essential role over the past few years in the smart grid distributed generation (DG) systems 

[1]–[7] due to the growing public awareness of environment concerns, electricity demand 

and fossil fuel issues. Wind energy, in particular, has been significantly developed driven 

by government incentives and the needs for clean electricity. The global cumulative 

installed wind capacity has reached 591GW in 2018, with more than 11% of the market 

growth and is expected to have new installations for more than 55GW each year until 2023 

[8], [9]. The capacity of the small-scale wind generation systems (Power Rating < 100kW) 

in particular has reached 948MW worldwide by 2015 and is expected to have a minimum 

growth rate of 12% annually to 2020 [10]. In order to perform power conversion, regulate 

and optimize the operation of the wind turbine achieving the maximum system power 

extraction and meet grid interconnection requirements, wind power converters are 

therefore an essential part in the grid-connected wind generation systems taking account 

for the highly uncertain nature in wind energy. 

 

This Ph.D. research focuses particularly on wind turbine control methods for fix-pitch 

variable-speed small-scale wind generation system in improving the performance of the 

generator and converter system in high wind speed regions where actual wind speed is 

above wind turbine rated wind speed. When operating in high wind speed regions, the wind 
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generation systems not only face rapid wind power changes but usually produce the power 

around or above their rated values for long time intervals, thus causing electrical or 

mechanical stresses to the entire system. Therefore, as a major part of this dissertation work, 

a novel control algorithm called “high wind power regulator (HWPR)” is designed to 

regulate the operation of the wind turbine from over-rated operation in high wind speed 

regions through selecting optimal reference speeds without additional measurement 

devices. Meanwhile, when performing the HWPR algorithm, the generated power from the 

wind turbine changes violently due to the fast rotation speed adjustments which causes 

voltage issues on DC-link capacitor within the wind power converter. Therefore, an 

improved DC-link voltage control algorithm is also developed in this dissertation to 

minimize the DC-link voltage fluctuation during these rapid input power change processes 

and thus achieving smooth power transfer back to the grid. 

 

This chapter is divided into four parts – the background information on small-scale wind 

generation systems with a brief introduction in the wind generation system used in this 

dissertation; the literature review on wind turbine electrical stall control methods in high 

wind speed regions and on DC-link voltage control algorithms in reducing DC-link voltage 

fluctuations; the primary objectives of this research along with the methodologies and the 

organization of this dissertation are also included in this chapter. 

 

1.2 Small-Scale Three-Phase Wind Generation Systems 

With the steady development of the wind generation techniques and the evolvement of the 

power electronics devices during past decades, wind generation system has been playing a 
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quite different role in the modern power system [11]–[15]. In the 1980s before the era of 

advanced power electronics, the wind generation systems were directly connecting to the 

power grid using squirrel cage induction generator (SCIG) and were operating at an almost 

fixed speed. The generated power of the system was controlled by the wind turbine pitch 

angle which changes wind turbine aerodynamics. The power converters in this stage were 

simply thyristor-based soft-starters used to limit the impact of the high inrush currents to 

both the power grid and the wind generation system. In this case, the power electronics 

devices were only used in the starting sequence of the system and were bypassed during 

normal operation of the wind generation system [14].  

 

In mid 1990s, semi-variable speed wind generation systems were introduced into the 

market using wound rotor induction generator (WRIG) with partially rated (typically 10%) 

power converters. The stator winding of the WRIG is directly connected to the power grid 

while the rotor circuit is connected to the partially rated power converter which controls 

the rotor equivalent resistance by switching ON/OFF at appropriate time and thus affects 

the torque and speed characteristic of the generator. The variable speed range of this 

configuration is typically 10% of its rated speed and is affected by the power rating of the 

rotor-side power converter. Although the WRIG-based variable speed system allows more 

power generation on the stator winding, the power generated on the rotor winding is wasted 

on the resistor [15].  

 

Another semi-variable speed wind generation system using double fed induction generator 

(DFIG) was introduced by replacing the resistor-converter circuit in the WRIG-based 
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system with a partially rated back-to-back power converter allowing power generation 

through both stator and rotor windings [16]. The partially rated power converter in the 

DFIG-based system is usually about 30% of the rated wind turbine power, enabling a 

variable speed adjustment from -30% to +30% of the DFIG nominal rotation speed. 

Moreover, partial active and reactive power control as well as other useful control functions 

can be obtained with the implementation of the advanced back-to-back power converter in 

the DFIG-based system in grid integration applications. The semi-variable wind generation 

system with partially rated power converter has proven its advantages for its higher system 

efficiency, better generator and wind turbine control, etc., over the fixed speed system. 

However, there still exists some drawbacks in these semi-variable speed applications, such 

as: limited speed range, limited generator control, voltage and frequency ride through 

issues, etc. [17], [18]. 

 

The power electronics devices have achieved great development in the early 21st century 

with a higher power rating, faster switching time and better reliability. Thus, full rated grid-

connected power converters have now been introduced to the variable speed wind 

generation system which interconnects the power grid and the generator stator windings 

[19]. Although the power converters in these applications have to undertake full power 

generated by the wind generator, the performance of the wind turbine and generator can be 

better regulated by these full-rated power converters enabling full speed range operation 

(0% - 100%)  [13]–[15]. Mostly, squirrel cage induction generator (SCIG) are now used in 

these fully rated variable speed wind applications.  Moreover, with the help of these grid-

connected power converters which are able to decouple the generator completely from the 
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power grid, grid support functions, such as: active and reactive power control, voltage and 

frequency ride through, etc., can be implemented into the wind generation systems to 

improve the overall system performance and reliability under various wind and grid 

conditions [20]. 

 

In general, semi-variable speed systems are usually found in large-scale applications where 

additional components, such as pitch control,  yaw control, electrical and mechanical 

braking system, soft-starter, etc., are required in regulation and protection of the wind 

generation systems due to their narrow speed operation range which limits their 

implementation in small-scale systems [21]. On the other hand, the variable speed system 

can be used in both large-scale and small-scale wind generation systems for its operational 

speed range and better regulation of the wind turbine. Even though a fully rated grid-

connected power converter is sufficient for controlling the large-scale variable-speed wind 

generation systems, additional components and controllers are still required to installed on 

these large-scale systems for extra regulation and protection in extreme conditions. On the 

contrary to the large-scale systems, the small-scale wind generation systems are usually 

fix-pitch passive-yaw arrangement and have to adapt to various wind conditions, for its 

cost and weight constraints. The regulation of the small-scale wind generation systems can 

only be performed by the grid-connected power converter without any additional 

mechanical regulation or protection devices [22]. Therefore, grid-connected wind power 

converters are required as the most important interface between the wind generator and the 

power grid in these small-scale wind generation systems and are used to: 1. regulate the 

operation of the wind turbine following desired operation trajectory; 2. achieve maximum 



 6 

power extraction from the wind turbine; 3. protect the wind turbine from extreme 

conditions; and 4. meet grid interconnection requirements based on certain grid standards. 

 

An overall structure of the grid-connected small-scale wind generation system is 

introduced in Fig. 1.1. The wind energy is first extracted by the wind turbine and is 

converted into mechanical energy producing aerodynamic torque to the wind generator. 

The wind generator then produces electromagnetic torque to counteract this aerodynamic 

torque, and the mechanical energy is transformed into electrical energy. However, as stated 

above, the electrical energy cannot be injected to the power grid directly due to the fact 

that the energy generated by the wind generator varies in magnitude and frequency in these 

small-scale systems. A grid-connected power converter is implemented between the wind 

generator and the power grid to regulate the operation of the wind generator and to shape 

the electrical power following certain grid standards. Therefore, through this wind 

generation system, the wind energy can be extracted and transmitted to the power grid at a 

fixed magnitude and frequency. Here, the gearbox is neglected since most advanced small-

scale wind generation systems are direct drive system where the wind turbine is directly 

connected to the wind generator. 
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Fig. 1.1 Structure for grid-connected small-scale wind generation system 

 

The grid-connected wind power converter is composed of three major parts: the generator-

side converter, the DC-link and the grid-side inverter. The generator-side converter 

regulates the operation of the wind turbine and performs AC/DC conversion transforming 

AC current generated by the wind generator into DC current and injects into DC-link. The 

grid-side inverter controls the DC-link voltage and performs DC/AC conversion shaping 

AC current following certain grid interconnection standards and feeding high quality power 

into the power grid. The DC-link acts as an energy buffer between the generator-side 

converter and the grid-side inverter to balance the power difference during normal 

operation of the system. The implementation of the DC-link is able to decouple the 

generator-side converter from the grid-side inverter so that the system structure selection 

and the controller design can be done separately.  

 

1.2.1 Wind Turbine and Generator-Side Converter 

There are two typical topologies for the generator-side converters in small-scale wind 

generation systems [23], [24] which are presented in Fig. 1.2. Fig. 1.2 (a) shows a PMSG-

based generator-side converter with an uncontrolled diode rectifier and a boost chopper. 
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The AC power generated by the PMSG is first rectified into DC power through the 

uncontrolled diode rectifier, and then the maximum power point tracking (MPPT) for the 

wind turbine is obtained by the control of the DC/DC boost chopper [23], [25]. The benefit 

of this topology is that only one power electronics device is required so that the cost of the 

overall generator-side converter is low, and the controller design for the boost chopper is 

simple. Moreover, there is no generator speed measurement device required in this system 

due to the use of the PMSG and the control of the wind turbine as well as the wind generator 

can be achieved effectively by the boost chopper. However, there exist drawbacks in this 

uncontrolled diode rectifier and boost chopper layout, as it has only one degree of control 

freedom. Only the generator current is controlled by the boost chopper while the generator 

flux is internally induced and changes with the generator rotation speed. The varied flux of 

the generator creates the control mismatch in the induced voltage and thus degrades the 

control performance over the wind generation system. Another drawback is that more 

capacitors across the DC-link are required in this system so that the overall cost and size 

are heavily affected by these additional capacitors. 
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(a) 

 

(b) 

Fig. 1.2 Typical topologies for three-phase generator-side converter (a) uncontrolled 

diode rectifier and boost chopper (b) PWM converter 

 

Another typical structure for small-scale wind generation systems is shown in Fig. 1.2 (b) 

where a three-phase PWM rectifier along with a SCIG or a PMSG is used replacing the 

uncontrolled diode rectifier with the boost chopper [24]. With this topology, the generator 

AC power can be converted directly into DC power via the DC-link. The three-phase PWM 

rectifier has two degrees of control freedom so that both the generator induced voltage and 
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current can be controlled simultaneously through advanced control algorithms and thus has 

better performance on the regulation of the wind turbine and generator. Despite the 

advantages offered by the PWM rectifier, there still exist drawbacks. The use of six 

switching components increases the overall system cost, the controller design complexity 

as well the switching losses on the power electronics devices. Additional generator speed 

measurement devices or speed estimation methods are also required in this system. 

However, when comparing to the diode rectifier and boost chopper structure, this PWM 

rectifier topology offers more capabilities in regulating the wind turbine and the generator 

which makes it preferable for controlling the small-scale wind generation system in high 

wind speed regions. 

 

1.2.2 Three-Phase Grid-Side Inverter 

In order to perform DC/AC power conversion in compliance with grid integration 

standards, a three-phase PWM inverter is used as the grid-side inverter, as shown in Fig. 

1.3. The DC-link voltage and the grid current is controlled by this PWM inverter through 

certain control algorithms to maintain a constant DC-link voltage level and to follow a 

certain grid current reference. Moreover, the new grid support functions can be 

implemented in this grid-side inverter system to obtain separate active and reactive power 

control capability as well as voltage and frequency ride through functions to enhance the 

behavior of the small-scale wind generation system and to meet the new power grid 

standards. 
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Fig. 1.3 Typical topology for three-phase grid-side inverter 

 

1.2.3 Small-Scale Wind Generation System used in this Dissertation 

 

Fig. 1.4 Typical three-phase back-to-back small-scale wind generation system 

 

By combining the advantages of the PWM generator-side converter with the PWM grid-

side inverter in regulating the wind turbine and in grid integration, the three-phase back-

to-back wind power converter used in this dissertation is presented as Fig. 1.4, where 𝑉!" 

represents the DC-link voltage, 𝐶# represents the capacitance of the DC-link capacitor and 

𝐿# represents the inductance of the filter in the grid-side inverter. With this wind power 

converter, advanced control algorithms can be implemented on small-scale wind 
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generation systems enabling accurate control of the wind turbines as well as allowing 

smooth power transfer to the grid under various wind conditions. The detailed analysis of 

this small-scale wind generation system platform will be presented in the following 

chapters. 

 

1.2.4 Operation of the Small-Scale Wind Generation System 

For a certain fix-pitch variable speed small-scale wind generation system, there exist a 

unique wind turbine power curve for analyzing the operation of this small-scale system. A 

typical wind turbine power curve is presented in Fig. 1.5, where each colored line in the 

figure represents the possible power extraction from the wind turbine under a given wind 

speed. Detailed analysis of this wind turbine power curve will be presented in the next 

chapter. 

 

Fig. 1.5 Typical wind turbine power curve 

 

As shown in Fig. 1.5, when operating the wind generation system under a given wind speed 

within its limits, these exists a unique maximum power point (MPP) in the power curve 
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allowing maximum power extraction. Numerous MPPT algorithms have been developed 

for the small-scale wind generation system to maximizing power production. In general, 

three main categories of methods have been widely used for small-scale wind generation 

systems including tip speed ration (TSR) control, power signal feedback (PSF) control and 

hill climb searching (HCS) control [26]. The TSR control measures the actual wind speed 

and regulates the generator to maintain an optimal TSR. Meanwhile, the PSF control 

requires the knowledge of the actual wind turbine power curve which can only be obtained 

via simulations or tests for individual wind turbines. The requirement of additional wind 

speed measurement devices and the detail knowledge of wind turbine power curve make 

the TSR and PSF control difficult to implement in practical. On the other hand, the HCS 

control, also known as perturb and observe algorithm, has found its position in the small-

scale system [27], [28] for its capability of continuously search for the peak power point 

without the knowledge of wind speed or wind turbine power curve. Moreover, when 

integrating the HCS control with intelligent memory records, a simple look-up table can 

be constructed for small-scale wind generation systems based on various system inputs so 

that the process in searching for the MPPs can be significant simplified. 

 

Ideally, the operation of the wind generation system needs to be regulated for maximum 

power extraction when operating below rated wind speed. If the wind speed further rises 

above rated wind speed into high wind speed regions, constant power operation must be 

activated to limit the power generation of the wind generation system within its limit. The 

ideal operation power curve versus wind speed of the system is presented in Fig. 1.6, where 

𝑃$%&'!  represents the power rating of the wind turbine, the 𝑣()*!_,)* , 𝑣()*!_$%&'!  and 
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𝑣()*!_,%- are the minimum, rated and maximum wind speed of the wind turbine system 

with the relationship of 𝑣()*!_,)* < 𝑣()*!_$%&'! <𝑣()*!_,%-. The operation curve in Fig. 

1.6 can be divided into two segments: Segment I, MPPT operation where wind speed is 

below rated wind speed; Segment II, Constant power operation where wind speed is above 

rated wind speed. 

 

Fig. 1.6 Ideal wind turbine operation curve versus wind speed 

 

However, there exists control challenges in maintaining this constant power operation for 

small-scale wind generation system when operating in high wind speed regions, that are 

the main research interests for this Ph.D. dissertation. Detailed explanation and analysis 

will be presented further in this chapter. 

 

1.3 Literature Review 

Unlike large-scale wind generation systems which have sufficient control and protection 

mechanisms, small-scale wind generation systems usually only rely on the wind power 
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converter in controlling the system and thus facing control challenges in regulation of the 

wind turbines, particularly in high wind speed regions. In this context, the pursuit of better 

performance of small-scale wind generation systems without mechanical regulation 

mechanisms in high wind speed regions has been considered as challenging topic for this 

research. 

 

This section describes some typical wind turbine control algorithms for small-scale wind 

generation systems particularly in high wind speed regions and some rapid DC-link voltage 

control algorithms in recent literature in improving the overall performance inside wind 

generation systems 

 

1.3.1 Review on Wind Turbine Stall Control 

The control of a wind turbine is key to performing power conversion. Various MPPT 

control methods have been developed to regulate the wind turbine within its normal range 

to achieve the maximum energy output. However, when operating the system in high wind 

speed regions, additional control method, often called stall control, must be implemented 

to regulate the wind turbine in order to limit the power generation as well as the rotation 

speed of the system from over-rated operations. This subsection explains some typical stall 

control methods for small-scale wind generation systems in the recent literature. 

 

In general, the stall regulation of the small-scale wind generation system in high wind speed 

regions can be catalogized into two groups: one is to add additional regulation devices, 

such as wind turbine pitch control,  yaw control and furling control, etc., to limit the power 



 16 

flow from the wind turbine to the grid which will increase the overall cost of the system. 

Thus, these methods are not usually recommended for the small-scale systems. The other 

one is to implement advanced controller on the wind power converter to control the wind 

turbine using certain control strategies. Not only does the latter one introduces no 

additional devices into the system, but also provides the ability to regulate operation of the 

small-scale wind generation system in high wind speed regions.  

 

a) Mechanical based stall control 

The mechanical based stall control can be found on the large-scale wind turbines as well 

as some of the small-scale wind generation systems. Pitch control, as presented in [29], 

[30], is the most widely used stall control method for wind generation systems by adjusting 

the pitch angle of the wind turbine blades. The aerodynamic power extracted by a wind 

turbine is regulated by this pitch control method and thus the power input to the generator 

is therefore controlled without exceeding its limit. Another mechanical stall control method, 

called yaw control, was presented in [31], [32] for small-scale wind generation systems. 

This method limits the extracted power from the wind turbine by deviating the wind turbine 

away from the direction of the wind. The furling control, which was presented in [33] and 

is used particularly for small-scale wind turbines, bends the tail section of the wind turbine 

so that the direction of the wind turbine can be deviated from the wind direction to reduce 

power extraction of the system. 

 

However, all of the mechanical-based stall control methods mentioned above require 

additional control components, such as: servo motors, brakes, etc., which increase the cost 
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and the dimension of the wind generation system. Thus, the mechanical-based stall control 

methods are usually not desirable for small-scale wind generation systems which limit the 

applications of these methods. 

 

b) Electrical stall control 

Considering the fact that most small-scale wind generation systems are equipped with 

power converters to obtain the variable speed operation, electrical stall control 

implemented on the wind power converters have drawn researchers’ attention in the recent 

literature. In [34], [35], On-Off based control algorithms were proposed based on the wind 

turbine power curve, by comparing the generated power to a certain limit and then by 

deviating the control reference away from its optimal point so that the generated power is 

reduced. However, the implementation the On-Off control introduces more operation 

chartering on the wind turbine system since it is continuously adjusting the power reference 

particular when the wind generation system is operating around the system boundary. A 

slide-mode soft-stall control was proposed in [36] to drive the wind turbine to a lower speed 

during a high wind event. Similar to the On-Off control scheme, the slide-mode control 

also introduces control chartering into the system. Moreover, the proposed algorithm was 

designed to generate enormous electric torque (above generator torque rating) in an over-

power event in order to drag the wind turbine to a low operation speed which results in 

over-currents operation of the wind generator and thus causing severe heat issues. Transfer 

function-based controllers were presented in [37], [38] where a detailed wind turbine model 

was introduced in the electrical stall controller design. Considering that high nonlinearities 

exist in the wind turbine model, heavy calculation requirements are therefore mandatory to 
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implement such algorithms and minor mismatches and uncertainties existing in the system 

may severely degrade the performance of the proposed controllers. Similar methods have 

been also proposed in [39] and [40] where a reduced wind turbine model, instead of a 

detailed model, is used for wind turbine stall controller design. As stated in [39] and [40], 

oscillations may exist in the generated power if the control parameters are not properly 

selected. The observer-based electrical stall control algorithms have been proposed in [41], 

[42] to estimate and control the power production of the wind turbine. However, in a 

practical wind generation system, not only the wind turbine power limits but also the 

generator torque limits have to be considered when designing electrical stall control 

algorithm where [41] and [42] failed to considered. 

 

1.3.2 Review on DC-Link Voltage Control 

The DC-link within the wind power converter enables smooth power exchange between 

the generator-side converter and the grid-side inverter. Therefore, DC-link voltage 

controllers are essential in the system to ensure such a function. This subsection presents 

some typical DC-link voltage control algorithms in the recent literature with their benefits 

and drawbacks. 

 

a) Dual-loop control algorithms 

The dual-loop control structure (or cascaded control structure) has been widely 

implemented in grid-connected DER power converter applications [43]–[46] for its 

capability in simplifying controller design procedures. By using this technique, the outer 

DC-link voltage control and the inner grid current control can be designed separately.  
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Among all the DC-link voltage control methods using the dual-loop structure, the PI 

control algorithm has been widely used in the grid-connected DER-based power converter 

applications for its robustness and easy implementation [46]–[48]. However, the 

performance of the PI controllers heavily relies on the system parameters and controller 

design which cannot resolve the conflicts between the steady-state performance and 

transient behaviors. In order to compensate the tradeoff between the steady-state behavior 

and transient performance, improved PI control methods were introduced into the wind 

power converter applications. In [49], an adaptive PI algorithm based-on discrete-time 

model is presented where the proportional and integral gains of the controller are 

determined using an adaptive process aiming to minimize the DC-link voltage fluctuation 

during power transients. Meanwhile, an adaptive nonlinear PI controller was also 

introduced in [50] where two PI controllers, one tuned for steady-state operation while the 

other one tuned with fast transient performance, is combined as a Takagi-Sugeno-type 

controller. Both PI controllers have adaptive control gains depending on the error of the 

measured and reference DC-link voltage so that both the steady state and transient 

performance can be satisfied. However, these proposed controllers still share the drawback 

of the PI method which is sensitive to parameter variations particularly for the transient 

performances. Other improvements have then been introduced to deal with this parameter 

sensitivity and transient performance. A hysteresis DC-link voltage control algorithm was 

proposed in [51], [52] for three-phase back-to-back power converters transferring energy 

between power grids. Although the hysteresis controller is more robust as it is parameter-

independent in its designing sequence, the DC-link voltage keeps fluctuation during input 

power changes due to the exists of the hysteresis band. Similarly, a nonlinear slide-mode 
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controller (SMC) was presented in [53] for wind energy conversion systems to achieve 

better dynamic responses as well as to compensate system uncertainties. This method 

showed the faster transient behavior compared to PI controllers. However, the voltage 

ripples introduced by the nonlinear characteristics of the SMC resulted in the poor steady-

state performance. In general, there always exists a tradeoff between the steady-state 

performance and the transient behavior for the DC-link voltage controller using the dual-

loop control structure. 

