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Abstract 

 
This thesis deals with the analysis, modeling, and designing of control systems for 

generation systems based on the variable speed doubly-fed induction generator (DFIG). 

Although the initially adopted prime mover is a natural gas-fired internal combustion 

engine, the control structure should be general that it can be extended to other variable 

speed generation systems such as wind turbines. The DFIG operates in a distributed 

generation system and it should guarantee an uninterruptable power supply to a local 

load which is connected close to the generator. 

The control system of the DFIG generation system must guarantee stable power 

supply to the local load even in the case of grid failure. Thus, the control system must 

have different modes of operation depending on the status of the grid. The control 

system must have a grid-connected mode of operation when the generator is connected 

to the grid, and it must have a stand-alone mode of operation when the generator is 

disconnected from the grid due to a grid failure. In addition, the control system should 

guarantee a smooth transition between the different modes of operation. The transition 

from stand-alone to grid-connected requires a temporary mode of operation where the 

generator voltage is gradually synchronized with the grid voltage while the generator is 

still disconnected from the grid; this mode of operation is referred to as synchronization 

mode. 

In this work, a new decoupled control for the grid-connected mode was proposed. 

The new decoupled control is based on decoupling the stator active and reactive 

component of the stator current. Compared with the conventional decouple P-Q control 

method, which is based on decoupling the stator active and reactive power, the proposed 

decoupled control is more robust and flexible, and it requires less number of machine 

parameters. The online calculation does not require any parameter, while the controller 

design requires knowledge of the stator-to-rotor turns ratio only. 

The proposed decoupled control requires knowledge of the slip angle which 

requires a mechanical encoder. To avoid the disadvantages of mechanical encoders, a 

new slip angle estimator has been proposed. This estimator is based on rotor current 



ii 

 

estimation in the synchronous reference frame. Compared with other model-based 

estimators, the proposed estimator requires the least number of parameters; only one 

parameter which is the stator inductance. The stator inductance is the inductance 

measured at the DFIG’s stator side; this enables the proposed estimator to use real 

machine parameters. 

For stand-alone mode, the direct voltage control was investigated. The direct 

voltage control has disadvantages such as absence of slip angle information and inrush 

currents when connected to the grid. To overcome the limitations of the direct voltage 

control, we have proposed an estimator of the rotor current angle in the synchronous 

reference frame. The direct voltage control was modified to include this estimator; this 

enables the direct voltage control to obtain the slip angle, achieves smooth transition to 

the grid-connected mode, and guaranteed stable operation of the negative-sequence 

compensation through the rotor side converter. 

Using a 1.1 kW DFIG, the proposed control systems were tested with both 

simulation and experiments. The simulation was carried out using the PSCAD/EMTDC 

software. From the obtained results, the proposed control schemes are suitable for 

variable doubly-fed induction generators-based gas engine generation systems. The 

control system was general which enables applying the proposed control schemes to 

other variable speed generation systems. 
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Chapter 1 

Introduction 

 
The global demand for energy, especially electricity, is increasing at an accelerated 

rate. To fulfill this demand, fossil fuels are being burnt to convert their stored energy 

into a useful form of energy. Burning fossil fuel releases several greenhouse gases, 

especially CO2, which are posing a serious threat to the environment. To cope with the 

environmental regulations, renewable energy resources are receiving a great amount of 

interest, and wind turbines and solar cells are being installed worldwide. However, the 

renewable resources cannot guarantee a stable power supply and depends on the 

unpredicted nature.  

The demand for stable electric power supply is growing, and the internal 

combustion engines are one important source. The main applications are the stand-by 

generation, the isolated grid, and the combined operation with renewable resources. In 

this work, the internal combustion engine running on natural gas is selected as the main 

prime mover to achieve stable power supply and relatively environment-friendly 

generation. 

Among the internal combustion engines, the gasoline engine can run on natural gas 

without significant modification to the engine; it only requires special fuel system. The 

natural gas burns cleaner than other fossil fuel; that is, it releases less greenhouse gases. 

In addition, natural gas increases the lifetime of the engine and reduces the maintenance 

requirements. 

1.1 Background 

The global demand for energy is growing fast as shown in Fig. 1.1 [1]; it is 

projected to double between 2000 and 2040, where it is growing at an average annual 

rate of 2.5%. The electric power is one important energy sector. 
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Fig. 1.1: Global energy consumption by quadrillion British thermal unit [1]. 

The modern society relies greatly on electricity, which is also growing as shown in 

Fig. 1.2 [2]. To suffice this demand different sources, such as nuclear power, wind 

power, and fossil fuel, are used. 

Currently, the largest source of electricity is from fossil fuel as shown in Fig. 1.3 

[2]. Burning fossil fuel is releasing into the atmosphere a worth worrying amount of 

greenhouse gases, especially CO2. 

Many scientists around the world have related the increase in the CO2 

concentration in the atmosphere to the global warming, sea level rise, and global ocean 

temperature increase as shown in Fig. 1.4 [3]. Consequently, various meetings have 

been held, and an increased pressure on governments is being placed to regulate the 

emission of greenhouse gases. 
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Fig. 1.2: Global electricity generation by billion kilowatt-hour [2]. 

 

Fig. 1.3: Global electricity generation classified by source in 2014 [2]. 