 

b) Feedforward compensation methods 

In order to mitigate the drawbacks of the DC-link voltage control using the dual-loop 

structure, feedforward compensation-based methods were introduced into the system by 

integrating an external feedforward compensation term with the dual-loop PI controller. 

As a result, the transient performance of the controller can be improved by the feedforward 

compensation term while the steady-state operation can be maintained by the dual-loop PI 

controller.  In [54], a direct current feedforward control method was presented by 

combining a PI controller with real-time DC-link current measurement. Although the DC-

link voltage dynamic behavior has been reported to have significant improvement, this 

method not only requires additional DC current measurement devices which increase the 

cost of the overall system, but also introduces ripples into the control system due to the 

existence of the high-frequency ripples in the measurement of the DC-link current which 

leads to poor steady-state performance with high current total harmonics distortion (THD). 

Improvements based on the direct current measurement method have been made in [55]–

[58] for DER power converters, where the input current of the DC-link was acquired 



 21 

through calculations in the DER-side converter so that no current measurement devices is 

needed. However, additional data exchange capabilities between controllers are therefore 

mandatory for these hybrid-DER power conversion systems which complicates the 

controller design when taking these external communications into consideration. Moreover, 

the plug-and-play capability is lost for these DER power converters. In [58], [59], a 

deadbeat control algorithm was presented based on the conservation of energy across the 

DC-link capacitor bank. Similar to previous feedforward compensation method, this 

control algorithm also requires accurate knowledge of the DER-side instantaneous power 

in order to generate the control output using the power balancing equation. The 

feedforward compensation methods improve the transient performance of the DC-link 

voltage control while maintaining similar steady-state operation. However, their 

requirement for the data exchange and the loss of plug-and-play capability become the 

major drawbacks of this technique. 

 

c) Observer-based control algorithm 

Aiming to maintain the benefits of the feedforward compensation methods while 

overcoming their drawbacks, estimation methods were introduced into the power 

converters. Several current estimation algorithms were proposed in [60]–[65] by using 

extended state observer methods or Kalman filter techniques where the transient behavior 

of the control system was improved with this estimated the input current to the DC-link. 

However, these power converters proposed in the publications employed supply pure 

resistance loads either on their DC-side or the AC-side which considered the DC-link 

current as a pure DC term. In practice, the load current of wind power converters, 



 22 

conversely, contains rich ripples due to the generator-side converter control and switching 

behaviors. The influence of the ripples on the performance of the observer remains 

unstudied. Improvements have been made in [66], [67] for wind power converters by 

estimating the input power to the DC-link while considering system mismatches and power 

ripples. However, the observation techniques presented in these literature were all 

originated for steady-state estimation, and thus there exist huge estimation mismatches 

during input power transience, which degrades the performance of the observer resulting 

in large DC-link voltage fluctuations.  

 

d) Other control algorithms 

In addition to the methods presented in previous, a full-state feedback control algorithm 

was designed so that both the DC-link voltage and grid current are controlled based on one 

full-state differential equation [68]. Similar method can also be found in [69] and [70] 

where predictive control method as well as SMC have also been developed based on this 

full-state system model to achieve fast DC-link voltage regulation. Although these methods 

show significant improvements on transient performance compared to PI methods, high 

frequency voltage ripples have been shown in the DC-link voltage which is the major 

drawback of the full-state controllers. 

 

1.4 Research Objective and Methodologies 

1.4.1 Problems Overview 

As discussed in the previous sections, regulation of the wind turbine in high wind speed 

regions is considered as a major challenge for small-scale wind generation systems in 
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controlling and protecting the entire system from over-rated operations which may cause 

mechanical or electrical issues. However, as stated in the recent literature, most of the 

methods in regulating the wind generation systems require expensive mechanical 

apparatuses, complex mathematical calculation or additional measurement devices. Thus, 

finding an effective way of using electrical control methods without additional 

measurement devices to improve the operation in high wind speed regions for small-scale 

wind generation system is the main goal of this Ph.D. research. 

 

The other problem is related to the DC-link voltage control in small-scale wind generation 

system. The power generated from the wind generator fluctuates violently when 

performing electrical stall control on the wind turbine in high wind speed regions. As the 

DC-link connects the converter-inverter system, a proper DC-link voltage controller is 

required on the grid-side inverter in the small-scale wind generation system to perform fast 

input power tracking to reduce the power differences and DC-link voltage fluctuation 

across the DC-link capacitor caused by this power difference without additional 

measurement devices. 

 

1.4.2 Research Objectives 

In order to provide solutions to the control problems discussed above, two main research 

objectives are set and achieved in this dissertation. 
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The first objective of this Ph.D. research is to develop a novel electrical control algorithm 

for the generator-side converter, called High Wind Power Regulator (HWPR), to regulate 

the wind generation system within rated operation ranges in high wind speed regions. 

 

The second objective is to design a novel DC-link voltage control scheme for the grid-side 

inverter to minimize DC-link voltage fluctuation across DC-link capacitor as well as to 

achieve rapid power transfers to the grid under various wind conditions. 

 

1.4.3 Research Methodologies 

The control of the wind turbine in high wind speed regions can be viewed as the most 

essential aspect in the small-scale wind generation system as it is critical to regulate the 

power generation within system rating limits. Therefore, a detailed performance analysis 

of the wind turbine in high wind speed regions is conducted based on the wind turbine 

power and torque curves as the first step of this research. This performance analysis reveals 

the control problems of the wind turbine as well as other related issues within the small-

scale wind generation system when operating in high wind speed regions.  

 

The second step is to establish the system model for the small-scale wind generation system 

based on the system configuration for controller design purposes. Thus, the two system 

models are separately built: 1) System model for the wind turbine, generator and the 

generator-side converter; and 2) System model for the DC-link and the grid-side inverter 

with its grid filter. The regulation of the wind turbine in high wind speed regions is 

achieved via the generator-side converter control by selecting optimal operation speed and 
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by generating proper torque for the generator to maintain the operation of the wind turbine. 

Meanwhile, the control of the DC-link voltage is performed on the grid-side inverter to 

achieve fast input power tracking and to control the DC-link voltage to a constant level. 

 

The third step is to explore proper solutions for the small-scale wind generation system to 

regulate the speed of the wind turbine as well as to minimize the DC-link voltage 

fluctuations in high wind speed regions. Here, two separate controllers are proposed in this 

Ph.D. dissertation. A novel electrical stall control to regulate the power generation from 

the wind turbine and generator during high wind conditions and a novel DC-link voltage 

control to minimize DC-link voltage fluctuation achieving fast input power tracking are 

proposed and explained in detail. Based on the analysis from the first two steps, the power 

generation from the wind turbine can be limited when operating at a reduced rotation speed, 

that can be considered as an effective way to stall the wind turbine. Meanwhile, the DC-

link voltage fluctuation can be reduced when applying proper input power estimation with 

feedforward compensation to the DC-link voltage control while maintaining the system 

robustness on the grid-side inverter controller.  

 

The last step is to verify the proposed control algorithms on both a MATLAB/SIMULINK 

simulation platform and a wind turbine test bed with a prototype grid-connected wind 

power converter. 

 

1.5 Organization of the Dissertation 

This Ph.D. dissertation is organized into four chapters. 
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Chapter 1, as an introductory section, presents the background information of the small-

scale wind generation systems, brief problem statements in the current wind generation 

systems, recent literature reviews on regulating wind generation systems in high wind 

speed regions and on reducing DC-link voltage fluctuations during rapid input power 

transience, and research objectives of this Ph.D. dissertation. 

 

Chapter 2 elaborates the system configuration of the generator-side converter in the small-

scale wind generation system, analysis of the wind turbine mathematical model, torque and 

power curves and typical control methods.  The problems in controlling the small-scale 

wind generation system in high wind speed regions are also detailed in this chapter. A 

novel electrical stall control algorithm is explored on the generator-side converter to 

improve the operation of the small-scale wind generation system in high wind speed 

regions. The proposed method limits the power generation of the wind turbine through 

selecting a reasonable rotation speed for the wind turbine during a high wind event. By 

performing this method, the operation of the system is deviated from its optimal maximum 

power point operation so that the power generation is reduced. The typical parameter 

design procedure of the proposed controllers is also detailed in the Chapter. 

 

Chapter 3 introduces both the simulation and practical test platform for the proposed 

algorithms and demonstrates the performance of the proposed electrical stall control 

algorithm with detailed simulation and experimental results. 

 



 27 

In Chapter 4, the mathematical model and the system configuration for the DC-link and 

the grid-side inverter are presented and the control problems for this system are also 

discussed. Improved DC-link voltage control methods are proposed and developed in order 

to reduce DC-link voltage fluctuations. The proposed methods estimated the power 

injected into DC-link capacitors and performed feedforward compensation to enhance the 

dynamic behavior of the DC-link control. Not only do the developed controllers minimize 

the DC-link voltage fluctuations, but also maintains similar system robustness to the 

controllers in the recent literature. The proposed methods are verified by the simulation 

results on the MATLAB/ SIMULINK platform and by experiment results on a prototype 

three-phase grid-connected wind generation system. 

 

Chapter 5, as a brief summary of this dissertation, states the conclusions and main 

contributions of this Ph.D. research, and offers recommendations for future improvements 

through research on related topics. 
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2 A Novel High Wind Power Regulation Algorithm to 

Improve the Performance of Wind Generation System in High 

Wind Speed Regions 

 
2.1 Introduction 

The regulation of the wind turbine under various wind conditions is vitally important for 

the small-scale wind generation system to maintain smooth operation of the entire system. 

On one hand, the wind generation system has to achieve maximum power point tracking 

(MPPT) operation to maximize its power extraction under normal wind speeds. On the 

other hand, the system has to stall the wind turbine and to reduce power generation avoiding 

continuous over-rated operation in high wind speed regions. Additionally, the absence of 

the mechanical regulation and protection mechanisms makes it challenging for a small-

scale system in stalling the wind turbine in high wind speed regions. Thus, in order to 

regulate the small-scale wind generation system under both normal and high wind speed, 

a proper wind turbine speed controller is usually needed. 

 

In this Chapter, a novel wind turbine electrical stall control algorithm, called high wind 

power regulator (HWPR), is developed to enhance the stall control of the wind turbine in 

high wind speed regions in order to regulate the rotation speed as well as the power 

generation from the wind turbine while maintaining long term steady operation of the 

system within its ratings. The effectiveness of the proposed HWPR algorithm has been 



 29 

verified on both the computer simulation and laboratory experiment as reported in this 

Chapter. 

 

2.2 Mathematical Model of Wind Turbine and Three-Phase Generator-

Side Converter 

Before proposing the developed high wind power regulator algorithm, the mathematical 

model, operation principles and the conventional controller design procedure on the 

generator-side converter are explained in this section which lie the foundations of the 

proposed wind turbine control algorithm.  

 

2.2.1 System Descriptions 

A typical diagram of a three-phase PWM generator-side converter used for small-scale 

wind generation system is presented in Fig. 2.1. The generator used in this research is a 

squirrel cage induction generator (SCIG) which is widely used in wind applications for its 

robustness and low-cost criteria. The wind turbine has a structure of fix-pitch passive-yaw 

arrangement due to cost constraints of the small-scale system. And the DC-link is used to 

decouple the generator-side converter with the grid-side inverter providing a constant DC-

link voltage for the generator control. The gearbox is usually not mandatory for small-scale 

wind generation systems and is neglected in the modelling of the system. 
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Fig. 2.1 Typical circuit for the wind turbine and generator-side converter 

 

In order to design a proper wind turbine control algorithm through the generator-side 

converter, the mathematical models of the wind turbine and generator are developed and 

are shown in the following subsections along with the detail analysis and the conventional 

controller design procedure. 

 

2.2.2 Mathematical Model Analysis 

The detailed analysis and mathematical model of the wind turbine and the generator-side 

converter with a SICG are presented in this subsection for controller design. In order to 

simplify the controller design, the wind turbine model and the generator model are 

separately introduced. 

 

a) Wind Turbine Power and Torque Curves 

The major function of the wind turbine is to extract the kinetic energy from the wind and 

transforms it into mechanical energy. The aerodynamic power and torque extracted from 
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the wind turbine are then transferred to the wind generator to produce electrical power. The 

diagram of the energy flow within wind turbine system is shown in Fig. 2.2, where 𝑣()*! 

is the wind speed, 𝜔()*! is the rotation speed of the wind turbine while 𝜔, represents the 

rotation speed of the generator, 𝑃()*!  and 𝑇()*!  are the aerodynamic power and the 

developed torque from the wind turbine, respectively. Here, for small-scale system without 

gearbox, the wind turbine is directly connected to the wind generator. Therefore, the wind 

turbine and the generator will have the same rotation speed so that 𝜔()*! = 𝜔,. 

 

Fig. 2.2 Diagram of the energy flow within wind turbine system 

 

As has been stated in recent literature [41],[71],[72], the aerodynamic power generated by 

the wind turbine can be expressed as: 

𝑃!"#$ =
%
&
𝜌𝐴!𝐶'(𝜆, 𝛽)𝑣!"#$(        (2.1) 

where 𝜌 is the air density, 𝐴( is the swept area of the wind turbine and has the value 𝐴( =

𝜋𝑅., 𝑅 is the wind turbine radius, 𝐶/(𝜆, 𝛽) represents the power coefficient, 𝜆 is the tip 

speed ratio (TSR) and is defined as 𝜆 = 0!∗2
3"#$%

, 𝛽 represents the wind turbine blade pitch 

angle. 
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The expression of the power coefficient 𝐶/(𝜆, 𝛽) is formulated in (2.2) [73], where 𝑐4～𝑐5 

are constant parameters depend on the wind turbine design.  
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From (2.1) and (2.2), the generated power from the wind turbine 𝑃()*! under certain wind 

speed 𝑣()*!  is a highly nonlinear function with respect to the blade pitch angle 𝛽 and the 

TSR 𝜆. 

 

For small-scale wind generation systems with fix-pitch and passive-yaw arrangement, the 

blade pitch angle 𝛽 is a constant value while the wind turbine is always facing the wind 

direction. The TSR 𝜆 = 0!∗2
3"#$%

= 2
3"#$%

𝜔, can be treated as a function the rotation speed 

𝜔, when the wind speed is constant. By bringing 𝜆 = 2
3"#$%

𝜔, into (2.1), the expression 

for the 𝑃()*! can be considered to be only associated with the wind turbine rotation speed 

𝜔, when the wind speed 𝑣()*! is fixed. Therefore, the aerodynamic power extracted from 

the wind turbine can be controlled by the rotation speed of the generator. 

 

Meanwhile, by inserting (2.2) into (2.1) the wind turbine power curve with given 

parameters can be drawn and is presented in Fig. 2.3, where 𝜔"6&7)* and 𝜔"6&786& are the 

cut-in and cut-out speed of the wind turbine which define the operation range of the wind 

turbine,. 
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Fig. 2.3 Wind turbine power curve for given parameters 

 

From Fig. 2.3, it is clear that the aerodynamic power generated by the wind turbine changes 

with the rotation speeds at certain wind speed 𝑣()*! . Thus, by controlling the rotation 

speed of the wind turbine through a certain control algorithm, the aerodynamic power 

generated by the wind turbine can be controlled. Moreover, if the rotation speed of the 

wind turbine is controlled to a lower speed when operating in high wind speed regions, the 

aerodynamic power generated by the wind turbine can be regulated within its limit. 

 

Meanwhile, the developed torque from the wind turbine can be written as (2.3) by 

integrating the 𝐴( = 𝜋𝑅. and 𝜆 = 0!∗2
3"#$%

 into (2.2): 

𝑇!"#$ =
4'"()
5*

= %
&
𝜌𝜋𝑅( 6+(*,2)

*
𝑣!"#$& 	                (2.3) 

 

Similar to Fig. 2.3, the wind turbine torque curve can also be obtained based on (2.3) and 

is presented in Fig. 2.4, where 𝑇$%&'! represents the rated torque of the generator. 
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Fig. 2.4 Wind turbine torque curve for given parameters 

 

The developed torque of the wind turbine can also be adjusted by the rotation speed at a 

wind speed 𝑣()*!. However, there exist differences between the wind turbine power and 

torque curves, such as: The corresponding rotation speeds of the peak power/torque values 

in the power curve and in the torque curve are not the same when operating under given 

wind speed. For example, when operating under rated wind speed 𝑣()*!_$%&'!, the power 

generation reaches maximum at 𝜔, = 90 rad/s and the aerodynamic torque peaks at 𝜔, =

73 rad/s; While there is no over-power issue in the entire rotation speed range at the rated 

wind speed, there will be over-torque issue at certain rotation speeds. These differences 

between the power curve and torque curve pose control challenges in the regulation of the 

small-scale wind generation system particularly in the stall regulation of the system. 

 

b) Wind Turbine Mechanical Model 

In order to regulate kinetic energy extracted from the wind, the rotation speed of wind 

turbine needs to be controlled accordingly based on the power and torque curve. The 
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generator-side converter is the apparatus to control an electromagnetic torque of the SCIG 

to counteract the aerodynamic. For the purpose of designing such a speed controller, the 

mechanical model of the wind turbine with the SCIG is developed first. The diagram of the 

torque relationship on the main shaft of the wind turbine is shown in Fig. 2.5, where 𝐽 is 

the moment of inertia of the wind turbine, 𝐵 is the friction coefficient and the circle with 

an arrow represents the direction of the torque. 

 

Fig. 2.5 Torque relationship on wind turbine main shaft 

 

Based on this torque relationship shown by Fig. 2.5, the mathematical model is obtained 

as shown in (2.4), where the electromagnetic torque 𝑇', is treated as the control input to 

the mechanical system. 

𝐽 $5*
$:

= 𝑇!"#$ − 𝑇;< − 𝐵𝜔<      (2.4) 

 

Therefore, the wind turbine speed control algorithm can be developed based on (2.4) on 

the generator-side converter so that the rotation speed of the wind turbine system can be 

regulated to follow certain reference. 
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c) Generator Electrical Model 

In order to produce the electromagnetic torque required by the wind turbine speed 

controller, the generator current has to be controlled by a proper current controller on the 

generator-side converter. Thus, the electrical model of the generator and the converter is 

introduced in this subsection for the current controller design purpose. 

 

The circuit layout of a three-phase generator-side converter with a SCIG is presented in 

Fig. 2.6, where 𝑢#- , 𝑢#9  and 𝑢#:  are the terminal phase voltages of the generator stator 

winding and 𝑖#-, 𝑖#9 and 𝑖#: are the stator currents of the generator. The terminal voltage 

𝑢#-, 𝑢#9 and 𝑢#: are controlled with a certain control algorithm and are proportional to the 

DC-link voltage. The stator currents 𝑖#- , 𝑖#9  and 𝑖#:  are determined by the generator 

current model with given terminal voltages. 

 

Fig. 2.6 Circuit layout of a three-phase generator-side converter 

 

As reported in [74], the mathematical expression of the SCIG when considering both the 

stator and rotor current model can be formulated in (2.4), where the 𝑢$-, 𝑢$9 and 𝑢$: are 

the rotor terminal phase voltages, 𝑖$-, 𝑖$9 and 𝑖$: represent the rotor winding currents, 𝑅# 
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is the resistance of the stator winding and 𝑅$ is the resistance of the rotor winding, 𝜑#-, 

𝜑#9 and 𝜑#: are the stator flux linkages while 𝜑$-, 𝜑$9 and 𝜑$: are the rotor flux linkages. 
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⎢
⎢
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      (2.4) 

 

Meanwhile, the relationship of the flux linkage to the generator current is presented in (2.5), 

where 𝐿#)7#) , 𝐿$)7$)  (𝑖 = 𝑥, 𝑦, 𝑧) are the stator and rotor self-inductance, 𝐿$)7#)  , 𝐿#)7$) 

(𝑖 = 𝑥, 𝑦, 𝑧) are the mutual inductance between the stator and rotor circuits which contain 

the time varying terms with respect to the stator and rotor positions. 
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 (2.5) 

 

The expression for the electromagnetic torque 𝑇', can be obtained in (2.6), where 𝑁/ is 

the SCIG pole pairs and 𝐿,# is the max mutual flux linkage within one phase. 

𝑇', = ;
.
𝑁/𝐿,#[J𝑖#-𝑖$- + 𝑖#9𝑖$9 + 𝑖#:𝑖$:K𝑠𝑖𝑛𝜃

																																														
+J𝑖#-𝑖$- + 𝑖#9𝑖$9 + 𝑖#:𝑖$:Ksin	(𝜃 + 120∘)
		+J𝑖#-𝑖$- + 𝑖#9𝑖$9 + 𝑖#:𝑖$:Ksin	(𝜃 − 120∘)]

				  (2.6) 

 

The generator current model from (2.4) to (2.6) is a 6th order nonlinear time varying system 

which makes it difficult to design proper current controllers. Moreover, the generation of 
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the electromagnetic force 𝑇', requires the regulation of all stator and rotor currents that 

increases the control design difficulties. Modification on this mathematical model needs to 

be performed to simplify this design procedure. 

 

Therefore, the direct-quadrature-zero transformation technique is introduced into the 

generator model to simplify the high order current model as well as to get rid of the 

sinusoidal term in the system model for the control design proposes. By changing from the 

a-b-c stationary frame to the d-q rotation frame, the generator model can be reduced to a 

time invariant system. The simplified mathematical model is presented in (2.7) with respect 

to the stator current, rotor flux linkage and the rotation speed. Here, 𝑢#! , 𝑢#= , 𝑖#!  and 

𝑖#= 	are the stator terminal voltages and currents in d-q frame, 𝜑$!, 𝜑$= are the rotor flux in 

d-q frame, 𝐿, is the equivalent mutual inductance between stator and rotor in d-q frame, 

𝐿##, 𝐿$  are the equivalent self-inductance for the stator and rotor in d-q frame, 𝜎 is the 

leakage flux coefficient and has the value 𝜎 = >&&>'7>!(

>&&>'
, 𝜔$ is the electric rotation speed 

and has the value 𝜔$ = 𝑁/𝜔,, 𝜔' is the stator electric synchronous speed, 𝜔#? is the slip 

of the SCIG and has the value 𝜔#? = 𝜔' − 𝜔$ , and 𝑇$  is the time constant of the rotor 

circuit which has the value 𝑇$ =
>'
2'

. 

$",)
$:

= − =,>-!.=->*!

?>,,>-!
𝑖@$ + 𝜔;𝑖@A +

>*
?>,,>-B-

𝜑C$ +
>*5-
?>,,>-

𝜑CA +
%

?>,,
𝑢@$

$",.
$:

= −𝜔;𝑖@$ −
=,>-!.=->*!

?>,,>-!
𝑖@A −

>*5-
?>,,>-

𝜑C$ +
>*

?>,,>-B-
𝜑CA +

%
?>,,

𝑢@A
$D-)
$:

= >*
B-
𝑖@$ −

%
B-
𝜑C$ + 𝜔@E𝜑CA

$D-.
$:

= >*
B-
𝑖@A − 𝜔@E𝜑C$ −

%
B-
𝜑CA

																																																																	

       (2.7) 
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The expression for the electromagnetic torque 𝑇', can also be simplified as (2.8): 

𝑇;< = (F+>*
&>-

(𝑖@A𝜑C$ − 𝑖@$𝜑CA)    (2.8) 

 

This mathematical model (2.7) and (2.8) can be further simplified by aligning the direction 

of the rotor flux linkage to the d-axis, assuming: 

𝜑$! = 𝜑$
𝜑$= = 0		         (2.9) 

where 𝜑$ is the magnitude of the rotor flux linkage. 

 

By bringing (2.9) into (2.7) and (2.8), the generator model can be further simplified as: 

$",)
$:

= − =,>-!.=->*!

?>,,>-!
𝑖@$ + 𝜔;𝑖@A +

>*
?>,,>-B-

𝜑C +
%

?>,,
𝑢@$

$",.
$:

= −𝜔;𝑖@$ −
=,>-!.=->*!

?>,,>-!
𝑖@A −

>*5-
?>,,>-

𝜑C +
%

?>,,
𝑢@A				

$D-
$:

= >*
B-
𝑖@$ −

%
B-
𝜑C																																																														

           (2.10) 

 

The slip can also be calculated as: 

𝜔@E =
>*
B-D-

𝑖@A     (2.11) 

 

And the expression of the electromagnetic torque is modified as: 

𝑇;< = (F+>*
&>-

𝑖@A𝜑C        (2.12) 

 

Here, since the rotor flux can be solely controlled by the d-axis current and is usually 

controlled to be a constant value, the generator mathematical model has successfully been 



 40 

reduced to a 2nd order system and the electromagnetic torque 𝑇',  can be adjusted by 

controlling the d-q currents. 

 

Based on (2.10), the simplified circuit of the SCIG along with the generator-side converter 

in d-q rotation frame is presented in Fig. 2.7, where 𝑅'= =
2&>'(@2'>!(

>'(
, 𝐿'= = 𝜎𝐿## , 

𝑢!"8,/ = 𝜎𝐿##𝜔'𝑖#= +
>!
>'A'

𝜑$ and 𝑢="8,/ = 𝜎𝐿##𝜔'𝑖#! +
>!0'
>'

𝜑$. 

 

Fig. 2.7 Simplified circuit of the SCIG and the generator-side converter 

 

The mathematical models for the wind turbine and the SCIG with the generator-side 

converter have been introduced and simplified in this subsection. The typical operation as 

well as the control design procedure based on these models will be explained in the next 

subsection 2.2.3. 

 

2.2.3 Operation of the Wind Turbine and Generator-Side Converter 

Based on the mathematical model (2.4), (2.10) and (2.12) developed in previous subsection 

2.2.2, the wind turbine speed and flux control as well as the generator d-q current control 

can be designed and implemented on the generator-side converter to regulate the operation 
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of the generator and thus controlling the behavior of the small-scale wind turbine. 

Considering the fact that dual-loop control structure is widely used in the wind power 

converter applications, a typical dual-loop controller is introduced and analyzed in detail 

in this subsection and has been set as the reference controller in comparison with the 

proposed controller. 

 

A typical control architecture of the generator-side converter using dual-loop controller is 

presented in Fig. 2.8, where 𝑖#-9: is the three-phase generator current, 𝜔,$'B represents 

rotation speed reference for the generator which is generated by the MPPT algorithm to 

obtain the maximum power extraction from the wind turbine system, 𝜑$$'B is the reference 

for the generator flux linkage which is usually set at rated value, 𝑖#!$'B and 𝑖#=$'B are the 

generator d-q current references generated by the speed and flux controllers, the field 

oriented control (FOC) block contains the generator mathematical model (2.10) and (2.11) 

to transform the system from a-b-c frame to d-q frame. A proper current controller in 

regulating the generator d-q currents is also included in the FOC block.  
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Fig. 2.8 Control architecture of the generator-side converter 

 

Based on this system control diagram along with the mathematical model of the generator-

side converter, a typical dual-loop control block diagram for the wind turbine rotation 

speed and generator current regulation is presented in Fig. 2.9, where 𝑇',$'B represents the 

reference for the electromagnetic torque which is generated by the speed controller, and it 

is also limited by the speed controller with a maximum electromagnetic torque that can be 

generated by the generator, 𝑢!86&  and 𝑢=86&  are the output voltages of the d-q current 

controller, 𝑢#! and 𝑢#= serves as the control input to the generator, 𝑢! and 𝑢= are generator 

internal voltages, 𝑠 is the integral operator. In this control configuration, the aerodynamic 

torque 𝑇()*! supplied by the wind turbine is treated as a disturbance to the q-axis speed 

control loop. In order to design a proper speed control, this control block diagram must be 

simplified for the controller design. 
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Fig. 2.9 Typical control block diagram for the generator-side converter 
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a) Generator current controller 

In order to reduce the complexity of the control design procedure, the inner loop generator 

current control is first discussed. The generator d-q current control block diagram is 

therefore extracted from Fig. 2.9 and is presented in Fig. 2.10. 

 

Fig. 2.10 Control block diagram of the generator d-q current controller 

 

The main function of the generator d-q current controller is to regulate the generator current 

to induce desired generator flux linkage and electromagnetic torque. As illustrated in Fig. 

2.10, both the d-q current control loops have the identical transfer function after canceling 

out the compensation terms 𝑢!"8,/ and 𝑢="8,/. Therefore, the d-q current controllers can 

be designed to be identical to regulate the d-q current 𝑖#! and 𝑖#=. Various generator current 

control algorithms have been developed for the SCIG on the generator-side converter to 

obtain a fast current regulation, such as: PI controller [75], model predictive (MPC) 

controller [76] in the d-q rotation frame and proportional-resonant (PR) controller [77] in 
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the stationary frame as well as some other current control methods such as direct torque 

control (DTC) which is designed to control the generator torque and flux directly [78]. By 

proper implementing these current control methods, the generator d-q current control block 

diagram can be simplified as a unity gain block or a unity delay block considering the fact 

that the current loop has a much higher bandwidth than the speed control loop. Here, for 

the d-q current controller, a typical PI control method is used. 

 

b) Wind turbine Speed Controller 

By replacing the d-q current control loop with the unity gain, the block diagram of the 

generator speed and flux control loop can be simplified from Fig. 2.9 and is shown in Fig. 

2.11 with a typical close-loop speed PI controller and an open-loop generator flux 

controller. 
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Fig. 2.11 Control block diagram of the generator speed and flux controls 
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The transfer function of the generator speed control loop as well as the generator flux 

control loop can then be developed from the block diagram in Fig. 2.11 and is shown in 

(2.13), where 𝐾#/  is the proportional gain and 𝐾#)  is the integral gain of the speed PI 

controller. 

!!
!!!"#

= "
#!$%"

																					
&$

&$!"#
= '%&$%'%'

($(%)'%&%*+$%'%'

    (2.13) 

 

Based on the transfer function (2.13), the generator flux 𝜑$ and the flux reference 𝜑$$'B 

are only linked with the rotor time constant 𝑇$. Meanwhile, the regulation of the generator 

speed in tracking a speed reference can be obtained by selecting proper speed PI parameters 

𝐾#/ and 𝐾#). 

 

However, for the small-scale wind generation systems, both the reference tracking function 

and the disturbance rejection capability should be considered when designing the 

parameters for the PI controller. Thus, Fig. 2.11 needs to be modified in order to determine 

the impact of the disturbance 𝑇()*!  over the output 𝜔,, as presented in Fig. 2.12. The 

disturbance transfer function is therefore obtained and is formulated in (2.14). 
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Fig. 2.12 Control block diagram of the rotation speed affected by aerodynamic torque 
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&$
#)'*+

= $
($(%)'%&%*+$%'%'

    (2.14) 

 

Based on block diagram shown in Fig. 2.11 and Fig. 2.12, and the system transfer function 

(2.13) and (2.14), the performance of a wind turbine speed control algorithm under wind 

variations is quantified for mathematical analysis and this speed PI controller is employed 

as a benchmark for the comparison with the proposed control algorithms. 

 

2.2.4 Operation Principle of the Wind Generation System 

A conventional wind turbine speed PI controller is introduced in previous subsection 2.2.3 

to regulate the rotation speed of the wind generation system following a speed reference. 

This speed reference has to be designed based on the wind conditions as well as the ratings 

and limitations of the wind generation system. Therefore, the principle in selecting this 

speed reference is critical for operating the small-scale wind generation system with two 

aspects: 1, the MPPT operation of the system under normal wind conditions; and 2, the 

electrical stall operation of the system in high wind speed regions. 

 

a) Operation of the wind generation system under normal wind conditions 

When operating the small-scale wind generation system under normal wind conditions, the 

main goal of the wind turbine controller is to obtain maximum wind power extraction at 

various wind speeds. Thus, the speed reference can be selected based on the wind turbine 

power and torque curves, since there exists a unique optimal rotation speed of the wind 

turbine when the wind speed is constant that enables maximum power production. The 

wind turbine power curve under maximum power point (MPP) operation is presented in 
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Fig. 2.13, where red dashed line L0 is the trajectory of MPPs from the minimum wind 

speed to the rated wind speed, as marked with points A, B, C, D and E. 

 

Fig. 2.13 Wind turbine power curve with MPP operation 

 

The corresponding wind turbine torque curve when operating at MPP is shown in Fig. 2.14, 

where the red dashed line L0 represents the corresponding wind turbine aerodynamic 

torque when operating at MPP from the minimum wind speed to the rated wind speed. 

Points A, B, C, D and E represent the developed aerodynamic torque with their 

corresponding rotation speeds and torques. 
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Fig. 2.14 Wind turbine torque curve with MPP operation 

 

As shown in Fig. 2.13 and Fig. 2.14, when operating within the normal wind speed range, 

the generator can always produce sufficient electromagnetic torque to counteract the 

aerodynamic torque from the wind turbine and to maintain a desirable speed for maximum 

power extraction at MPPs.  

 

b) Operation of the wind generation system in high wind speed regions 

At extreme wind conditions, the actual wind speed exceeds the rated wind speed of the 

wind turbine, leading to over-power, over-torque, or over-speed operations which must be 

avoided. The high wind speed region is defined as the area around or above the rated wind 

speed where the wind generation system is operating around or above system ratings or 

limits if continue working at MPPs, which is shown by the dashed boxes in Fig. 2.15 and 

Fig. 2.16.  
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In order to prevent the wind turbine from over-rated operation in high wind speed regions, 

the wind turbine controller must shift from the MPP operation mode into the stall regulation 

mode to regulate the generated power and torque as well as the rotation speed of the 

generator within their limits to avoid thermal and mechanical issues. The wind turbine 

power curve with its limits is shown in Fig. 2.15 and the corresponding torque curve is 

presented in Fig. 2.16. In Fig. 2.15, B1 and B2 are the electrical ratings where the red line 

B1 is the rated generator power and the blue line B2 is the corresponding rated generator 

torque mapping to the power curve, B3 and B4 define the wind turbine rotation speed range. 

And any operations outside the boundaries B1-B4 should be avoided.  

 

Fig. 2.15 Wind turbine power curve with system limits 

 

Similarly, Fig. 2.16 shows the limits on the wind turbine torque curve, where red line B1 

is the corresponding power rating mapping to the torque curve, the blue line B2 is the rated 

generator torque and B3 and B4 represent the rotation speed range. 
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Fig. 2.16 Wind turbine torque curve with system limits 

  

Electrical limits B1 and B2 as well as the mechanical limits B3 and B4 mark the boundaries 

of operation in high wind speed regions. A proper electrical stall control algorithm must be 

implemented on the generator-side converter to avoid over-rated operation conditions. 

Additionally, considering the fact that there is usually no wind speed measurement device 

installed in the small-scale system, this electrical stall algorithm must be designed to 

identify the high wind speed events and changes the control from MPP operation to 

electrical stall operation. 

 

Ideally, the electrical stall control algorithm is designed to regulate the operation of the 

wind turbine on the system boundaries in high wind speed regions so that the generated 

power is controlled to be constant at its limit so that the overall energy output is maximized. 

The operation trajectory for an ideal electrical stall control algorithm is presented in Fig. 

2.17 and Fig. 2.18. Based on the ideal trajectory on the wind turbine power curve (Fig. 

2.17) and on the corresponding wind turbine torque curve (Fig. 2.18), the following control 
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ideas are obtained: even though there exist two trajectories, L1 and L2, for the speed 

controller to follow in order to limit the power generation of the wind generation system. 

However, when taking the fast wind speed variation, stall operation range and practical 

limit into consideration, trajectory L2 is more preferable and is set as a general rule when 

designing such electrical stall control algorithms. 

 

 

Fig. 2.17 Ideal trajectory on wind turbine power curve in high wind speed regions 

 

Fig. 2.18 Ideal trajectory on wind turbine torque curve in high wind speed regions 
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2.3 Adaptive Wind Turbine Speed Control Algorithm based on 

Aerodynamic Torque Estimator  

In order to perform electrical stall control in high wind speed regions following a desired 

stall trajectory, the aerodynamic power and torque of the wind turbine has to be obtained 

for such a control algorithm. However, there is usually no wind speed or power and torque 

measurement devices on small-scale wind generation systems while the output power and 

the electromagnetic torque of the generator cannot reflect the true performance of the 

aerodynamic power and torque of the wind turbine. The aerodynamic power and torque 

estimation algorithm must be implemented first to acquire the operation status of the wind 

turbine which serves as an important part in the proposed HWPR. In this section, an 

adaptive aerodynamic torque estimation technique is developed and is discussed in detail 

along with the associated speed control algorithm. Since the aerodynamic power is also a 

function of the aerodynamic torque and the rotation speed, once the torque is estimated by 

the proposed algorithm, the power is subsequently obtained. 

  

2.3.1 Adaptive Aerodynamic Torque Estimator 

Based on the developed wind turbine mechanical model (2.4), the state-space model of the 

wind turbine is obtained and shown in (2.15): 

�̇� = 𝐀𝑥 + 𝐁𝑢 + 𝐆𝑓
𝑦 = 𝐂𝑥																						     (2.15) 

where, 𝑥 represents the rotation speed 𝜔,, 𝑢 is the generator electromagnetic torque 𝑇', 

which serves as the system input, 𝑓 represents the aerodynamic torque to the system 𝑇()*! 
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which is treated as the disturbance in the model, 𝑦 is the system measurement, 𝐀, 𝐁, 𝐂 and 

𝐆 are the system constants with the value 𝐀 = − C
D
, 𝐁 = − 4

D
, 𝐂 = 1 and 𝐆 = 4

D
. 

 

An adaptive aerodynamic torque estimator can therefore be developed based on this state-

space equation (2.15) and is presented in (2.16), where, 𝑥] is the estimated value of state 𝑥, 

𝑦] is the estimated value of output 𝑦 and 𝑓 is the estimated value of disturbance 𝑓, 𝐇 is the 

adaptive estimator parameter which is a constant gain. 

𝑥Ḋ = 𝐀𝑥D + 𝐁𝑢 + 𝐇(𝑦 − 𝑦D) + 𝐆𝑓F        (2.16) 

 

By subtracting (2.16) from (2.15), the error model is obtained in (2.17), where 𝑒 = 𝑥 − 𝑥] 

is the error between the actual and estimated state, 𝑓a = 𝑓 − 𝑓 is the error between the 

actual and estimated disturbance. 

�̇� = (𝐀 − 𝐇𝐂)𝑒 + 𝐆𝑓G         (2.17) 

 

The Lyapunov stability theory is then applied to determine the convergence of (2.17). A 

positive definite Lyapunov function 𝑉J𝑒, 𝑓aK is designed in (2.18), where 𝛾 is a positive 

constant. Meanwhile, 𝑉(0,0) = 0 is also achieved by this Lyapunov function according to 

the Lyapunov stability criteria. 

𝑉I𝑒, 𝑓GJ = %
&
𝑒& + %

&G
𝑓G&           (2.18) 

 

If the derivative of the Lyapunov function �̇�J𝑒, 𝑓aK is determined to be a negative semi-

definite function, the error 𝑒 and 𝑓a will converge to zero which indicates that the estimated 
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state and the estimated disturbance will converge to their actual values. Then the actual 

aerodynamic torque of the wind turbine is obtained from the estimated value of 𝑓. The 

derivative of the Lyapunov function �̇�J𝑒, 𝑓aK is shown in (2.19): 

�̇�I𝑒, 𝑓GJ = �̇�𝑒 + %
G
𝑓Ġ𝑓G           (2.19) 

 

Here, it is assumed that the changes in the aerodynamic torque �̇� between control intervals 

is very small and can be ignored (�̇� = 0). By integrating (2.17) into (2.19), the equation 

can be rewritten as (2.20), where 𝑉4 = (𝐀 − 𝐇𝐂)𝑒. and 𝑉. = 𝐆𝑓a𝑒 − 4
E
�̇�𝑓a. 

�̇�I𝑒, 𝑓GJ = (𝐀 − 𝐇𝐂)𝑒& + 𝐆𝑓G𝑒 − %
G
𝑓Ḟ𝑓G

										= 𝑉% + 𝑉&																														
   (2.20) 

 

The term 𝑉4 is designed to be a negative semi-definite function (𝑉4 ≤ 0) with selected gain 

𝐇 to ensure (𝐀 − 𝐇𝐂) < 0 and to achieve a desired convergence rate, while the term 𝑉. is 

designed to be 0 (𝑉. = 0) with a proper adaptive law so that the negative semi-definite 

(�̇�J𝑒, 𝑓aK ≤ 0) is obtained by �̇�J𝑒, 𝑓aK. The adaptive law is shown in (2.21): 

𝑉& = 𝐆𝑓G𝑒 − %
G
𝑓Ḟ𝑓G = 0

→ 𝐆𝑓G𝑒 = %
G
𝑓Ḟ𝑓G																							

→ 𝑓Ḟ = 𝛾𝐆𝑒																												

     (2.21) 

 

By combining (2.17) with (2.21), the state-space equation for the adaptive aerodynamic 

torque estimator can be formulated as (2.22): 
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N
�̇�
𝑓ĠO = N𝐀 − 𝐇𝐂 𝐆

−𝛾𝐆 0O P
𝑒
𝑓GQ    (2.22) 

 

With the state estimator (2.22), the aerodynamic torque of the wind turbine can be 

estimated for the proposed HWPR algorithm. 

 

2.3.2 Adaptive Wind Turbine Speed Control Algorithm 

As has been discussed in subsection 2.2.3, the wind turbine speed controller needs to be 

designed with the reference tracking capability and disturbance rejection capability. 

However, there always exists a trade-off between the reference tracking and disturbance 

rejection capabilities of a PI controller. An adaptive wind turbine speed control algorithm 

is proposed in this subsection to improve the performance of a speed PI controller in the 

disturbance rejection by integrating the proposed adaptive aerodynamic torque estimator 

into it. By using the proposed control algorithm, the PI controller can be tuned to achieve 

reference tracking with better steady-state operation while the disturbance rejection 

capability can be improved with the feedforward from the proposed estimator to achieve 

fast transient performance. 

 

The block diagram of the proposed speed control algorithm is presented in Fig. 2.19, where 

𝑇e()*! is the estimated aerodynamic torque from the adaptive estimator, 𝑖#=_"8,/ is the q-

axis compensation current from the proposed adaptive estimator. Here, the d-axis flux in 

the current control loop is neglected due to a constant flux regulation and thus does not 

affect the speed control. 
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Fig. 2.19 Control block diagram of the proposed wind turbine speed control algorithm 



 60 

Based on the proposed wind turbine speed control block diagram shown in Fig. 2.19, the 

control block diagram of the reference tracking capability and the control block diagram 

of the disturbance rejection capability are obtained, as shown in Fig. 2.20 and Fig. 2.21 for 

detailed performance analysis, where 𝑓(𝑠) represent the transfer function of the proposed 

adaptive torque estimator which is obtained from (2.22). Here, the inner current loop is 

assumed to be ideal with a unity gain and the d-axis control loop is neglected. 
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Fig. 2.20 Control block diagram of the proposed control algorithm in reference tracking 
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Fig. 2.21 Control block diagram of the proposed control algorithm in disturbance 
rejection 



 63 

 

In Fig. 2.20, the disturbance 𝑇()*! is neglected when designing the reference tracking loop. 

The proposed control algorithm has the identical control block diagram in the reference 

tracking to the speed PI controller in Fig. 2.11 with the same transfer function shown in 

(2.23): 

&$
&$!"#

= '%&$%'%'
($(%)'%&%*+$%'%'

     (2.23) 

 

Therefore, the proposed adaptive speed control algorithm has no improvement on the 

reference tracking capability based on the transfer function (2.13) and (2.23). 

 

On the other hand, as shown in Fig. 2.21, the disturbance rejection capability has been 

significantly improved by the proposed control algorithm with the additional feedforward 

term from the proposed adaptive torque estimator. The disturbance 𝑇()*! is first reduced 

by the proposed adaptive estimator so that the proposed speed controller will have a better 

transient performance in disturbance rejection compared to the speed PI controller in Fig. 

2.12. The faster the adaptive estimator is designed, the better the performance of the speed 

control is obtained. The transfer function of the proposed control algorithm is presented in 

(2.24), where the term (1 − 𝑓(s)) is a first-order function.  

&$
#)'*+

= (1 − 𝑓(s)) $
($(%)'%&%*+$%'%'

        (2.24) 

 

Here, a new zero and a new pole are added to the original disturbance transfer function 

(2.14), the new transfer function (2.24) becomes a 3rd system and the stability of the system 
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has to be analyzed. The detailed stability analysis of the proposed control algorithm will 

be presented in Section 2.6. 

 

2.4 Proposed High Wind Power Regulation Algorithm 

For small-scale wind generation system with fix-pitch arrangement, the aerodynamic 

power regulation has to be achieved by varying rotation speed of the wind turbine. As 

shown in Fig. 2.17 and Fig. 2.18, the generated power of the wind turbine is reduced when 

controlling the system to a lower rotation speed so that both the generated power and torque 

are maintained within system limits. Therefore, the wind turbine operation curve for small-

scale fix-pitch wind generation system versus wind speed is presented in Fig. 2.22. 

Different from the ideal wind turbine operation curve presented in Fig. 1.6, the power 

extraction from the fix-pitch wind generation system in high wind speed regions must be 

reduced to maintain the operation of the system within its torque limit. Here, the operation 

curve is separated into two sections: Section I, MPPT operation; Section II, HWPR 

operation where the power is reduced in order to regulate the aerodynamic torque and 

generator current within the limits using proposed HWPR algorithm. 
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Fig. 2.22 Wind turbine operation curve versus wind speed for small-scale wind 

generation system 

 

The control architecture of the proposed HWPR algorithm is presented in Fig. 2.23, where 

𝑃e()*! is the estimated aerodynamic power, 𝑃$%&'! and 𝑇$%&'! are the generator rated power 

and torque, 𝜔,$'B_FGH2 is the new speed reference generated by the HWPR algorithm. 

From the control architecture shown Fig. 2.23, the MPPT algorithm will generate an 

optimal speed reference 𝜔,$'B based on the various system measurements to maximize 

wind power extraction and this optimal speed reference 𝜔,$'B is sent to the HWPR block. 

If there exists over-rated operation of the wind generation system, the speed reference 

𝜔,$'B is then reduced to a lower value 𝜔,$'B_FGH2 to limit power and torque generation. 

By combining the electrical stall control with the proposed aerodynamic torque estimator 

and the adaptive speed control algorithm, the rotation speed of the wind turbine can be 

smoothly controlled, and the aerodynamic power and torque are regulated within the 

system limits. Here, based on the power and torque curves analysis in previous section, the 
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torque regulation loop is treated as the main feedback loop in the HWPR design and the 

control block diagram. 

 

 

Fig. 2.23 Control architecture diagram of the proposed HWPR algorithm 

 

The control block diagram of the proposed HWPR algorithm is shown in Fig. 2.24, where 

𝑒&8$=6' is the difference between the estimated aerodynamic torque and the wind turbine 

rated torque. 
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Fig. 2.24 Control block diagram of the proposed HWPR algorithm 
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As presented in Fig. 2.24, the proposed HWPR algorithm shares an identical control 

structure with the proposed adaptive speed control algorithm, shown in Fig. 2.19, to 

achieve better performance under various wind speed conditions with the estimated 

aerodynamic torque. The estimated torque is then compared to its corresponding limits: if 

the estimated torque is larger than the system limits during a high wind event, the 

differences in the torque is further sent to a controller that changes the speed reference in 

order to reduce the power generation of the wind generation system.  

 

Using the proposed adaptive torque estimator, the actual aerodynamic torque of the wind 

turbine can be estimated in real time with high accuracy. Meanwhile, the proposed adaptive 

speed controller is used to achieve desired reference tracking and disturbance rejection of 

the wind generation system. Fig. 2.24 can be further modified for the parameter design of 

the aerodynamic torque regulator by simplifying the generator current control loop and the 

speed control loop with their close-loop transfer function. The simplified control block 

diagram of the proposed algorithm is presented in Fig. 2.25, where term ( I&)#@I&#
D#(@JI&)@CK#@I&#

) 

represents the dynamics of the speed controller and term 𝑓(𝜔,, 𝑣()*!) is the dynamics of 

the wind turbine at a given wind speed. Here, a torque PI controller is used to converter the 

error signal 𝑒&8$=6'  into the control reference which has an expression of (𝐾&/ +
I*#
#
), 

where 𝐾&/ and 𝐾&) are the proportional gain and integral gain of the torque PI controller. 

The adaptive torque estimator is considered to be ideal with a unity gain. 
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Fig. 2.25 Simplified control block diagram of the proposed HWPR 
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However, the existence of the nonlinear parameter-varying function 𝑓(𝜔,, 𝑣()*!) in the 

block diagram makes it hard to obtain the transfer function of the proposed HWPR, 

modification on this nonlinear function is needed. Since the wind speed as well as the 

rotation speed of the wind turbine is bounded to certain range, the parameter-varying 

function 𝑓(𝜔,, 𝑣()*!) can be replaced by a constant 𝐾) for the given rotation speed and 

wind speed at the 𝑖&L condition in high wind speed regions. And among all the possible 

constant 𝐾), there exists a worst case of this constant 𝐾(8$#& at a particular wind speed and 

rotation speed which will result to the poorest transient performance of the control system. 

If the parameters of the torque PI control are designed based on this worst-case scenario, 

any other operation scenarios other than the worst case will have better control dynamics 

using the torque PI control. The block diagram in Fig. 2.25 can be further modified as Fig. 

2.26 by replacing the nonlinear function 𝑓(𝜔,, 𝑣()*!) with the worst-case constant 𝐾(8$#&. 

And the block diagram becomes a linear time-invariant system and the transfer function 

can be formulated. 

 

Fig. 2.26 Further simplified control block diagram of the proposed HWPR 

 

Based on the control block diagram Fig. 2.26, the close-loop transfer function of the 

proposed HWPR is formulated in (2.25). 



 71 

#)'*+
#!,-"+

=
('-&%

.-'
% )(

.%&%/.%'
0%(/1.%&/23%/.%'

)𝐾𝑤𝑜𝑟𝑠𝑡

"%('-&%
.-'
% )(

.%&%/.%'
0%(/1.%&/23%/.%'

)𝐾𝑤𝑜𝑟𝑠𝑡
  (2.25) 

 

Equation (2.25) is a third-order transfer function with selectable torque control parameters 

𝐾&/  and 𝐾&) . In order to design control parameters for the torque PI control following 

typical control design procedure, the transfer function requires further simplification. Here, 

the following assumption is made: The second-order function ( I&)#@I&#
D#(@JI&)@CK#@I&#

) is reduced 

to a first-order function %
#@%

 with similar transient performance, where 𝑎 is a constant.  

 

By replacing the  I&)#@I&#
D#(@JI&)@CK#@I&#

 with a similar first order function, equation (2.25) can 

be simplified to a typical second-order transfer function for control parameter design. And 

this second-order transfer function of the proposed HWPR is presented in (2.26).  

#)'*+
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.-'
% )(
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      (2.26) 

 

Therefore, the control parameter 𝐾&/ and 𝐾&) of the torque PI control can be easily designed 

based on the transfer function (2.26) to achieve the desire performance. 

 

In general, by performing the proposed HWPR algorithm, the power and torque generated 

from the wind turbine can be controlled within system limits to achieve sustained operation 

in high wind speed regions. Meanwhile, the proposed controller also contains a recovery 
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procedure from the HWPR operation back to normal MPPT operation when the power and 

torque generation from the wind turbine drop below the rated levels. 

 

2.5 Summary 

In this Chapter, a speed control algorithm along with an adaptive aerodynamic toque 

estimator is designed for the small-scale wind generation system to improve the 

disturbance rejection capability of the speed controller under rapid wind speed changes. 

The proposed speed control algorithm is developed by integrating the proposed 

aerodynamic torque estimator along with a traditional speed PI control method. Meanwhile, 

with the implementation of the aerodynamic torque estimator, a novel electrical stall 

control called high wind power regulator (HWPR) is also developed for the small-scale 

wind generation system to regulate the operation of the system avoiding long time over-

rated operation when the wind speed raises above rated speed.  
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3 Simulation and Experimental Results of the Proposed 

High Wind Power Regulator 

3.1 Introduction 

In this Chapter, the simulation platform and the experimental wind turbine testbed are 

introduced for conducting the proposed adaptive aerodynamic torque estimator and the 

proposed high wind power regulator (HWPR) algorithm. Meanwhile, the effectiveness of 

the proposed control algorithm is verified by comparison with conventional controllers 

through simulation and experimental results. 

 

3.2 Simulation Platform and Experimental Wind Turbine Testbed 

The simulation model is presented in Fig. 3.1 on the MATLAB/SIMULINK platform, 

where the entire simulation system is shown by blocks based on their functions. As shown 

in Fig. 3.1, the System Parameters & Limits block defines the speed and flux reference of 

the controller as well as limits for the system. The Wind Turbine Mechanical block contains 

the modelling of a wind turbine which generates an aerodynamic torque to the SCIG and 

an ideal gearbox. The proposed HWPR and the adaptive torque estimator are included in 

the Proposed Algorithm block which is to estimate the aerodynamic torque of the wind 

turbine and to generate a stall trajectory reference for the speed controller. The Generator 

Speed & Flux Control block and the Field Oriented Model & Control block are the 

controllers implemented to regulate the operation of the SCIG following speed, flux and 

current references. The Main Circuit Block at the bottom presents the circuit layout of the 

SCIG and the generator-side converter. The effectiveness of the proposed adaptive torque 
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estimator and the associate speed control are verified by comparison to a speed PI 

controller. Meanwhile, the validation of the HWPR is performed by comparing the 

performance results with the same system without HWPR.   

 

Fig. 3.1 System diagram of the simulation platform 
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Table 3.1 System and control parameters of the small-scale wind generation system in the 

simulation platform 

Wind Turbine Parameters Value 
Air density 𝜌 1.25 kg/m3 

Wind turbine radius 𝑅 5 M 
Blade pitch angle 𝛽 5 degree 

Wind turbine constant 𝑐4 0.5 
Wind turbine constant 𝑐. 116 
Wind turbine constant 𝑐; 0.4 
Wind turbine constant 𝑐N 0 
Wind turbine constant 𝑐O 5 
Wind turbine constant 𝑐5 21 

Gearbox ratio 1:8 
Wind turbine moment of inertia 𝐽 4 kg*m2 

Wind turbine friction coefficient 𝐵 Too small (Neglected) 
Wind turbine rated wind speed 12 m/s 

Normal wind speed range 2 - 12 m/s 
Generator Parameters Value 

Stator winding resistance 𝑅# 0.2761 ohm 
Rotor winding resistance 𝑅$ 0.1645 ohm 

Stator equivalent self-inductance 𝐿## 0.0783 H 
Rotor equivalent self-inductance 𝐿$ 0.0783 H 
Equivalent mutual inductance 𝐿, 0.0761 H 

Generator pole pairs 2 
Generator Rated Power 𝑃$%&'! 24000 W 
Generator Rated Torque 𝑇$%&'! 280 Nm 

Generator Transient Torque Limit 150% of 𝑇?),)& 
Maximum Time Duration of the Transient Torque 10 second per 1 minute 

Control Parameters Value 
Generator current control interval 100 us 

Wind turbine speed control interval (continuous time) 100 us 
Speed PI control – Proportional gain 𝐾#/ 10.667 

Speed PI control – Integral gain 𝐾#) 14.222 
Adaptive estimator parameter 𝐇 1000 

Positive constant 𝛾 400000 
Torque PI control – Proportional gain 𝐾&/ 0.02 

Torque PI control – Integral gain 𝐾&) 0.08 
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The system and control parameters as well as the limits of the wind turbine, generation and 

the generator-side converter under this Ph.D. research are shown in Table 3.1. These 

parameters are only used for simulation validation on the MATLAB/SIMULINK platform 

in order to quantify the improvement of the proposed control algorithms.  

 

The system parameters of the wind turbine testbed are presented below in Table 3.2. 

 

Table 3.2 System parameters of the wind turbine testbed 

Wind Turbine Testbed Parameters Value 
Wind induction generator pole number 6 poles 
Wind induction generator rated power  95 kW 
Wind induction generator rated speed 1209 RPM 

ABB converter model ACS800-U11-0120-5 
ABB converter rated power 110 kW 

Prime mover induction motor pole number 4 poles 
Prime mover induction motor rated power 150 hp 
Prime mover induction motor rated speed 1775 RPM 

Allen Bradley model PowerFlex 700 
Allen Bradley converter rated power 150 hp 

Gearbox ratio 40:28 
Wind generator power limit 24000 W 
Wind generator torque limit 295 Nm 

 

The wind turbine testbed for experimental testing is presented in Fig. 3.2, where the 

converters (Allen Bradley PowerFlex 700, ABB ACS800-U11) for both the prime mover 

and the generator are shown in Fig. 3.2 (a) and the 150hp induction motor and the 95kW 

wind generator is shown in Fig. 3.2 (b). The Allen-Bradley converter (the left one in Fig. 

3.2 (a)) is used to drive the prime mover (the bottom one in Fig. 3.2 (b)) for the wind 

generator; and the ABB converter (the left one in Fig. 3.2 (a)) is used to regulate the 

operation of the wind generator (the top one in Fig. 3.2 (b)) controlling the rotation speed, 
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generated power and torque according to control references. In order to integrate the 

proposed HWPR control algorithm into the wind turbine testbed system controlling the 

ABB converter, A NI CompactRIO FPGA device has been implemented into the testbed, 

as shown in Fig. 3.2 (c), which performs the proposed HWPR control algorithm and sends 

control command to the ABB converter through CAN bus communication protocol to 

regulate the rotation speed of the wind generator so that the power and torque are controlled 

within their limits.  

 

By using the wind turbine testbed along with the NI CompactRIO, the operation of a real 

wind turbine can be emulated, and the effectiveness of the proposed HWPR control 

algorithm can be verified. 

 

 

(a) 



 78 

 

(b) 

 

(c) 

Fig. 3.2 Wind turbine testbed (a) The Allen-Bradley converter and the ABB converter (b) 

The 150hp prime mover and the 95kW induction generator (c) The NI CompactRIO 

FPGA device 

 

The data acquisition and logging device used for testing is the Hioki PW3198 Power 

Quality Analyzer which is used to record the current and power generated by the wind 
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generator. The picture of the PW3198 is presented in Fig. 3.3 (a) and the measurements 

connections is presented in Fig. 3.3 (b). 

 

(a) 

 

(b) 

Fig. 3.3 Measurements and data logging device (a) The Hioki PW3198 power quality 

analyzer (b) The measurements connection 
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Even though the wind turbine testbed can be used to emulate the performance of a real 

wind turbine and to verify the proposed control algorithm, there exist limitations in the 

testbed system. 1. The Allen-Bradley converter uses a scalar control approach to control 

the power and torque of the induction motor as a prime mover. The characteristics of the 

power and torque curves in this system layout is different compared to these curves in a 

practical wind turbine. The prime mover is therefore dragged into its abnormal operation 

zone in order to achieve similar power and torque curves to simulate a wind turbine; 2. The 

internal speed and current control of the ABB converter cannot be altered, and as a result 

the proposed adaptive speed control using aerodynamic torque estimator, which requires 

modification of the speed controller, can’t be tested on this testbed. The proposed HWPR 

algorithm, on the other hand, can be verified using this system by using an open-loop 

aerodynamic torque estimator instead the proposed one; 3. Due to limits in both the CAN 

bus communication and the NI CompactRIO, the control interval performed on 

CompactRIO is set at about 1 second, a slower power control rate than in the simulation; 

4. All the parameters and controlled constants of the wind generator is internally 

determined by the ABB converter, which is not display by the ABB converter and can’t be 

altered; 5. The measurement and data logging device Hioki PW3198 is limited to recording 

the data at the maximum rate of 1 sample per second. 

 

Due to the use of a commercial ABB inverter whose the speed control cannot be modified 

internally to achieve proposed speed control algorithm, only the performance of the 

proposed HWPR algorithm is presented in the experimental results in the following section. 
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3.3 Simulation and Experimental Results 

In this section, the effectiveness of the proposed HWPR algorithm and the proposed 

adaptive speed control algorithm with aerodynamic torque estimator are verified and 

presented based on simulations on the MATLAB/SIMULINK platform and the 

experiments on a wind turbine testbed. 

 

3.3.1 Results of the Adaptive Aerodynamic Torque Estimator 

In order to verify the performance of the proposed adaptive torque estimator and the 

associated speed control algorithm, the simulation results are presented by comparing the 

proposed method to a speed PI control method. With the consideration of the inertia of the 

wind turbine system as well as the mechanical limit in the rotation speed changes, the PI 

parameters (𝐾#/ and 𝐾#)) of the speed PI control are tuned to obtain a settling time of three 

seconds and a damping ratio of 0.707 for both the speed reference changes and the 

aerodynamic torque changes. And the transfer function of the proposed aerodynamic 

torque estimator is designed to have a value of 𝑓(s) = 4PP
#@4PP

. 

 

a) Simulation results of the proposed adaptive speed control algorithm        

The simulation results of the proposed adaptive speed control algorithm for disturbance 

rejection capability are shown in Fig. 3.4 by performance comparison to a conventional 

speed PI controller, when there exists an aerodynamic torque drop from 0 Nm to -100 Nm 

at 5s and a torque rise from -100 Nm to -50 Nm at 10s. The negative sign of the 

aerodynamic torque represents the fact that the wind turbine is dragging the generator for 

power generation. During this simulation process, the wind turbine rotation speed reference 
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is kept constant at 40 rad/s. Here, both the proposed adaptive torque estimator and the speed 

PI control have a control interval of 100 us. 

 

(a) 

 

(b) 

 

(c) 
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(d) 

Fig. 3.4 Simulation results of the proposed adaptive control algorithm in torque 

transience (a) Performance of the proposed torque estimator (b) Speed performance of the 

wind turbine (c) Performance of the generator current (d) Comparison of the generator 

electromagnetic torque 

 

As illustrated in Fig. 3.4 (a), the proposed adaptive torque estimator can obtain the 

aerodynamic torque of the wind turbine with high accuracy even under rapid torque 

changes. The performance results of the proposed adaptive speed control algorithm 

compared to a speed PI control are shown in Fig. 3.4 (b), (c) and (d), where the proposed 

algorithm shows a significant performance improvement over the speed PI controller on 

the rotation speed, generator current and electromagnetic torque during rapid changes in 

the aerodynamic torque. The fluctuation in the rotation speed is reduced from (47-40) rad/s 

with the PI controller to about (41-40) rad/s with the proposed algorithm during a 100 Nm 

torque change, which is equivalent to a 70 RPM improvement. Meanwhile, the generator 

current as well as the generator electromagnetic torque with the proposed algorithm has 

reach steady the states faster than those from the PI control method. 
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The simulation results of the proposed adaptive speed control algorithm for reference 

tracking capability are shown in Fig. 3.5 by performance comparison of the proposed 

algorithm to a speed PI controller when there exists a wind turbine rotation speed reference 

ramping up from 40 rad/s to 55 rad/s at 5s and a speed reference ramping down from 55 

rad/s to 35 rad/s at 10s. During this simulation process, the aerodynamic torque from the 

wind turbine keeps constantly at -100 Nm. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 3.5 Simulation results of the proposed adaptive control algorithm during speed 

reference changes (a) Performance of the proposed torque estimator (b) Speed 

performance of the wind turbine (c) Performance of the generator current (d) Comparison 

of the generator electromagnetic torque 

 

As presented in Fig. 3.5 (a), the proposed adaptive torque estimator can estimate the actual 

wind turbine aerodynamic torque with minor steady state error during speed reference 

changes. However, different from the performance in disturbance rejection, the simulation 

results in Fig. 3.5 (b), (c) and (d) show that the proposed algorithm has an identical 
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performance to the speed PI controller in rotation speed, generator current and generator 

electromagnetic torque responses.  

 

In general, the simulation results of the proposed controller for both disturbance rejection 

and reference tracking have agreed with the mathematical analysis in subsection 2.3.3, 

which verifies the effectiveness of the proposed adaptive torque estimator along with the 

proposed adaptive speed control algorithm. 

 

3.3.2 Results of the High Wind Power Regulator 

The effectiveness of the proposed HWPR algorithm is verified through both the simulation 

on the MATLAB/SIMULINK platform and experiment on a wind turbine testbed. The 

validation of the proposed algorithm is performed with two critical aspects: 1. The 

proposed HWPR should be able to electrically stall the wind turbine by regulating its 

aerodynamic power and torque within their limits during a high wind event; 2. The 

proposed HWPR should recover to MPPT operation to achieve maximum power extraction 

once the wind returns to normal wind speed. 

 

Here, the goal of the proposed HWPR algorithm is to avoid continuous or long time over-

rated operation of the small-scale wind generation system. The over-rated operation for 

transient performance is tolerable and has already been defined in Table 3.1. 
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a) Simulation Results    

The performance of the proposed method on the simulation platform is verified by 

compared the operation of a small-scale wind generation system with the proposed HWPR 

algorithm to a system without electrical stall control.  

 

The performance of the wind generation system with only MPPT control is presented in 

Fig. 3.6 and Fig. 3.7. Fig. 3.6 shows the operation of the system during a wind ramp-up 

event into high wind speed regions where the wind speed rises from about 8.5 m/s to about 

12.5 m/s. And Fig. 3.7 shows the operation of the system when the wind speed drops back 

to a normal speed from 12.5 m/s to 11 m/s. Here, the speed reference of the system is 

generated based on a look-up table method. And the proposed adaptive speed control 

algorithm is used to control the rotation speed of the wind turbine to follow the speed 

reference generated by the look-up table MPPT. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 
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(f) 

Fig. 3.6 Performance of a small-scale wind generation system in a wind ramp-up event 

without electrical stall control (a) The wind speed input (b) The speed reference and 

actual rotation speed of the wind turbine (c) The generated torque from the wind turbine 

and generator (d) The generated power from the wind turbine and generator (e) The 

corresponding trajectory on wind turbine power curve (f) The corresponding trajectory on 

wind turbine torque curve 

 

 

(a) 



 90 

 

(b) 

 

(c) 

 

(d) 

 

(e) 



 91 

 

(f) 

Fig. 3.7 Performance of a small-scale wind generation system in a wind ramp-down event 

without electrical stall control (a) The wind speed input (b) The speed reference and 

actual rotation speed of the wind turbine (c) The generated torque from the wind turbine 

and generator (d) The generated power from the wind turbine and generator (e) The 

corresponding trajectory on wind turbine power curve (f) The corresponding trajectory on 

wind turbine torque curve 

 

If the small-scale wind generation system continues operating in the MPP mode in a wind 

speed ramp-up event where no electrical stall controller is implemented, both the 

aerodynamic torque and power generated from system will be larger than the system limits 

when the wind speed exceed its rated value, as presented in Fig. 3.6. With the rising of the 

wind turbine and the controller continue to generate speed reference to achieve maximum 

power extraction, both the wind turbine and generator are operating above their limit, as 

shown in Fig. 3.6 (c) and Fig. 3.6 (d). The corresponding trajectory on the wind turbine 

power and torque curves are presented Fig. 3.6 (e) and Fig. 3.6 (f) illustrating the drawback 

of the MPPT operation in high wind speed regions. As shown in Fig. 3.6 (e), when the 
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wind speed rises from 8.5 m/s to 12 m/s, the power extraction increases with the wind 

speed following the arrow line and eventually exceeding the power rating when operating 

under MPPT control. Similar patterns can also be found on the corresponding torque shown 

in Fig. 3.6 (f).  Meanwhile, as illustrated in Fig. 3.7, the system generated torque and power 

will drop back under system limits only when the wind speed drops below the rated wind 

speed from 12.5 m/s to 11 m/s. Detailed trajectory of the wind turbine during wind speed 

ramping down can be found in Fig. 3.7 (e) and Fig. 3.7 (f) on the corresponding wind 

turbine power and torque curves. The small-scale wind generation system in this case 

suffers from over-rated operation in high wind speed regions due to the lack of mechanical 

or electrical stall capabilities which will result in severe damages to the generator and the 

power converter system. 

 

The performance of the wind generation system in high wind speed regions with the 

proposed HWPR algorithm is presented in Fig. 3.8 and Fig. 3.9. Fig. 3.8 depicts the 

operation of the system during a wind ramp-up event into high wind speed regions and Fig. 

3.9 shows the operation of the system when the wind drops back to normal speed. Here, 

the speed reference of the system is generated using a look-up table based MPPT method 

and is then sent to the proposed HWPR for stall regulation. 

 

(a) 
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(b) 

 

(c) 

 

(d) 

 

(e) 
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(f) 

Fig. 3.8 Performance of a small-scale wind generation system in a wind ramp-up event 

with proposed HWPR algorithm (a) The wind speed input (b) The speed reference and 

actual rotation speed of the wind turbine (c) The generated torque from the wind turbine 

and generator (d) The generated power from the wind turbine and generator (e) The 

corresponding trajectory on wind turbine power curve (f) The corresponding trajectory on 

wind turbine torque curve 

 

 

(a) 
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(b) 

 

(c) 

 

(d) 

 

(e) 
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(f) 

Fig. 3.9 Performance of a small-scale wind generation system in a wind ramp-down event 

with HWPR algorithm (a) The wind speed input (b) The speed reference and actual 

rotation speed of the wind turbine (c) The generated torque from the wind turbine and 

generator (d) The generated power from the wind turbine and generator (e) The 

corresponding trajectory on wind turbine power curve (f) The corresponding trajectory on 

wind turbine torque curve 

 

The simulation results in Fig. 3.8 indicate that the proposed HWPR algorithm can 

effectively stall the wind turbine and regulate the torque and power generation of the 

system to their limits in high wind speed regions by adjusting the speed reference following 

certain torque trajectory. As illustrated in Fig. 3.8 (c), the aerodynamic torque of the wind 

turbine is controlled to their nominal ratings in high wind speed regions. Meanwhile, the 

corresponding power from the generator is also regulated below their rated values based 

on the wind turbine power curve, as shown in Fig. 3.8 (d). The corresponding trajectory 

using proposed HWPR algorithm on wind turbine power and torque curves is shown in Fig. 

3.8 (e) and Fig. 3.8 (f) presenting the effectiveness of the proposed control algorithm in 
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stall control of the wind turbine. As shown in Fig. 3.8 (e) and Fig. 3.8 (f), instead of 

exceeding the power and torque limit during wind speed ramp-up events, the proposed 

HWPR algorithm electrically stalls the wind turbine to a lower rotation speed so that both 

the generated power and torque are maintained under limits.  Even though there exists an 

over-rated torque condition at 33s in Fig. 3.8 (c) due to the performance of the speed 

controller under rapid speed reference changes, this over-rated torque condition only has a 

magnitude of 30% of the rated torque and last for only 2 seconds which is still tolerable for 

the small-scale systems. 

 

Another key aspect of the proposed HWPR algorithm is presented in Fig. 3.9 which 

demonstrates the ability to recover from the electrical stall operation back to the MPPT 

operation. As shown in Fig. 3.9 (b) and Fig. 3.9 (c), during a wind speed ramp-down event, 

the wind turbine speed reference gradually raises toward to the optimal speed reference 

while maintaining the generated torque of the system within its limit. Once the generator 

torque drops below the limit, the operation of the wind generation system returns back to 

the MPPT operation to maximize the power extraction. The corresponding trajectory of 

this recovery procedure on wind turbine power and torque curves is presented in Fig. 3.9 

(e) and Fig. 3.9 (f), where the operation of the wind turbine resume to MPPT operation 

with the wind speed ramping down while still controlled by the proposed HWPR algorithm 

to maintain within limits. However, there exists a recovery delay in the power generation 

of the system during this recovery process, as illustrated in Fig. 3.9 (d). Even though the 

wind speed drops under the rated wind speed, it still takes about 15 seconds for the power 
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generation to recover from the electrical stall operation to the MPPT operation when using 

HWPR algorithm. Therefore, further improvement should be made.  

 

Based on the simulation results from Fig. 3.6 to Fig. 3.9, there exist huge differences on 

the performance of the small-scale wind generation system with or without the proposed 

HWPR algorithm which verifies the effectiveness of the proposed HWPR algorithm in 

regulating the wind generation system in high wind speed regions.  

 

b) Experiment Results    

The experimental results of the proposed HWPR control algorithm implemented on the 

wind turbine testbed are presented in Fig. 3.10 and Fig3.11, where there exists a sudden 

input power ramp-up change in Fig. 3.10 and an input power ramp-down change in Fig. 

3.11. 

 

(a) 
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(b) 

 

(c) 

 

 

(d) 

Fig. 3.10 Experimental results of the proposed HWPR algorithm during power ramping 

up (a) The performance of the generator torque (b) The performance of the generator 

generated power (c) The reference and actual speed of the generator (d) The performance 

of the generator current in rms value 
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When the input power ramps up at 14s by adjusting the operation of the prime mover, both 

the generator torque and power raise above the limits which may cause severe damage to 

the entire system if operating over a long time, as shown in Fig. 3.10 (a) and Fig. 3.10 (b). 

The proposed HWPR algorithm then kicks in at about 20s, regulating the speed reference 

to a lower speed, from 85 rad/s down to 82 rad/s, switching the operation of the system 

from MPPT operation to electrical stall operation, as presented in Fig. 3.10 (c). The 

generated torque and power are therefore reduced to their limits with the decrease of the 

generator rotation speed (after 25s in Fig. 3.10) to avoid operation of the system above 

limits. Similar performance can be found on the generator current, as presented in Fig. 3.10 

(d). However, due to the use of the open-loop aerodynamic torque estimator which requires 

longer time to reach its steady state estimation, there exists control delay between the time 

of the input power changes and the time when the HWPR algorithm kicks in.  

 

(a) 
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(b) 

 

(c) 

 

 

(d) 

Fig. 3.11 Experimental results of the proposed HWPR algorithm during power ramping 

down (a) The performance of the generator torque (b) The performance of the generator 

generated power (c) The reference and actual speed of the generator (d) The performance 

of the generator current in rms value 
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As presented in Fig. 3.11, during the generator electrical stall operation, when the input 

power ramps down at 15s, the generated power and torque of the generator will drop 

dramatically below their limits. The proposed HWPR algorithm performs the recovery 

procedure back to MPPT operation. The rotation speed of the generation is adjusted from 

82 rad/s back to 85 rad/s so that both the power and torque generation of the system is 

resumed to maximum power extraction, as shown in Fig. 3.11 (a) and Fig. 3.11 (b). Once 

the rotation speed rises back to the optimal speed reference, the performance of the system 

recovers from the electrical stall operation back to MPPT operation. 

 

Remark: Since the prime mover has different power and torque curves from those of a 

practical wind turbine, there exist differences between the performance of the testbed and 

the performance of a practical wind turbine. The major difference is: for a practical wind 

turbine, when regulating its aerodynamic torque around its limit, the generated power is 

much smaller than the power limit; for the wind turbine testbed, when regulating the torque 

around the limit during HWPR operation, the generated power from the generator is also 

reduced to its power limit.  

 

Based on the simulation results and the experimental results presented in this section, the 

conclusion is reached that the proposed HWPR algorithm can effectively stall the wind 

generation system within its limit during sudden power and torque changes as a result of 

over wind speed and can recover from the electrical stall operation back to the MPPT 

operation once the changes die down. 
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3.4 Stability and Sensitivity Analysis of the Proposed Wind Turbine Speed 

Control Algorithm 

In order to determine the stability criteria of the proposed wind turbine speed control 

algorithm as well as to identify the effect of parameter mismatches on the proposed speed 

control algorithm, the transfer function stability analysis using Nyquist plot and parameter 

sensitivity analysis based on mathematical calculations is presented in this section. 

 

a) Transfer function stability analysis 

By taking the simulation parameters in Table 3.1 into the transfer function (2.23) and (2.24) 

in the last chapter, the stability criteria of the proposed wind turbine speed control 

algorithm can be analyzed. The transfer functions with the system under study are is 

presented below in (3.1) and (3.1). Here, the transfer function of the proposed aerodynamic 

torque estimator has a value of 𝑓(s) = 4PP
#@4PP

, which is designed to have a faster transient 

behavior then the speed PI controller. 
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The Nyquist diagram of the transfer function (3.1) and (3.2) can be plotted for stability 

analysis of the proposed control algorithm. The Nyquist diagram for (3.1) is presented in 

Fig. 3.12 and the Nyquist diagram for (3.2) is shown in Fig. 3.13. 

 

Fig. 3.12 Nyquist plot for transfer function (3.1) 

 

 

Fig. 3.13 Nyquist plot for transfer function (3.2) with its zoom view 
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According to the Nyquist stability criterion [79]: “A feedback system is stable if and only 

if the contour 𝒯# in the 𝐿(𝑠)-plane does not encircle the (-1, 0) point when the number of 

poles of 𝐿(𝑠) in the right-hand 𝑠-plane is zero.”, the stability of the proposed wind turbine 

speed control algorithm can be determined by Nyquist plot and the position of the poles of 

the transfer function. 

 

As illustrated by Fig. 3.12, the Nyquist plot of (3.1) does not encircle (-1, 0) point. 

Meanwhile, the poles of (3.1) have negative values 𝑝4 = −2.6903 and 𝑝. = −2.6432 

which lie on the left-hand of the 𝑠-plane. Therefore, the transfer function (3.1) of the 

proposed control algorithm is deemed stable. 

 

Similarly, as presented in Fig. 3.13, the Nyquist plot of (3.2) also does not encircle (-1, 0) 

point while the poles of (3.2) have negative values 𝑝4 = −100, 𝑝. = −2.6903 and 𝑝. =

−2.6432. The transfer function (3.2) of the proposed control algorithm is also deemed 

stable. 

 

b) Parameter mismatch analysis 

When designing the wind turbine speed control algorithm, the moment of inertia 𝐽 is a key 

parameter that has a major impact on the stability of the aerodynamic torque estimator as 

well as the speed PI controller. However, for a practical wind generation system, an 

estimated inertia 𝐽'#& is usually used in the control design procedure since the actual inertia 

𝐽%"&  is difficult to be measured accurately. Parameter mismatch therefore exists in this 

system between the actual and estimated inertia, which may lead to unstable operation 
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under certain conditions. In order to investigate the impact of this parameter mismatch on 

the proposed speed control algorithm, mathematical calculation is used to determine the 

reasonable range of this parameter mismatch to maintain the proposed control algorithm 

stable. 

 

Fig. 2.20 and Fig. 2.21 can be redrawn and simplified as Fig. 3.14 and Fig. 3.15 to 

demonstrate the impact of the parameter mismatch in the block diagrams and transfer 

functions. 

 

Fig. 3.14 Modified reference tracking control block diagram for parameter mismatch 

analysis 

 

 

Fig. 3.15 Modified disturbance rejection control block diagram for parameter mismatch 

analysis 
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Here, the friction coefficient 𝐵 is neglected since it is very small, 𝐾4 =
D0&*
D12*

 is the degree of 

mismatch between 𝐽'#&  and 𝐽%"& , for a practical system 𝐾4 > 0 is always satisfied, and 

𝑓Q(𝑠) represents the transfer function of the torque estimator under the parameter mismatch. 

Fig. 3.14 is a typical closed loop control system while Fig. 3.15 can be seen as a 

combination of a prefilter (proposed aerodynamic torque estimator) and a closed loop 

control system. 

 

A necessary and sufficient condition for a closed loop feedback system to be stable is that 

all the poles of the system transfer function have negative real parts [79]. Or, in other words, 

a system is stable if all the poles of the transfer function are in the left-hand 𝑠-plane. The 

transfer functions of Fig. 3.14 and Fig. 3.15 can be formulated as (3.3) and (3.4) by taking 

the system and control parameters into consideration with respect to the degree of 

mismatch	𝐾4. Here, 𝜆4 is one of the eigenvalues of the 2x2 matrix in (2.22) for the prefilter 

which will be further explained. 
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The stability of the system under a parameter mismatch can then be determined by the pole 

position of (3.3) and (3.4). If the solutions of term (𝑠. + 2.667𝐾4𝑠 + 3.5556𝐾4) and (𝑠 −

𝜆4) are located on the left-hand 𝑠-plane within a certain range of 𝐾4, the proposed control 

system can be proven to be stable within a certain mismatch range. 
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Term (𝑠. + 2.667𝐾4𝑠 + 3.5556𝐾4) can be further rewritten as: 

𝑇(𝑠) = 𝑠. + 2.667𝐾4𝑠 + 3.5556𝐾4																																												

= 𝑠. + 2 N
;
𝐾4𝑠 + (

N
;
𝐾4). − n

N
;
𝐾4o

.
+ 3.5556𝐾4	

= (𝑠 + N
;
𝐾4). − n

N
;
𝐾4o

.
+ 3.5556𝐾4																						

 (3.5) 

 

The solutions of 𝑇(𝑠) = 0 can be calculated as 𝑠4,. = p− N
;
𝐾4 ±rn

N
;
𝐾4o

.
− 3.5556𝐾4s. 

For any 𝐾4 > 0, the solution 𝑠4 and 𝑠. are both negative values located on the left-hand 𝑠-

plane. 

 

Meanwhile, the pole position of the prefilter (the proposed aerodynamic torque estimator) 

can be determined by its state-space equation (2.22). The state-space equation with respect 

to the degree of mismatch 𝐾4 is formulated in (3.6): 

N
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−𝛾𝐆 0O P
𝑒
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%
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−𝛾𝐾%
%
I/,3

0
W P
𝑒
𝑓GQ = 𝐹&∗& P

𝑒
𝑓GQ         (3.6) 

 

In order to obtain a negative value of the eigenvalue 𝜆4, the eigenvalues of the matrix 𝐹.∗. 

must have negative values under a certain range of 𝐾4. The eigenvalues of 𝐹.∗. can be 

calculated by the equation 𝑓(𝜆) = 0, where 𝑓(𝜆) can be expressed as: 

𝑓(𝜆) = |𝜆𝐼 − 𝐹&∗&| = [
𝜆 + 𝐇 − H1

I/,3

𝛾 H1
I/,3

𝜆
[ = 𝜆& + 𝐇𝜆 + 𝛾 (H1)

!

I/,3!
       (3.7) 
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With the actual value for 𝐻, 𝛾 and 𝐽'#&, equation (3.7) can be rewritten as: 

𝑓(𝜆) = 𝜆. + 1000𝜆 + 25000(𝐾4).																																																							
= 𝜆. + 2 ∗ 500𝜆 + 250000 − 250000 + 25000(𝐾4).

= (𝜆 + 500). − 500. n1 − (I3)(

4P
o																																						

 (3.8) 

 

The solutions of the 𝑓(𝜆) = 0 can be calculated as 𝜆4,. = −500 ± 500r1 − (I3)(

4P
. For any 

𝐾4 > 0, the solutions 𝜆4 and 𝜆. will be located on the left-hand 𝑠-plane. 

 

Since all the poles of the closed loop transfer function (3.3) and (3.4) are located on the 

left-hand 𝑠-plane, the final conclusion can therefore be drawn that the proposed control 

system is stable for any parameter mismatch of the moment of inertia 𝐽 between the actual 

system and the proposed control system. 

 

3.5 Summary 

In this Chapter, the effectiveness of the proposed wind turbine speed control algorithm 

with adaptive aerodynamic torque estimator and the proposed high wind power regulator 

(HWPR) algorithm are demonstrated through simulation and experimental validations. The 

simulation results of the proposed speed control algorithm reach an identical conclusion 

with the theoretical analysis in the last chapter which presents the advantages of the 

proposed control algorithm over traditional control method in disturbance rejection. 

Meanwhile, the performance of the HWPR algorithm has also been validated by simulation 

and experimental results, illustrating that the regulation of the wind generation system in 

high wind speed regions can be significantly improved with the proposed HWPR control 
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algorithm. In addition, the stability analysis of the proposed speed control algorithm has 

been performed based on a transfer function analysis which has reached the conclusion that 

proposed algorithm is stable even under parameter mismatches situations. 
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4 Novel DC-Link Voltage Control Methods to Reduce DC-

Link Voltage Fluctuation During Rapid Input Power 

Transience 

 

4.1 Introduction 

The proposed High Wind Power Regulator (HWPR) algorithm as introduced and verified 

in Chapter 2 and Chapter 3 offers a fast-transient response with small-scale wind generation 

systems. However, the rapid input mechanical power changes will cause DC-link voltage 

fluctuations. These voltage fluctuations in the DC-link will severely degrade the control 

dynamics of a wind generation system as the DC-link voltage is a key parameter in the 

PWM technique used in these power converters. Moreover, these variations in the DC-link 

voltage also lead to high current THD. 

 

In order to minimize these DC-link voltage fluctuations in small-scale wind generation 

systems during normal and HWPR operations, novel observer-based DC-link voltage 

control methods featuring fast input power estimation and high robustness to system 

uncertainties and parameter mismatches have been developed in this chapter. The proposed 

control methods are built by combining a conventional PI controller with one of the 

proposed input power observers, which greatly increase the estimation speed and 

robustness of the control system while reducing the DC-link voltage fluctuation through 

optimal designs of the observation algorithms during input power transience. 
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4.2 Mathematical Model of DC-Link and Grid-Side Inverter 

Before introducing the proposed control algorithms, the analysis of the three-phase grid-

side inverter is first presented in this section with its detail mathematical model, operation 

principles, conventional controller design procedure and the system parameters used for 

the proposed algorithms.  

 

4.2.1 System Descriptions 

The three-phase grid-side inverter with a DC-link has been used in various grid-connected 

applications for its ability to fully decouple the grid-side inverter from the renewable-side 

converter, thus simplifying the control design procedure of the entire system. A typical 

circuit layout of the three-phase grid-side inverter with its DC-link for the wind generation 

systems is presented in Fig. 4.1. The DC-link acts as an energy buffer to balance the power 

difference across the DC-link capacitor. It is also used as a voltage filter supplying smooth 

DC to the grid-side inverter. The grid-side inverter then performs DC/AC power 

conversion feeding high quality power to the grid by controlling the power switching 

patterns based on a certain control algorithm. 
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Fig. 4.1 Typical circuit of the three-phase grid-side inverter with a DC-link for wind 

generation system 

 

The mathematical models of the DC-link and the grid-side inverter are developed in the 

next subsection 4.2.2 for detailed system analysis and controller design. 

 

4.2.2 Mathematical Model Models 

The detailed models of the DC-link and the grid-side inverter are presented in this 

subsection which are used for conventional controller design purposes. 

 

a) DC-link voltage model 

The current and power flow across the DC-link capacitor is shown in Fig. 4.2, where 𝑖" 

represents the current flowed into the DC-link capacitor. 𝑝)*, 𝑝86& and 𝑖)*, 𝑖86& represent 

the input and output power, current to and from the DC-link, respectively. 
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Fig. 4.2 Current and power flow across the DC-link capacitor 

 

In recent literature [60], [64], the DC-link model was built based on the Kirchhoff's Current 

Law (KCL) through the DC-link capacitor where the change in the DC-link voltage is due 

to the difference between the input current to DC-link and output current from DC-link, as 

shown in (4.1): 

𝐶@
$P)#
$:

= 𝑖) = 𝑖"# − 𝑖QR:    (4.1) 

 

In a typical wind generation system, the input power to the DC-link is assumed to be 

constant during each DC-link voltage control cycle while the input current is constantly 

changing due to switching behaviors of the generator-side converter. Hence, DC-link 

power balancing equation is used instead of KCL for the DC-link model in this dissertation, 

as presented in (4.2): 

%
&
𝐶@

$P)#
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$:
= 𝑝"# − 𝑝QR:          (4.2) 

 

The input power 𝑝)* to the DC-link is generated based on the wind conditions as well as 

the control of the wind turbine on the generator-side converter, and the output power 𝑝86& 
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is controlled through the grid-side inverter. In order to maintain a constant DC-link voltage 

level, the output power from the DC-link 𝑝86& must be controlled to match the input power 

𝑝)* under any input conditions. When assuming the grid-side inverter is ideal, the output 

power from the DC-link 𝑝86& can be treated as the output power of the grid-side inverter 

𝑝U$)!. 

 

Here, even though the DC-link can be modeled with a much more complicated model 

considering its internal resistance,  the power balance model across the DC-link capacitor 

is sufficient when dealing with the power flow problems within power converters, as has 

been reported in [80] and [81]. 

 

b) Grid-side inverter current model 

In order to develop a current model for the three-phase grid-side inverter for the current 

controller design purposes, the circuit of a single arm inside the three-phase inverter is first 

discussed.  

 

The circuit layout of a single arm in the three-phase inverter is shown in Fig. 4.3, where 

𝑣#% is the voltage generated by the switching behaviors,  𝑣% is the grid voltage of phase A 

and 𝑖% is the grid  current of phase A, respectively. Here, grid voltage 𝑣% is a sinusoidal 

function 𝑣% = 𝑉Uw sin	(𝜔U𝑡), 𝑉Uw  is the magnitude of the grid voltage while 𝜔U represents the 

angular frequency of the grid voltage, and 𝜔U = 2𝜋𝑓, and 𝑓 is the grid frequency. Grid 

current 𝑖% should also be controlled to be sinusoidal in this single-arm model. 



 116 

 

Fig. 4.3 Circuit of a single arm in the three-phase inverter 

 

Fig. 4.3 is then simplified as Fig. 4.4 in order to develop a general single-arm model for 

the grid current.  

 

Fig. 4.4 Simplified circuit of a single arm in three-phase inverter 

 

Based on Fig. 4.4, the mathematical model of a single arm is obtained as (4.3): 

𝐿@
$"4
$:
= 𝑣@S − 𝑣S      (4.3) 
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This single arm model (4.3) can be extended to the three-phase model by duplicating the 

circuit in Fig. 4.4. Then, the simplified circuit of the three-phase inverter is presented in 

Fig. 4.5 and the three-phase inverter current model is shown in (4.4), where  𝑣#V, 𝑣V and 𝑖V 

are the control input, grid phase voltage and current of phase B; 𝑣#" , 𝑣"  and 𝑖"  are the 

control input, grid phase voltage and current of phase C, respectively. 

 

Fig. 4.5 Simplified circuit of the three-phase inverter 

 

𝐿@
$"4
$:
= 𝑣@S − 𝑣S

𝐿@
$"5
$:
= 𝑣@T − 𝑣T

𝐿@
$"4
$:
= 𝑣@T − 𝑣T

															

𝑣S = 𝑉Û sinI𝜔U𝑡J															
𝑣T = 𝑉Ûsin	(𝜔U𝑡 + 240°)	
𝑣) = 𝑉Ûsin	(𝜔U𝑡 + 120°)	

    (4.4) 

 
 

Therefore, a current control algorithm controlling the flow of the grid currents 𝑖%, 𝑖V and 𝑖" 

can be developed for the three-phase inverter based on (4.4) by continuously adjusting 𝑣#%, 

𝑣#V and 𝑣#".  
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Due to the sinusoidal characteristics of the grid voltages and currents, there exist controller 

design difficulties when integrating the grid current controller with the DC-link voltage 

controller to generate the current references. 

 

In order to get rid of the sinusoidal term in grid voltages and currents to reduce the control 

complexity of the design procedure, the direct-quadrature-zero transformation technique is 

introduced into the inverter system [82] by changing the system model from the a-b-c 

stationary frame to the d-q rotation frame. By performing the direct-quadrature-zero 

transformation, the sinusoidal terms are completely eliminated in the inverter current 

model so that the control design is simplified. The simplified circuit of the three-phase 

inverter in d-q frame is presented in Fig. 4.6 while the inverter current model in d-q frame 

is shown in (4.5), where 𝑣#!,	𝑣! and 𝑖! are the d-axis control input, grid voltage and grid 

current; while 𝑣#= , 𝑣=  and 𝑖=  are the q-axis control input, grid voltage and grid current, 

respectively. The 𝜔U𝐿#𝑖= and 𝜔U𝐿#𝑖! are the cross-coupling terms when transforming the 

inverter model from the a-b-c frame to d-q frame.  𝑝U$)! and 𝑞U$)! are the output power 

and reactive power of the grid-side inverter to the grid. Here, all the terms in (4.5) are all 

DC terms which reduces the complexity of the control design. 

 

Fig. 4.6 Simplified circuit of the three-phase inverter in d-q frame 
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𝐿@
$")
$:
= 𝑣@$ − 𝑣$ + 𝜔U𝐿@𝑖A

𝐿@
$".
$:
= 𝑣@A − 𝑣A − 𝜔U𝐿@𝑖$

𝑝UC"$ = 1.5(𝑣$𝑖$ + 𝑣A𝑖A)
𝑞UC"$ = 1.5(𝑣A𝑖$ − 𝑣$𝑖A)

			

      (4.5) 

 

With both the mathematical models for the DC-link and the three-phase inverter being 

formulated and simplified for the grid-side inverter of the wind generation system, the 

typical control design procedure for this system will be discussed in the next subsection 

4.2.3. 

 

4.2.3 Operation of Three-Phase Inverter 

Based on the mathematical model developed in subsection 4.2.1 and subsection 4.2.2, the 

DC-link voltage controller as well as the inverter current controller can now be designed 

to maintain a constant DC-link voltage and to feed high quality current to the grid. A typical 

dual-loop controller widely used in grid-connected inverters is discussed in this subsection 

and is set as a reference controller in comparison with the proposed controllers. 

 

A typical control architecture of the inverter is presented in Fig. 4.7, where 𝑣%V" and 𝑖%V" 

are the three-phase grid voltages and currents, 𝜃 represents the phase angle of the grid 

voltage, 𝑉!"$'B , 𝑄$'B , 𝑖!$'B  and 𝑖=$'B  are the DC-link voltage reference, reactive power 

reference, and d-q current references for the grid-side inverter, respectively. The dual-loop 

control structure can be clearly shown by Fig. 4.7, which includes the outer voltage loop 
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for the DC-link voltage control and reactive power regulation, and the inner current loop 

controlling three-phase grid currents.  

 

 

Fig. 4.7 Typical control architecture of the grid-side inverter 

 

Based on this control architecture, a typical dual-loop control block diagram for the DC-

link voltage and inverter current regulation is presented in Fig. 4.8, where 𝐾"8* is a system 

parameter dependent constant, 𝑢86& is the control output from the controller. In this control 

configuration, the input power to the DC-link is treated as a disturbance to the control 

system. Here, only the DC-link voltage loop and the q-axis current loop are shown in Fig. 

4.8 illustrating the active power flow within the inverter system. The three-phase grid is 

assumed to be ideal so that 𝑣! = 0. The output power of the grid-side inverter can then be 
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simplified as 𝑝U$)! = 1.5𝑣=𝑖= which is only dependent on q-axis voltage and current. The 

reactive power control and the d-axis current control are neglected as they are unrelated to 

the active power flow in the grid-side inverter and will not affect the DC-link voltage 

regulation. The d-q cross-coupling terms 𝜔U𝐿#𝑖= and 𝜔U𝐿#𝑖! are also ignored in the control 

block diagram since they are usually very small. 
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Fig. 4.8 Typical control block diagram for the grid-side inverter 
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a) Inner loop grid current controller 

In order to reduce the complexity of the dual-loop control design procedure, the inner loop 

grid current control is first discussed and simplified. The q-axis grid current control block 

diagram is extracted from Fig. 4.8 and is presented in Fig. 4.9. 

 

Fig. 4.9 Control block diagram of the grid q-axis current control 

 

The main function of a current controller is to control the grid current in tracking a current 

reference rapidly. Various current control methods have been developed for the three-phase 

grid-side inverter to obtain a fast current regulation, such as: PI controller [83], model 

predictive (MPC) controller [84], linear–quadratic regulator (LQR) [85] in the d-q frame 

and proportional-resonant (PR) controller [86] in the a-b-c frame and the H∞ methods [87]. 

Considering the fact that the q-axis current control has a much higher bandwidth and 

transient performance compared to the DC-link voltage control, the q-axis current control 

block diagram can be simplified and treated as a unity gain block when designing DC-link 

voltage controller. 

 

b) Outer loop DC-link voltage controller 

By replacing the current control loop with a unity gain, the block diagram of the simplified 

DC-link control loop is shown in Fig. 4.10 with a typical voltage PI controller.  
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Fig. 4.10 Control block diagram of the DC-link voltage control 

 

The transfer function of the DC-link voltage control loop can be then developed from Fig. 

4.10 and is shown in (4.6): 

6+7
(

6+7!"#
( = 2'&78$%2''78

8%$(%2'&78$%2''78
      (4.6) 

 

From (4.6), the parameters of the PI controller can be selected to achieve a desire 

performance in tracking the voltage reference. 

 

As one of the main objectives of this Ph.D. research is to investigate the impact of the input 

power on the DC-link voltage, the control block diagram in Fig. 4.10 must be modified to 

determine the relationship between the input power 𝑝)* and the DC-link voltage 𝑉!". The 

control block diagram of the DC-link voltage in related to the input power is presented in 

Fig. 4.11 by adjusting the position of the blocks and the disturbance transfer function is 

obtained in (4.7). 
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Fig. 4.11 Control block diagram of the DC-link voltage in relation to the input power 

 

6+7
(

9'*
= .$

8%$(%2'&78$%2''78
       (4.7) 

 

Based on Fig. 4.11 and (4.7), the performance of a DC-link voltage PI controller under 

input power variations is quantified and is set as the reference method for the comparison 

with the proposed control algorithms. 

 

4.2.4 Electrical and Control Parameters 

The electrical and control parameters of the DC-link and the three-phase grid-side inverter 

are shown in Table 4.1 which are used for both simulation and experimental verifications. 

The DC-link voltage PI parameters are tuned with a proportional term 𝐾/ = 0.00034714  

and an integral term 𝐾) = 0.02776 to obtain a settling time of three grid cycles (50ms) 

with a damping ratio of 0.707. The current PI parameter 𝐾)/ and 𝐾)) are tuned to achieve a 

current reference tracking within 1 control interval (100us) and a damping ration of 0.707. 
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Table 4.1 Electrical and control parameters of the DC-link system 

Electrical and Control Parameters Value 
Three-phase grid voltage 208 V 

q-axis grid voltage 𝑣= 169 V 
Grid frequency 60 Hz 

DC-link capacitor bank 𝐶# 1100 uF 
Grid filter inductance 𝐿# 1.8 mH 
Control constant 𝐾"8* 1 

Reference DC-link voltage 𝑉!"$'B 400V 
Switching frequency 10 kHz 

Control interval 100 us 
Current PI parameter -– proportional term 𝐾)/ 40000 

Current PI parameter – integral term 𝐾)) 80000 
Voltage PI parameter – proportional term 𝐾/ 0.00034714 

Voltage PI parameter – integral term 𝐾) 0.02776 
 
 

4.3 Proposed Basic Observer-Based Control Algorithm 

In order to improve the performance of the DC-link and grid-side inverter system as well 

as to enhance the transient behavior of the dual-loop PI controller during rapid input power 

variations, an observer-based DC-link voltage control method is proposed in this section. 

 

a) Input power observer design 

Based on the developed DC-link model presented in (4.2), a state-space equation for 

observer design purpose can be expressed as: 

�̇� = 𝐀𝑥 + 𝐁𝑢
𝑦 = 𝐂𝑥											      (4.8) 

where 𝐀 = {0
.
W&

0 0
|, 𝐁 = {−

.
W&
0
|, 𝐂 = [1 0], 𝑥 = }

𝑥4
𝑥.~ = �𝑉!"

.

𝑝)*
� is the system state, 𝑢 =

𝑝86& is the system input and 𝑦 is the system measurement. 
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Equation (4.8) must be proven to be observable. Thus, an observability matrix is 

constructed as: 

observability matrix =	 } 𝐂𝐂𝐀~ = {
1 0
0 .

W&
|,  rank({

1 0
0 .

W&
|) = 2     (4.9) 

The observability matrix (4.9) has a rank of 2, which indicates that the DC-link state-space 

model is observable. An input power observer can therefore be built based on this model 

(4.8) to estimate the input power to the DC-link. The state-space equation for the proposed 

observer is formulated in (4.10): 

𝑥Ḋ = 𝐀𝑥D + 𝐁𝑢 + 𝐇(𝑦 − 𝑦D)
𝑦D = 𝐂𝑥D																																		

    (4.10) 

where 𝑥] is the estimated value of state 𝑥, 𝑦] is the estimated value of output 𝑦 and 𝐇 is the 

observer matrix which has a form of 𝐇 = �ℎ4ℎ.
�, ℎ4 and ℎ. are observer gains. 

 

The system architecture of the proposed observer is shown in Fig. 4.12, where 𝐺(𝑠) 

represents the system model, 𝐺e(𝑠) is the estimation of the system model and �̂�)* is the 

estimated input power to DC-link. Here, the system model 𝐺(𝑠)  is represented by (4.8) 

and the observer model 𝐺e(𝑠)  is represented by (4.10). 
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Fig. 4.12 System architecture of the proposed observer 

 

In order to prove the convergence of the proposed observer as well as to develop a general 

rule in selecting the observer gains ℎ4 and ℎ., the error model of the DC-link is developed 

by subtracting (4.10) from (4.8): 

�̇� − 𝑥Ḋ = 𝐀(𝑥 − 𝑥D) − 𝐇(𝐂𝑥 − 𝐂𝑥D)
⟶ �̇� = (𝐀 − 𝐇𝐂)𝑒																																								

  (4.11) 

where 𝑒 = 𝑥 − 𝑥] is the error between the real state 𝑥 and the estimated state 𝑥]. 

 

With properly selected observer gains ℎ4 and ℎ., the matrix (𝐀 − 𝐇𝐂) is designed to have 

negative eigenvalues and desired values so that the error between the real and estimated 

states will converge to zero exponentially, which guarantees the stability and the 

convergence performance of the observer. With the proposed input power observer, the 

input power to the DC-link can be estimated for the subsequent control design. 
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b) Proposed observer-based DC-link voltage control 

By integrating the input power observer with the dual-loop PI controller presented in Fig. 

4.8, an observer-based DC-link voltage control algorithm is proposed in this subsection. 

The block diagram of the proposed control algorithm is presented in Fig. 4.13, where 𝑖"8,/ 

is the feedforward compensation term from the proposed observer and �̂�)* is the estimated 

input power to DC-link.  
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Fig. 4.13 Control block diagram of the proposed observer-based DC-link voltage control 

method 
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Since the main target of the proposed control algorithm is to reduce the DC-link 

fluctuations during rapid input power changes, the control block diagram Fig. 4.13 needs 

to be simplified to investigate the performance. Similar to Fig. 4.11, the simplified control 

block diagram with respect to the input power is developed in Fig. 4.14, where 𝑔(𝑠) 

represents the transfer function of the proposed input power observer and is obtained from 

(4.11).  

 

Fig. 4.14 Simplified control block diagram of the DC-link voltage with respect to input 

power 

 

Based on this simplified control block diagram Fig. 4.14, the disturbance transfer function 

is formulated in (4.12) which can be used to quantify the improvement of the proposed 

controller. As seen from (4.12), if the proposed observer is designed to have fast estimation 

speed, DC-link voltage fluctuation during input power variations can therefore be reduced 

which represents better DC-link voltage control performance compared to a reference PI 

controller. 

6+7
(

9'*
= *1 − 𝑔(𝑠)- ∗ .$

8%$(%2'&78$%2''78
   (4.12) 
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Detailed performance and stability analysis will be made in Section 4.6 and Section 4.7. 

 

4.4 Proposed Adaptive Observer-Based Control Algorithm 

An observer-based DC-link voltage control algorithm is proposed in Section 4.3 to improve 

transient performance as well as to reduce DC-link voltage fluctuation during rapid input 

power variations. However, there exist shortcomings with this algorithm, mainly due to the 

fact that the input power observer (4.6) is built on ideal conditions where the system 

parameters and the measurements are both assumed accurate. However, in a practical grid-

side inverter system, the actual DC-link model contains uncertainties such as: measurement 

noises, capacitance mismatches due to capacitor bank tolerance and aging issues, etc. 

Therefore, an adaptive state observer which is highly robust and is capable of handling 

such mismatches is developed in this section for practical grid-side inverter systems. 

 

a) Proposed adaptive observer design 

In order to design and implement such adaptive observer, a modified DC-link model is 

proposed in (4.13) taking the system mismatches and noises into consideration. 

�̇� = 𝐀𝑥 + 𝐁𝑢 + 𝐆𝜀
𝑦 = 𝐂𝑥																						         (4.13) 

where 𝐆 = {
.
W&

0
0 1

| and 𝜀 = }
𝜀4
𝜀.~, 𝜀4 and 𝜀. represent the system mismatches which may 

account for capacitance variations, and un-modeled noises, etc. 

 

Based on the modified DC-link model, the proposed adaptive observer can be developed 

and is shown in (4.14): 
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𝑥Ḋ = 𝐀𝑥D + 𝐁𝑢 + 𝐇(𝑦 − 𝑦D) + 𝐆𝜀̂
𝑦D = 𝐂𝑥D																																													

   (4.14) 

where 𝜀 ̂is the estimated value of 𝜀. 

 

Similar to the design procedure presented in Section 4.3, the error model of the proposed 

adaptive state observer is obtained in (4.15) by subtracting (4.14) from (4.13) for stability 

analysis and parameter selection. 

�̇� = (𝐀 − 𝐇𝐂)𝑒 − 𝐆𝜀̃    (4.15) 

where 𝜀̃ = 𝜀 − 𝜀̂ is the error between the actual mismatches in the system and the estimated 

mismatches. 

 

The Lyapunov stability theory is applied to the adaptive observer system to determine the 

stability criteria and to select proper observer gains. The proposed adaptive observer is 

proven to be stable when there exists a positive definite Lyapunov function while its 

derivative is a negative semi-definite function. The Lyapunov function is shown in (4.16): 

𝑉(𝑒, 𝜀) = %
&
𝑒B𝑒 + %

&𝐏
𝜀B𝜀    (4.16) 

where 𝑒A and	𝜀A are the transpose of the matrix 𝑒 and 𝜀, respectively, 𝐏 = �𝑃4 0
0 𝑃.

� is a 

positive definite matrix with parameters 𝑃4 and 𝑃. (𝑃4 > 0, 𝑃. > 0 ). Lyapunov function 

(4.16) is a positive definite function (𝑉(𝑒, 𝜀) > 0) and it will converge to zero if and only 

if 𝑒 = 0 and 𝜀 = 0 are both satisfied (𝑉(0,0) = 0).  

 

The derivative of the proposed Lyapunov function is expressed in (4.17).  
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�̇�(𝑒, 𝜀) = WP
W;
�̇� + WP

WXY
𝜀̃̇																																																			

= 𝑒B�̇� + %
4
𝜀̃B𝜀̃̇																																		

= 𝑒B(𝐴 − 𝐇𝐂)𝑒 − 𝑒B𝐆𝜀̃ − %
4
𝜀̃B𝜀̂̇

= 𝑉% + 𝑉&																																										

 (4.17) 

where  𝜀̃̇ = 𝜀̇ − 𝜀̂̇ ≈ −𝜀̂̇  by assuming that the derrivations of the uncertainties and 

mismatches between control intervals is very small and neglected. Here, 𝑉4 =

𝑒A(𝐀 − 𝐇𝐂)𝑒 and 𝑉. = −𝑒A𝐆𝜀̃ − 4
H
𝜀̃A𝜀̂̇. 

 

In order to obtain a negative semi-definite function of �̇�(𝑒, 𝜀), equation (4.17) is divided 

into two separate terms 𝑉4  and 𝑉.  for detailed discussion. The first term 𝑉4 = 𝑒A(𝐴 −

𝐇𝐂)𝑒 is designed to be a negative definite function by selecting proper observer gain 

matrix 𝐇 and its parameters ℎ4 and ℎ.. This design is exactly the same as the procedure in 

Section 4.3. Meanwhile, the adaptive law is developed from the second term 𝑉. = 

−𝑒A𝐆𝜀̃ − 4
H
𝜀̃A𝜀̂̇ where it is designed to have a value of zero with reasonably selected matrix 

gains 𝑃4 and 𝑃.. The proof of the adaptive law is presented in (4.18) and the adaptive law 

is shown in (4.19): 

𝑉& = 0 = −𝑒B𝐆𝜀̃ − %
4
𝜀̃B𝜀̂̇

																					→ %
4
𝜀̃B𝜀̂̇ = −𝑒B𝐆𝜀̃					

																					→ 𝜀̂̇ = −𝐏𝐆𝑒														

     (4.18) 

m𝜀̂%̇
𝜀̂&̇
n = m

−𝑃%
&
6,
𝑒%

−𝑃&𝑒&
n        (4.19) 
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By performing the adaptive law developed in (4.19), the derivative of the Lyapunov 

function �̇�(𝑒, 𝜀) becomes a negative semi-definite function (�̇�(𝑒, 𝜀) < 0) and it converges 

to zero if and only if 𝑒 = 0 and 𝜀 = 0. With a positive definite 𝑉(𝑒, 𝜀) and a negative semi-

definite �̇�(𝑒, 𝜀), the proposed adaptive observer is proven to be stable and the estimated 

input power will converge to the actual input power even when there exist system 

mismatches. 

 

b) Proposed adaptive observer-based DC-link voltage control 

The proposed adaptive voltage control method is developed based on Fig. 4.13 by replacing 

the state observer with the proposed adaptive observer, as shown in Fig. 4.15. 
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Fig. 4.15 Control block diagram of the proposed adaptive observer-based DC-link 

voltage control algorithm 
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The performance of the proposed adaptive observer-based controller is presented in Section 

4.6 for a practical DC-link and grid-side inverter system in compared with the controller 

designed in Section 4.3 and a reference PI controller. 

 

 
4.5 Proposed Nonlinear Observer-Based Control Algorithm 

As has been stated in Section 4.3 and Section 4.4, the input power observer can be designed 

with or without system mismatches. However, these input power observers are built for 

steady-state estimation under the assumption that the input power to the DC-link is constant. 

The power flow within a wind generation system is continuously changing due to the wind 

turbine control operation, particularly due to the fast responses of the proposed HWPR 

algorithm, and the switching action of the generator-side converter. To account for the 

dynamics, a novel nonlinear observer-based DC-link voltage control algorithm is proposed 

in this section to enhance the transient behavior of the DC-link voltage by taking the 

variation of the input power into consideration. 

 

a) Proposed nonlinear observer design 

In order to improve the transient performance of the state observer particularly under rapid 

input power transience, a modified state-space DC-link model is presented in (4.20) for the 

design of the proposed nonlinear DC-link voltage control algorithm. 

�̇� = 𝐀𝑥 + 𝐁𝑢 + 𝐊
𝑦 = 𝐂𝑥																				       (4.20) 

where 𝐊 = }0𝑘~ and 𝑘 represents the maximum changing rate of the input power to the DC-

link. For a practical wind power generation system, 𝑘 is always upper and lower bounded 
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since the input power to the DC-link is always controlled with saturation by the generator-

side converter. By adding this 𝐊  matrix, the power balance equation is modified to 

represent the transient dynamics of the DC-link. 

 

Therefore, a nonlinear input power observer can be built based on this modified DC-link 

model (4.20) and is formulated as (4.21): 

𝑥Ḋ = 𝐀𝑥D + 𝐁𝑢 + m
−𝑔%q|𝑦D − 𝑦| ∗ sgn(𝑦D − 𝑦)
−𝑔&q|𝑦D − 𝑦| ∗ sgn(𝑦D − 𝑦)

n

𝑦D = 𝐂𝑥D																																																																						
  (4.21) 

where 𝑔4 and 𝑔. are the gains of the nonlinear observer. 

 

By subtracting (4.21) from (4.20) and replacing the output 𝑦 with 𝐂𝑥, the error model of 

the nonlinear observer is obtained in (4.22) for parameter selection and stability analysis: 

�̇�% = −𝑔%|𝑒%|
1
!sgn(𝑒%) +

&
6,
𝑒&

�̇�& = −𝑘 − 𝑔&|𝑒%|
1
!sgn(𝑒%)					

   (4.22) 

where 𝑒4 = 𝑥]4 − 𝑥4  and 𝑒. = 𝑥]. − 𝑥.  are the errors between estimated state and actual 

state, respectively. 

 

The error model of the proposed nonlinear observer is stable if and only positive observer 

gains 𝑔4  and 𝑔.  are selected based on the steady-state analysis. By setting �̇�4 = 0 and  

�̇�. = 0, the steady-state analysis of the proposed nonlinear observer is obtained and is 

presented in (4.23): 
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−𝑔%|𝑒%|
1
!sgn(𝑒%) +

&
6,
𝑒& = 0

−𝑘 − 𝑔&|𝑒%|
1
!sgn(𝑒%) = 0					

   (4.23) 

 

The steady-state solutions of 𝑒4 and 𝑒., based on (4.23), are obtained with 𝑒4 = ( X
U(
). and 

𝑒. =
4
.
𝐶#𝑔4 �

X
U(
�. The nonlinear observer is globally stable according to the general steady-

state stability analysis shown in Fig. 4.16 with a positively selected observer gains 𝑔4 and 

𝑔.. The estimation errors 𝑒4 and 𝑒. will converge to zero when the input power fed into the 

DC-link is constant (𝑘 = 0). On the other hand, during input power transience where 𝑘 ≠

0 , both 𝑒4  and 𝑒.  have non-zero values which indicate there exist estimation errors 

between the actual and estimated values. These estimation errors can be minimized by 

selecting proper observer gains ℎ4  and ℎ.  according to (4.23). However, only general 

steady-state stability analysis of the proposed nonlinear observer is presented by Fig. 4.16 

and (4.23), which calls for modifications in the general rules in the selection of the observer 

gains ℎ4 and ℎ.. 
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Fig. 4.16 General steady-state stability analysis of the proposed nonlinear observer 

 

In order to verify the transient stability of the proposed nonlinear observer as well as to 

develop general rules in selecting the observer parameters, the Lyapunov stability theory 

is employed into the nonlinear observer system. A general Lyapunov function is proposed 

in (4.24): 

𝑉(𝑒%, 𝑒&) = 𝑎𝑒%& − 𝑏𝑒%𝑒& + 𝑐𝑒&&   (4.24) 

where 𝑎, 𝑏 and 𝑐 are the parameters of the general Lyapunov function which are selected 

based on certain rules. 

 

According to the Lyapunov stability theory, the proposed nonlinear observer is stable when 

there exists a positive definite Lyapunov function while its derivative is a negative semi-



 141 

definite function. Due to the non-zero properties of 𝑒4  and 𝑒.  during input power 

transience, as stated in the steady-state analysis, the Lyapunov function must be a positive 

definite function for the proposed observer system. The Lyapunov function in (4.24) can 

be expanded into (4.25) for detail analysis: 

𝑉(𝑒%, 𝑒&) = 𝑎𝑒%& − 𝑏𝑒%𝑒& + 𝑐𝑒&&																																																															

= 𝑎(𝑒%& − 2
T
&S
𝑒%𝑒& + (

T
&S
𝑒&)&) −

T!

+S
𝑒&& + 𝑐𝑒&&	

= 𝑎(𝑒% −
T
&S
𝑒&)& + .𝑐 −

T!

+S
/ 𝑒&&																											

			(4.25) 

 

The (𝑒4 −
V
.%
𝑒.).  term is a positive semi-definite function and 𝑒..  term is a positive 

definite function. In order to obtain a positive definite Lyapunov function 𝑉(𝑒4, 𝑒.) , 

following rules must be fulfilled: 

(RULE 1)  𝑎 > 0  

(RULE 2)  𝑐 > V(

N%
> 0 

 

By following the RULE 1 and RULE 2, reasonable parameters 𝑎, 𝑏 and 𝑐 can be selected 

to achieve 𝑎(𝑒4 −
V
.%
𝑒.). > 0 and  n𝑐 − V(

N%
o 𝑒.. > 0. Thus, positive definite Lyapunov 

function 𝑉(𝑒4, 𝑒.) > 0 is guaranteed. 

 

Meanwhile, the negative semi-definite property of the derivative of the Lyapunov function  

�̇�(𝑒4, 𝑒.) ≤ 0 also needs to be fulfilled. The partial derivative of the Lyapunov function is 

presented in (4.26): 
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WP
W;1

= 2𝑎𝑒% − 𝑏𝑒&			
WP
W;!

= −𝑏𝑒% + 2𝑐𝑒&
       (4.26) 

 

Therefore, the derivative of the Lyapunov function �̇�(𝑒4, 𝑒.) can be obtained in (4.27): 

�̇�(𝑒4, 𝑒.) =
YZ
Y'3

�̇�4 +
YZ
Y'(

�̇�.																																

= (2𝑎𝑒4 − 𝑏𝑒.) n−𝑔4|𝑒4|
3
(𝑠𝑔𝑛(𝑒4) +

.
W&
𝑒.o

																																																															

																																																								+(−𝑏𝑒4 + 2𝑐𝑒.) n−𝑘 − 𝑔.|𝑒4|
3
(𝑠𝑔𝑛(𝑒4)		o	

= −2𝑎𝑔4|𝑒4|
4
( + 𝑏𝑔4|𝑒4|

3
(𝑒.𝑠𝑔𝑛(𝑒4) +

N%
W&
𝑒4𝑒. −

NV
W&
𝑒.. + 𝑏𝑔.|𝑒4|

4
(																						

																																																					−2𝑐𝑔.|𝑒4|
3
(𝑒.𝑠𝑔𝑛(𝑒4) − (−𝑏𝑘𝑒4 + 2𝑐𝑘𝑒.)

= 	−(2𝑎𝑔4 − 𝑏𝑔.)|𝑒4|
4
( + }nN%

W&
|𝑒4|

3
( − 2𝑐𝑔. + 𝑏𝑔4o |𝑒4|

735~ |𝑒4|
4
5𝑒.𝑠𝑔𝑛(𝑒4)					

																																																																																	− NV
W&
𝑒.. − (−𝑏𝑘𝑒4 + 2𝑐𝑘𝑒.)

(4.27) 

 

Assuming that: 

𝑋 = 2𝑎𝑔% − 𝑏𝑔&																																		

𝑌 = .+S
6,
|𝑒%|

1
! − 2𝑐𝑔& + 𝑏𝑔%/ |𝑒%|

,12

𝑍 = +T
6,
																																																					

  (4.28) 

 

By substituting (4.28) into (4.27), the equation for the derivative of the Lyapunov function 

�̇�(𝑒4, 𝑒.) can be rewritten as (4.29): 

�̇�(𝑒%, 𝑒&)																																																																																																											

= −𝑋|𝑒%|
&
! + 𝑌|𝑒%|

&
2𝑒&𝑠𝑔𝑛(𝑒%) − 𝑍𝑒&& − (−𝑏𝑘𝑒% + 2𝑐𝑘𝑒&)														

= −𝑋 .|𝑒%|
&
2/
&
+ 𝑌|𝑒%|

&
2𝑒&𝑠𝑔𝑛(𝑒%) − 𝑍𝑒&& − (−𝑏𝑘𝑒% + 2𝑐𝑘𝑒&)						

= − 9𝑋 .|𝑒%|
&
2/
&
− 𝑌|𝑒%|

&
2𝑒&𝑠𝑔𝑛(𝑒%) + 𝑍𝑒&&: − (−𝑏𝑘𝑒% + 2𝑐𝑘𝑒&)

= 𝑉% − 𝑉&																																																																																																					
		

	 (4.29) 
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where 𝑉4 = − �𝑋 n|𝑒4|
4
5o
.
− 𝑌|𝑒4|

4
5𝑒.𝑠𝑔𝑛(𝑒4) + 𝑍𝑒..� is a quadratic function with respect 

to |𝑒4|
4
5𝑠𝑔𝑛(𝑒4) and 𝑒., while 𝑉. = (−𝑏𝑘𝑒4 + 2𝑐𝑘𝑒.) is a plane function with respect to 

𝑒4 and 𝑒.. 

 

In order to obtain a negative semi-definite of �̇�(𝑒4, 𝑒.), the quadratic function 𝑉4 must be 

designed to be a negative definite function in the first place. Therefore, the function 𝑉4 can 

be further expressed as (4.30): 

𝑉4 = − �𝑋 n|𝑒4|
4
5o
.
− 𝑌|𝑒4|

4
5𝑒.𝑠𝑔𝑛(𝑒4) + 𝑍𝑒..�																																																														

= −{𝑋 �n|𝑒4|
4
5o
.
− 2 [

.\
|𝑒4|

4
5𝑒.𝑠𝑔𝑛(𝑒4) +

[(

N\(
(𝑒.).� −

[(

N\(
(𝑒.). + 𝑍(𝑒.).}

= − �𝑋 n|𝑒4|
4
5 − [

.\
𝑒.o

.
+ n𝑍 − [(

N\
o (𝑒.).�																																																										

(4.30) 

 

In (4.30), n|𝑒4|
4
5 − [

.\
𝑒.o

.
is a positive semi-definite function and (𝑒.).  is a positive 

definite function. Therefore, the following rules of 𝑋 , 𝑌  and 𝑍  must be fulfilled to 

guarantee a negative definite function of 𝑉4. 

(RULE 3)  𝑋 > 0  

(RULE 4) 	𝑍 > [(

N\
> 0 

 

The principles in selecting parameters 𝑎, 𝑏, 𝑐, ℎ4 and  ℎ. can be obtained by RULE 3 and 

RULE 4: 

From RULE 3: 

• 𝑋 > 0	 → 	2𝑎𝑔4 − 𝑏𝑔. > 0 → 2𝑎𝑔4 > 𝑏𝑔. 
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And from RULE 4: 

• 𝑍 > 0	 → 	 NV
W&
> 0	 → 	𝑏 > 0  

• 4𝑋𝑍 > 𝑌. → to be discussed 

 

Equation (4.31) can be obtained by substituting (4.28) into an inequality of 4𝑋𝑍 > 𝑌.: 

4(2𝑎𝑔% − 𝑏𝑔&)
+T
6,
> =.+S

6,
|𝑒%|

1
! − 2𝑐𝑔& + 𝑏𝑔%/ |𝑒%|

,12>
&
  (4.31) 

 

By rearranging (4.31), a new expression is shown in (4.32): 

2?(2𝑎𝑔% − 𝑏𝑔&)
+T
6,
|𝑒%|

1
2 > +S

6,
|𝑒%|

1
! − 2𝑐𝑔& + 𝑏𝑔%        (4.32) 

 

Here, another assumption is made to simplify the analysis and the assumption is presented 

in (4.33): 

𝑈 = +S
6,
																																

𝑉 = 2?(2𝑎𝑔% − 𝑏𝑔&)
+T
6,

𝑊 = −2𝑐𝑔& + 𝑏𝑔%					

𝑒#;! = |𝑒%|
1
2																

					

     (4.33) 

 

Substituting (4.33) into (4.32), the expression can be rewritten using a new state 𝑒*'( and 

is shown as (4.34): 

𝑉𝑒*'( > 𝑈(𝑒*'(). +𝑊     (4.34) 

 

Rearranging (4.34), the new equation is obtained in (4.35): 
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𝑈(𝑒*'(). − 𝑉𝑒*'( +𝑊 < 0    (4.35) 

 

Since 𝑈 = N%
W&
> 0 , the expression 𝑈(𝑒*'(). − 𝑉𝑒*'( +𝑊  is a quadratic function. In 

order to make sure that there exist some meaningful areas that satisfy 𝑉4 < 0, the vertex of 

the quadratic function must be smaller than zero so that the function 𝑈(𝑒*'(). − 𝑉𝑒*'( +

𝑊  has negative values. Moreover, for a practical observer system in wind generation 

systems, the estimation errors 𝑒4 and 𝑒. are both bounded and 𝑈, 𝑉 and 𝑊 are required to 

be properly selected to satisfy the stable conditions. Meanwhile, the vertex of the quadratic 

function is designed to be far less than zero to maximize the observer system stable region. 

The vertex of the quadratic function (4.35) is related to 4𝑈𝑊 − 𝑉.  that needs to be 

designed to have a value much smaller than zero. Thus, (4.36) can be obtained by 

substituting (4.33) into an inequality of 4𝑈𝑊 − 𝑉.. 

4𝑈𝑊 − 𝑉& ≪ 0																																																												
→ 4(2𝑎𝑔% − 𝑏𝑔&)

+T
6,
− 4 +S

6,
(−2𝑐𝑔& + 𝑏𝑔%) ≫ 0

→ 𝑎(𝑏𝑔% + 2𝑐𝑔&) ≫ 𝑏&𝑔&																																										
     (4.36) 

 

Therefore, by following principles defined by RULEs 1~4 and the relationship shown by 

(4.36), reasonable parameters 𝑎 , 𝑏 , 𝑐 , 𝑔4  and 𝑔.  can be selected for 𝑉4  and thus the 

negative definite of the quadratic function 𝑉4 is guaranteed.  

 

The polarity of derivative of the Lyapunov function �̇�(𝑒4, 𝑒.) can then be determined by 

the position relationship of the quadratic function 𝑉4  and the plane function 𝑉. . The 

relationship of both 𝑉4 and 𝑉.  for given observer parameters 𝑎, 𝑏, 𝑐, 𝑔4, 𝑔. is shown in 
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Fig. 4.17 and Fig. 4.18, where in Fig. 4.17, the relationship of 𝑉4 and 𝑉. when 𝑘 = 0 is 

shown, and in Fig. 4.18, the relationship when 𝑘 > 0 is presented. 

 

 

Fig. 4.17 Relationship of function V1 and V2 (k = 0) 
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Fig. 4.18 Relationship of function V1 and V2 (k > 0) 

 

As illustrated in Fig. 4.17 and Fig. 4.18, for given parameters of 𝑎, 𝑏, 𝑐, ℎ4 and ℎ., the 

quadratic function 𝑉4 is negative semi-definite with the largest value of 0. Meanwhile, the 

plane function 𝑉.  has a slope of 𝑘 . During steady-state operations where 𝑘 = 0 , as 

presented by Fig. 4.17 �̇�(𝑒4, 𝑒.) < 0 is always satisfied since the position of function 𝑉4 is 

always below the function 𝑉.. Thus, the proposed nonlinear observer is stable globally. 

However, as presented by Fig. 4.18, during input power transience where 𝑘 ≠ 0, there 

exists an intersection area, which is represented by the green circle in Fig. 4.18. The green 

intersection line of 𝑉4 and 𝑉. represents the area where 𝑉4 = 𝑉.. In other words, the green 

intersection line represents the area where �̇�(𝑒4, 𝑒.) = 0. The area outside the intersection 

region is where �̇�(𝑒4, 𝑒.) = 𝑉4 − 𝑉. < 0 . According to the Lyapunov stability theory, the 
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proposed nonlinear observer is stable when 𝑉(𝑒4, 𝑒.) > 0, �̇�(𝑒4, 𝑒.) < 0. Meanwhile, the 

area inside the intersection line, where 𝑉4 > 𝑉., or �̇�(𝑒4, 𝑒.) > 0, which means that the 

proposed observer would not be stable within this region.  

 

Even though there exists an area that does not satisfied Lyapunov stability condition around 

the origin, the nonlinear observer is still stable during input power transience. Instead of 

converging to the 0, the state errors 𝑒4	and 𝑒. would converge to this intersection line at 

neighborhood of the origin. Moreover, the larger the parameters 𝑔4 and  𝑔. are selected, 

the smaller the unstable area around origin is. Thus, for the propose nonlinear observer 

design for a practical power conversion system, reasonable gains 𝑔4  and  𝑔.  can be 

selected to achieve a desire observer performance. 

 

b) Proposed nonlinear observer-based DC-link voltage control 

The proposed nonlinear DC-link voltage control algorithm is obtained by combining the 

proposed nonlinear input power observer with a PI controller. The block diagram of the 

proposed nonlinear control method is shown in Fig. 4.19. 
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Fig. 4.19 Control block diagram of the proposed nonlinear observer-based DC-link 

voltage control algorithm 
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4.6 Simulation and Experimental Results 

In order to verify the effectiveness of the proposed DC-link voltage control algorithms, 

results from both simulation on a MATLAB/SIMULINK platform and experiment through 

a prototype wind generation system are discussed in this section by comparing the 

performance of the proposed controllers with a reference PI controller. 

 

The system layout of the simulation platform built with MATLAB/SIMULINK is 

presented in Fig. 4.20, where the system diagram is separated into different blocks based 

on their functions. The main circuit with input power changes block shows the main circuit 

of the DC-link and grid-side inverter with a controlled current source represents input 

power ramp changes. The PLL & dq transformation block represents the key procedure in 

performing a-b-c to d-q transformation. The Pulse Width Modulation block and the Current 

PI control block are essential parts in generating control outputs controlling the grid 

currents. The proposed DC-link voltage control algorithms are implemented in the Voltage 

Control block. In order to verify the effectiveness of the proposed algorithms as well as to 

compare the performance between proposed observer-based controllers, only the Voltage 

Control block is varied with different algorithm while other blocks remain identical. 
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Fig. 4.20 System diagram of the simulation platform 

 

The prototype wind generation system used in this Ph.D. dissertation is shown in Fig. 4.21, 

where this prototype has a power rating of 10kW and is made of a three-phase grid-side 

inverter, a diode rectifier and boost chopper generator-side inverter. Other system and 
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control parameters are shown in Table 4.1 in subsection 4.2.4. The variation in the input 

power in this prototype wind generation system are achieved by performing a power 

reference change in the generator-side converter so that the performance of the proposed 

DC-link voltage control methods can be investigated.  

 

Fig. 4.21 Prototype wind generation system 

 

Remark 1: The proposed nonlinear observer is built based on the assumption that in a 

practical power converter application, the changing rate of the input power is bounded with 

a maximum value of 𝑘. Therefore, a ramp function, instead of a step function, is used on 

the simulation platform to simulate input power changes for all the DC-link voltage 

controllers. 
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Remark 2: Considered the fact that the voltage PI controller can be tuned to have very fast 

transient behavior to minimize the voltage fluctuation at the cost of the poor steady state 

performance which will result to high current THD. In order to compare the proposed 

control methods with the voltage PI method, all the controllers presented in this section are 

tuned to have similar steady state performance and grid current THD. 

 

4.6.1 Results of the Basic Observer-Based Algorithm 

In order to verify the effectiveness of the proposed voltage control algorithm, the 

simulation and the experimental results are presented by comparing the proposed method 

to a PI controller. Here, as stated in Section 4.4, the PI controller is tuned with 𝐾/ =

0.00034714 and 𝐾) = 0.02776 to obtain a settling time of three grid cycles (50ms) and a 

damping ratio of 0.707 during input power changes. Meanwhile, the state observer is 

designed to have the observer gains of ℎ4 = 750  and ℎ. = 77  to have a desired 

performance of 𝑔(𝑠) = ;OP
#@;OP

.  

 

a) Comparison using mathematical analysis 

Based on the parameter selection of the state observer, the transfer function of the proposed 

observer 𝑔(𝑠) is formulated by: 

𝑔(𝑠) = /]#$
/#$

= ;OP
#@;OP

    (4.37) 

 

Then, by integrating (4.37) into (4.12), the transfer function of the the output voltage to the 

input power of the proposed controller is obtained. The comparison based on the 

mathematical analysis is shown in Fig. 4.22 by comparing the disturbance transfer function 
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of the proposed control algorithm (4.12) with that of a voltage PI controller shown in (4.7) 

when there exist unit steps in the input power.  

 

Fig. 4.22 Mathematical analysis of the proposed control method 

 

As seen from Fig. 4.22, the proposed observer-based control method (red line) has a great 

improvement on the DC-link voltage transient behavior over the PI controller (blue line), 

when there exists an input power step-up change at 0.1s and an input power step-down 

change at 0.2s, based on the mathematical analysis on the transfer function. This transfer 

function mathematical analysis has been set as a benchmark for the following simulation 

and experimental results. 

 

b) Comparison of simulation results 

The performance of the proposed input power state observer is shown in Fig. 4.23, where 

the result of DC-link voltage estimation is presented in Fig. 4.23 (a) and result of the input 

power estimation is presented in Fig. 4.23 (b). The simulation tests are conducted when 

there exist a 4kW input power ramp-up change from 1kW to 5kW at 0.1s and a 4kW input 

power ramp-down change from 5kW to 1kW at 0.2s. According to the simulation results 

in Fig. 4.23, even though the input power is converging to the actual input power after 
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reaching steady-state operation, there exist estimation errors in the proposed observer 

system during input power transience: 8V of DC-link voltage estimation error and a 0.2 

second delay in input power observation. 

 

(a) 

 

(b) 

Fig. 4.23 Performance of the proposed observer (a) DC-link voltage estimation (b) Input 

power estimation 

 

The performance of the proposed observer-based DC-link voltage control algorithm is 

presented in Fig. 4.24 by comparing to a PI controller, where the DC-link performance is 

shown in Fig. 4.24 (a) and the grid current performance is shown in Fig. 4.24 (b). 
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(a) 

 

(b) 

Fig. 4.24 Performance of the proposed observer-based DC-link voltage control method 

(a) DC-link voltage performance (b) Grid current performance 

 

From the simulation results presented by Fig. 4.24, the DC-link transient performance has 

been improved by the proposed control method. The DC-link voltage fluctuations have 

been reduced from about 435V to 420V during an input power ramp-up event and from 

360V to 380V during an input power ramp-down event. Meanwhile, the grid current also 

shows a better transient performance when reaching steady state. 

 

c) Comparison of experimental results 
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The experimental results of the proposed observer-based control method are presented in 

Fig. 4.25 where the performance during an input power ramp-up event is shown in Fig. 

4.25 (a), the transient behavior during an input power ramp-down event is shown in Fig. 

4.25 (b). Similarly, the experimental results of the PI controller are presented in Fig. 4.26. 

Both the proposed controller and the PI controller are operated under a 4kW input power 

change ((a) a ramp-up and (b) a ramp-down) at 0.1s. 

 

(a) 

 

(b) 

Fig. 4.25 Experimental results of the proposed control method (a) DC-link and grid 

current performance during an input power ramp-up event (b) DC-link voltage and grid 

current performance during an input power ramp-down event 
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(a) 

 

(b) 

Fig. 4.26 Experimental results of the PI controller (a) DC-link voltage and grid current 

performance during an input power ramp-up event (b) DC-link voltage and grid current 

performance during an input power ramp-down event 

 

As illustrated by Fig. 4.25 (a), Fig.4.25 (b), the DC-link voltage performance during input 

power changes has a variation of about 40V in both power ramp-up and ramp-down events 

using the proposed DC-link controller. On the other hand, the performance of the voltage 

PI controller, as shown in Fig. 4.26 (a) and Fig. 4.26 (b), has a voltage fluctuation of more 

than 60V during input power changes. From the experimental results, the proposed method 

has better transient performance over the PI controller and has reduced the DC-link voltage 

fluctuation during input power variations. 
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Moreover, the mathematical analysis shown in Fig. 4.22, the simulation result shown in 

Fig. 4.24 and the experimental result in Fig. 4.25 have shared a similar conclusion of 

improved DC-link voltage transient performance which proves the effectiveness of the 

proposed control algorithm. 

 

However, as illustrated in Fig. 4.23, there exist huge estimation errors and delays during 

input power changes which degrade the performance of the observer as well as the overall 

control system. Improvements are made in the following subsections to reduce this 

estimation errors and to enhance the operation of the proposed controller. 

 

4.6.2 Results of the Adaptive Observer-Based Algorithm 

In this subsection, the effectiveness of the proposed adaptive observer-based DC-link 

voltage control algorithm is verified by both simulation and experimental results compared 

to a PI controller. The adaptive observer is tuned to have identical observer gains ℎ4 = 750 

and ℎ. = 77 with the observer in subsection 4.6.1 and positively selected matrix 𝑃 with its 

gains 𝑃4 = 0.001 and 𝑃. = 200. 

 

a) Comparison of simulation results 

The performance of the proposed adaptive power observer is shown in Fig. 4.27 with a 

4kW power ramp-up change at 0.1s and 4kW power ramp-down change at 0.2s. As shown 

in Fig. 4.27 (a), the proposed adaptive observer has smaller estimation error (about 4V) 

during input power transience when compared to the observer designed in Fig. 4. 23 (a) 
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(8V estimation error). Even though it has achieved smaller error in the input power 

estimation, the large overshoot during the power transience (more than 1500W overshoot) 

may cause voltage oscillations, as illustrated in Fig. 4.27 (b) compared to the observer in 

Fig. 4.23 (b).  

 

(a) 

 

(b) 

Fig. 4.27 Performance of the proposed adaptive observer (a) DC-link voltage estimation 

(b) Input power estimation 

 

The performance of the proposed adaptive observer-based DC-link voltage control 

algorithm is presented in Fig. 4.28 in comparing to a PI controller, where the DC-link 
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transient performance is shown in Fig. 4.28 (a) and the current performance is shown in 

Fig. 4.28 (b). 

 

(a) 

 

(b) 

Fig. 4.28 Performance of the proposed adaptive observer-based DC-link voltage control 

method (a) DC-link voltage performance (b) Grid current performance 

 

From the simulation results presented by Fig. 4.28, the DC-link transient performance has 

been improved by the proposed control method. The maximum DC-link voltage 

fluctuations have been reduced from about 435V to 415V during an input power ramp-up 

event and from 360V to 385V during an input power ramp-down event. Meanwhile, the 

grid current also has a better transient performance in reaching steady state. 
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Although the proposed algorithm has reduced the maximum magnitude of the DC-link 

voltage, it introduces more oscillation into the system, as present in Fig. 4.28 (a) when 

comparing to Fig. 4.24 (a), and there still exist about 30V DC-link voltage variation during 

input power transience. 

 

b) Comparison of experimental results 

The experimental results of the proposed adaptive control algorithm are presented in Fig. 

4.29 where the performance during an input power ramp-up event is shown in Fig. 4.29 (a), 

the transient behavior during an input power ramp-down event is shown in Fig. 4.29 (b). 

Similarly, the experimental results of the PI controller are presented in Fig. 4.30. Both the 

proposed adaptive controller and the PI controller are operated under a 4kW input power 

change ((a) a ramp-up and (b) a ramp-down) at 0.1s. 
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(a) 

 

(b) 

Fig. 4.29 Experimental results of the proposed adaptive control method (a) DC-link and 

grid current performance during an input power ramp-up event (b) DC-link voltage and 

grid current performance during an input power ramp-down event 

 

 

(a) 
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(b) 

Fig. 4.30 Experimental results of the PI controller (a) DC-link voltage and grid current 

performance during an input power ramp-up event (b) DC-link voltage and grid current 

performance during an input power ramp-down event 

 

As illustrated by Fig. 4.29 (a), Fig. 4.29 (b), the DC-link voltage performance from the 

proposed adaptive observer-based controller during input power changes has a variation of 

about 20V in power ramp-up change and a voltage fluctuation of 30V in power ramp-down 

change compared to the 60V voltage fluctuation of the PI controller which is shown in Fig. 

4.30. By performing the proposed adaptive controller, the grid current reaches steady states 

faster than the current with the PI controller.  

 

From the simulation and the experimental results, the conclusion is made that the proposed 

adaptive controller has enhanced the DC-link voltage performance during input power 

changes over the PI controller. It also has a better performance over the proposed controller 

presented in subsection 4.6.1.  
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Even though a smaller DC-link voltage fluctuation and better current steady-state 

performance are achieved by the proposed adaptive algorithm, there still exists drawbacks 

in this method, such as: large estimation overshoot and larger DC-link voltage steady-state 

oscillation which need to be dealt with. Improvements are made in the next subsection 

4.6.3 to reduce the impact of these drawback over the performance of the grid-side inverter 

system. 

 

4.6.3 Results of the Nonlinear Observer-Based Algorithm 

In this section, both the simulation and experimental results of the proposed nonlinear 

observer-based DC-link voltage control method are presented by comparing the DC-link 

voltage and grid current performance to a PI controller during input power changes. The 

nonlinear observer gains 𝑔4 = 25000  and 𝑔. = 100000  are selected to minimize the 

estimation errors during power transience. 

 

a) Comparison of simulation results 

The performance of the proposed nonlinear power observer is shown in Fig. 4.31 with a 

4kW power ramp-up change at 0.1s from 1kW to 5kW and 4kW power ramp-down change 

at 0.2s from 5kW to 1kW. As illustrated in Fig. 4.31, both the DC-link voltage and the 

input power can be rapidly estimated by the proposed nonlinear observer with minor 

estimation errors, compared with previous two observation methods. However, due to the 

use of the sign function in the nonlinear observer, there exist steady-state oscillations in 

the power estimation, as illustrated in Fig. 4.31 (b). 
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(a) 

 

(b) 

Fig. 4.31 Performance of the proposed nonlinear observer (a) DC-link voltage estimation 

(b) Input power estimation 

 

The performance of the proposed nonlinear observer-based DC-link voltage control 

algorithm is presented in Fig. 4.32 in comparing to a PI controller.  
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(a) 

 

(b) 

Fig. 4.32 Performance of the proposed nonlinear observer-based DC-link voltage control 

method (a) DC-link voltage performance (b) Grid current performance 

 

As presented in Fig. 4.32 (a), the DC-link voltage performance with the proposed nonlinear 

observer-based controller has been improved with much less voltage fluctuation compared 

with the PI controller. The proposed nonlinear method has achieved a DC-link voltage 

fluctuation of less than 5V during input power transient compared to the 35V variation 

provided by the PI controller and to the 20V variation provided by the basic observer-based 

controller and 15V of the adaptive observer-based controller. Moreover, the grid current of 
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the proposed nonlinear method reaches stable within one grid cycle, while the grid current 

of the PI controller requires three grid cycles to reach stable.  

 

b) Comparison of experimental results 

The experimental validations of the proposed nonlinear DC-link voltage control algorithm 

have been carried out on the same prototype wind generation system.  

 

 

(a) 

 

(b) 

Fig. 4.33 Experimental results of the proposed nonlinear control method (a) DC-link and 

grid current performance during an input power ramp-up event (b) DC-link voltage and 

grid current performance during an input power ramp-down event 
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(a) 

 

(b) 

Fig. 4.34 Experimental results of the PI controller (a) DC-link voltage and grid current 

performance during an input power ramp-up event (b) DC-link voltage and grid current 

performance during an input power ramp-down event 

 

The experimental results of the proposed nonlinear control are presented in Fig. 4.33 where 

the performance during an input power ramp-up event is shown in Fig. 4.33 (a), the 

transient behavior during an input power ramp-down event is shown in Fig. 4.33 (b). 

Similarly, the experimental results of the PI controller are presented in Fig. 4.34. Both the 

proposed adaptive controller and the PI controller are operated under a 4kW input power 

change ((a) a ramp-up and (b) a ramp-down) at 0.1s. 
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As illustrated by Fig. 4.33 (a), Fig. 4.33 (b), the DC-link voltage performance during input 

power changes has a variation of about 20V in both power ramp-up and ramp-down 

changes. Meanwhile, the DC-link voltage of the PI controller, as shown in Fig. 4.34 (a) 

and Fig. 4.34 (b), has a voltage fluctuation of more than 60V during input power changes. 

The grid current with the proposed controller also reaches steady states faster than the 

current with the PI controller. Moreover, among all the proposed observer-based DC-link 

voltage control methods, the nonlinear control algorithm has the best performance in 

minimizing the voltage fluctuations during input power changes. 

 

4.6.4 Summary of the simulation and experimental results 

Table 4.2 Summary of the simulation and experimental results 

  
PI Controller 

Basic 
Observer-based 
Controller 

Adaptive 
Observer-based 
Controller 

Nonlinear 
Observer-based 
Controller 

Simulation Results 
Estimation 

settling time 
NULL 20ms 40ms 2.5ms 

Maximum DC 
voltage variation 

40V 21V 17V 3V 

Settling time 50ms 50ms 40ms 10ms 
Steady state error Very small Very small Very small Very small 
Grid current THD 4.68% 4.74% 4.8% 5.28% 

Experimental Results 
Maximum 

voltage variation 
65V 40V 30V 20V 

Settling time 50ms 50ms 40ms 20ms 
Steady state error Small Small Small Small 
Grid current THD 6.48% 6.7% 5.72% 6.46% 

 

In previous subsections 4.6.1 – 4.6.3, the results of both the simulation and experiment are 

presented with detailed performance analysis. In order to summarize the performance and 
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to make general comparison of the presented controllers, a summary of the simulation and 

experimental results with key performance values is presented in Table 4.2. 

 

In general, all the proposed observer-based controller has notable improvement in the 

transient performance than the PI controller, as verified by both the simulation and 

experimental results. Moreover, among all the proposed observer-based DC-link voltage 

control methods, the nonlinear control algorithm has the best performance in minimizing 

the voltage fluctuations during rapid input power changes and has the least settling time in 

reaching steady state. 

 

4.7 Stability and Sensitivity Analysis of the Proposed Observer-based DC-

link Voltage Control Algorithms 

In order to determine the stability criteria of the proposed observer-based DC-link voltage 

control algorithms as well as to identify the effect of parameter mismatches on the proposed 

control algorithms, the stability analysis using Nyquist plot and sensitivity analysis on 

mathematical calculations are presented in this section. 

 

a) Stability analysis using transfer function 

By taking the simulation parameters into the transfer function (4.12), the stability criteria 

of the control system with the proposed DC-link voltage control algorithm can be analyzed. 

The transfer function of the system under study is presented below in (4.38). Here, the 

transfer function of the proposed input power observer is 𝑔(s) = ;OP
#@;OP

, which is designed 

to have a faster transient behavior than the PI controller. 
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  (4.38) 

 

The Nyquist plot of the transfer function (4.38) can therefore be plotted in Fig. 4.35 for 

stability analysis of the proposed control algorithm. 

 

Fig. 4.35 Nyquist plot of transfer function (4.38) 

 

The stability of the transfer function (4.38) can be determined by the Nyquist stability 

criterion. As illustrated by Fig. 4.35, the Nyquist plot of (4.38) does not encircle (-1, 0) 

point. Meanwhile, the poles of (4.38) have negative values 𝑝4 = −350, 𝑝. = −80 + 𝑗80 

and 𝑝; = −80 − 𝑗80 where all of the poles lie on the left-hand of the 𝑠-plane. Therefore, 

the transfer function (4.38) under the proposed DC-link voltage control algorithm is 

deemed stable. 
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b) Parameter mismatch analysis 

For the DC-link voltage control on the grid-side inverter, the capacitance 𝐶# of the DC-link 

capacitor bank is a key parameter in designing the proposed DC-link voltage control 

algorithm. However, the aging effect of the capacitor will result in a decrease in the 

capacitance value that creates parameter mismatches between the actual capacitance and 

the capacitance value used in the controller. In order to investigate the impact of this 

capacitance mismatch on the proposed observer-based DC-link voltage control algorithm, 

mathematical calculation is employed to determine the stable range of the system under 

such parameter mismatch. 

 

Similar to the parameter mismatch analysis presented in Section 3.4, the modified 

disturbance rejection block diagram based on Fig. 4.14 is presented in Fig. 4.36, where 

𝐾. =
W&0&*
W&12*

 is the degree of mismatch, 𝐶#'#&  is the capacitance value used for controller 

design while 𝐶#%"& is the actual capacitance of the DC-link capacitor bank, for a practical 

system, 𝐾. > 0  is always satisfied, 𝑔Q(𝑠)  represents the transfer function of the input 

power observer under the parameter mismatch. Fig 4.36 can be regarded as a combination 

of a prefilter (proposed input power observer) and a closed loop control system. 

 

Fig. 4.36 Modified control block diagram for parameter mismatch analysis 
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The transfer function of Fig. 4.36 can be formulated for stability analysis under parameter 

mismatch, which is presented in (4.39) by bringing the system and control parameter into 

consideration. Here, 𝜎4 is one of the eigenvalues of the 2x2 matrix in (4.11) for the prefilter 

which will be further explained. 

6+7
(

9'*
= $

$4=5
∗

'(
(

9%"%-%

"%'(
:;8
9%"%-%

('&%
.'
% )
= ";";..'($(

($4=5)($(%"0:'($%".;::'()
  (4.39) 

 

The stability of the system under a parameter mismatch can then be determined by the 

positions of the poles of (4.39). If the solutions of term (𝑠. + 160𝐾.𝑠 + 12800𝐾.) and 

(𝑠 − 𝜎4) are located on the left-hand 𝑠-plane within a certain range of 𝐾., the proposed DC-

link voltage control system can be proven to be stable. 

 

Term (𝑠. + 160𝐾.𝑠 + 12800𝐾.) can be further rewritten as: 

𝑌(𝑠) = 𝑠. + 160𝐾.𝑠 + 12800𝐾.																																																											
= 𝑠. + 2 ∗ 80𝐾.𝑠 + (80𝐾.). − (80𝐾.). + 12800𝐾.		
= (𝑠 + 80𝐾.). − 6400(𝐾.. − 2𝐾.)																																			

 (4.40) 

 

The solutions of 𝑌(𝑠) = 0 can be calculated as 𝑠4,. = n−80𝐾. ± 80�𝐾.. − 2𝐾.o. For any 

𝐾. > 0, the solution 𝑠4 and 𝑠. are both negative values located on the left-hand 𝑠-plane. 

 

Meanwhile, the pole positions of the prefilter (the proposed input power observer) can be 

determined by its state-space equation (4.11). The state-space equation with respect to the 

degree of mismatch 𝐾. is formulated in (4.41): 
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N�̇�%�̇�&
O = m

−ℎ% 𝐾&
&

6,/,3
−ℎ& 0

n P
𝑒%
𝑒&Q = Γ&∗& P

𝑒%
𝑒&Q   (4.41) 

 

In order to obtain a negative value of the eigenvalue 𝜎4, the eigenvalues of the matrix Γ.∗. 

must have negative values under a certain range of 𝐾.. The eigenvalues of Γ.∗. can be 

calculated by equation 𝑔(𝜎) = 0, where 𝑔(𝜎) can be expressed as: 

𝑔(𝜎) = |𝜎𝐼 − Γ&∗&| = z
𝜎 + ℎ% − &H!

6,/,3
ℎ& 𝜎

z = 𝜎& + ℎ%𝜎 + ℎ&
&H!
6,/,3

 (4.42) 

 

With the actual value for ℎ4, ℎ. and 𝐶#'#&, (4.42) can be rewritten as: 

𝑔(𝜎) = 𝜎. + 750𝜎 + 140625𝐾.																																																									
= 𝜎. + 2 ∗ 375𝜎 + 140625 − 140625 + 140625𝐾.
= (𝜎 + 375). − 375. ∗ (1 − 𝐾.)																																				

 (4.43) 

 

The solutions of the 𝑔(𝜎) = 0 can be calculated as 𝜎4,. = −375 ± 375�1 − 𝐾.. For any 

 𝐾. > 0, the solutions 𝜎4 and 𝜎. will be negative values so that the solution of term (𝑠 −

𝜎4)  locates on the left-hand 𝑠-plane. 

 

Since all the poles of the closed loop transfer function (4.39) are located on the left-hand 

𝑠-plane, the final conclusion can therefore be drawn that the proposed observer-based DC-

link voltage control system is stable even there exists a parameter mismatch of the 

capacitance 𝐶# between the actual value of the capacitor bank and the capacitance used for 

controller design. 
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4.8 Summary 

In this chapter, observer-based DC-link voltage control algorithms are designed for the 

three-phase grid-side inverter of small-scale wind generation systems to improve the 

transient performance of the DC-link under rapid input power variations.  

 

The basic observer-based control method is developed under the benefit brought by the 

feedforward compensation technique. This observer-based algorithm introduces the state 

observer into the inverter system and has proven its improvements over the PI controller. 

The adaptive observer-based control algorithm is then developed to reduce the drawbacks 

of the basic observer-based control method, such as estimation errors and delays. The 

nonlinear observer-based control method is also developed to achieve even better 

performance by integrating the transient model into the observer system. The theoretical 

analysis, simulation results and experimental results have been presented in this chapter to 

verify the effectiveness of the proposed control algorithms in improving the DC-link 

voltage performance during rapid power variations. In addition, when the nonlinear 

observer-based control method is applied, the transient performance of the entire grid-side 

inverter system is significantly improved in both the DC-link voltage and the grid current. 
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5 Conclusions and Future Work 
 

5.1 Conclusions 

This Ph.D. research focuses on the performance improvement of the small-scale wind 

generation systems particularly when operating in high wind speed regions. The developed 

algorithms and methods were verified based on both the MATLAB/SIMULINK simulation 

platform and on an experimental wind generation system testbed. 

 

Firstly, the model of the small-scale wind generation systems along with the control issues 

of the system in high wind speed regions was presented based on the mathematical analysis 

of the system. The system control issues in high wind speed regions can therefore be 

separated into two related aspects: 1. A wind turbine speed control algorithm which can be 

used to regulate the operation of the wind turbine under various wind conditions; 2. An 

electrical stall control algorithm which is used to reduce the generated aerodynamic power 

and torque of the wind turbine, maintaining operation of the system in high wind speed 

regions. 

 

Secondly, a novel adaptive wind speed control method has been proposed to improve the 

transient performance of the system under rapid speed references and wind conditions 

changes. In addition, the aerodynamic torque of the wind turbine can be accurately 

estimated by the proposed control algorithm which lies as the fundamental of the proposed 

electrical stall control method. Compared to a conventional wind turbine speed PI 

controller, the proposed control theme has exhibited a better transient performance under 
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rapid wind speed changes while maintaining identical behavior in tracking given speed 

references. Then, with the integrating of the proposed adaptive speed control method, a 

new and effective electrical stall control algorithm called “HWPR” has been developed to 

reduce the power and torque generation under high wind speeds by adjusting the rotation 

speed of the wind turbine. As illustrated in the results, the proposed HWPR can effectively 

limit the power and torque generation of the wind turbine within system limits when 

operating the system in high wind speed regions. 

 

Thirdly, while performing the proposed HWPR algorithm in high wind speed regions, the 

rapid power variations within the wind generation system cause severe DC voltage changes. 

In order to alleviate this impact, the mathematical model of DC-link and grid-side inverter 

along with conventional controller design procedure has been presented to identify this 

control problem. After the control problem as well as the limitations of the conventional 

control method are identified, novel observer-based DC-link voltage control algorithms 

have been proposed to reduce the DC-link voltage fluctuations. Compared to DC-link 

voltage PI controller, the proposed control schemes have fast transient performance so that 

the DC-link voltage can be controlled to a constant value under rapid wind power changes 

when applying HWPR. The effectiveness of the proposed observer-based control 

algorithms has been verified by results from both the simulations and experiments. 

 

5.2 Major Contributions 

A novel adaptive wind turbine speed control algorithm has been developed, which is 

designed specifically to improve the disturbance rejection capability of the wind turbine 
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speed control under rapid wind condition changes. This method has achieved significant 

improvement in the speed control performance of the small-scale wind generation system. 

 

A novel electrical stall control algorithm call HWPR has been developed to limit the wind 

turbine power and torque generation in prevention of over-rated operation in the system. It 

has been proven to be highly effective for the small-scale variable-speed fix-pitch wind 

generation system operating in high wind speed regions. 

 

Observer-based DC-link voltage control methods have also been proposed to maintain a 

constant DC-link voltage under fast power variations within the wind generation system 

when applying HWPR algorithm. The proposed control algorithms estimate the input 

power to the DC-link and provide an effective compensation for the DC-link voltage PI 

controller which enables fast input power tracking and reduces DC-link voltage 

fluctuations. 

  

5.3 Future Work 

With HWPR, the proposed algorithm has only been performed on a wind turbine testbed. 

As a result, the experimental results may not fully reflect the performance of a real wind 

generation system. Thus, the implementation of the proposed HWPR on a practical wind 

generation system is proposed for future research. Furthermore, the impact of the HWPR 

algorithm on power extraction of the wind turbine system needs to be analyzed to ensure 

the maximum wind power extraction. 
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As for the observer-based DC-link voltage control algorithm, future improvements are 

proposed with less steady state estimation oscillation of the nonlinear observer-based 

controller and better DC-link voltage performance and grid current quality for the practical 

wind generation system prototype. 
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