The increased worries about environmental issues have encourage the spread of 

renewable resources especially wind turbines and solar cells. The global capacity of 
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wind turbines and solar cells are increasing annually as shown in Fig. 1.5 [4] [5]. 

The main drawbacks of the renewable resources is its dependence on nature, and 

its high investment costs. Thus, for the time being, the renewable resources cannot 

completely replace the fossil fuel generation systems. The natural gas can offer a 

replacement for other fossil fuel especially coal, because it burns cleaner and releases 

less carbon content for the same amount of generated energy. 

For the same amount of generated heat, burning natural gas produces about 30% 

less CO2 than burning petroleum, and about 45% less CO2 than burning coal. Moreover, 

coal-fired electric power generation releases around 900 kg of CO2 for every 

megawatt-hour which is almost double the amount released by natural gas-fired electric 

power plant [6] [7]. 

 

Fig. 1.4: Annual values of the atmospheric average concentration of CO2, the global surface 

temperature, and the global ocean heat contents [3]. 
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(a) Global annual installed capacity of solar cells (blue) and wind turbines (red). 

 

(b) Global cumulative installed capacity of solar cells (blue) and wind turbines (red). 

Fig. 1.5: Global annual and cumulative capacity of solar and wind energy [4] [5]. 

Currently the natural gas is an important source for energy especially electricity 

and heat. In this work, the variable speed natural gas-fired engine is adopted as the 

prime mover, and the generator of choice is the doubly-fed induction generator (DFIG). 
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1.2 Natural Gas Engines 

1.2.1 Characteristics of Natural Gas as a Fuel 

Most importantly, natural gas significantly reduces the emission of pollutants 

compared to gasoline. Non-methane hydrocarbons are reduced by approximately 50%, 

NOx by 50~87%, CO2 by 20~30% CO by 70~95%, and the combustion of natural gas 

produces almost no particulate matter [8]. 

The natural gas has a relatively high octane number (about 130), meaning that the 

engine could operate at a compression ratio of 16:1 without any risk of detonation. This 

allows using engines with higher compression ratios to improve the thermal efficiency 

by about 10 percent above that of the gasoline engine [8]. 

Natural gas improves the engine warm-up efficiency, and it mixes easily and 

evenly in air, which improves the engine performance [8]. 

The use of natural gas as a vehicle fuel is claimed to provide several benefits to the 

engine components and to reduce the maintenance requirements. It does not mix with or 

dilute the lubricating oil. It does not contain any lead, thus it does not produce deposits 

in the combustion chamber or on the spark plug. This increases the life of the piston’s 

rings and the spark plugs [8]. 

Natural gas is safer than gasoline and diesel in many aspects. The ignition 

temperature of natural gas, which is 580 °C, is higher than that of gasoline and diesel 

which is around 280 °C and 210 °C respectively. Natural gas is lighter than air and 

evaporate upward rapidly reducing the risk of fire. 

1.2.2 Internal Combustion Engines 

The internal combustion engines are designed to convert the chemical energy in the 

fuel into mechanical energy by compressing and burning the fuel. The combustion of 

the fuel moves pistons in a linear motion. The pistons are connected to a crankshaft 

which converts the pistons linear motion to a rotary motion.  

The internal combustion engines can be classified by the type of ignition into two 

types: 1) Compression ignition engines, which are also referred to as diesel engines, and 

2) spark ignition engines, which are commonly referred to as gasoline or petrol engines. 
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It is desirable for any alternative fuel to be able to replace the gasoline or diesel 

without or with minor changes to the engine structure. This would provide great 

economic savings and would encourage the shift from gasoline or diesel. In this regard, 

the natural gas is interesting, because most internal combustion engines designed to run 

on gasoline can run on natural gas without major modification except for the fuel 

delivery system. 

A.  Diesel Engine:  

The diagram of a four-stroke diesel engine is shown in Fig. 1.6. It has a piston 

which moves inside a combustion chamber. The piston is connected to the crankshaft by 

a connecting rod. At the top of the combustion chamber, there is an inlet valve, an 

exhaust valve, and a fuel injector. 

 

Fig. 1.6: Diagram of the compression ignition engine (the diesel engine) [9]. 

In a diesel engine, the air is compressed first and, then, the fuel is injected into the 

combustion chamber. The air compression ratio is high, typically between 15:1 and 22:1, 

which produces a 40-bar pressure (580 psi). The high compression causes the air 

temperature to rise to 550 °C. Thus, when the fuel is injected into the cylinder, it is 

ignited by the heat generated from air compression. 

There are four strokes which are the intake, the compression, the power, and the 

exhaust stroke. During the intake stroke, while the piston is moving down, the inlet 

valve opens up letting air in the combustion chamber. Then, the compression stroke 
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starts where the inlet valve closes, and the piston moves up compressing the air. As the 

piston reaches the top, the power or combustion stroke takes place where the fuel is 

injected into the combustion chamber at the right moment causing it to ignite and to 

force the piston downward. During the exhaust stroke, the piston moves up with the 

exhaust valve being open; this pushes the exhaust created by the combustion of the fuel 

out of the chamber. 

Natural gas is not suitable as an alternative fuel for compression ignition engines, 

because it has low Cetane number. To modify a diesel engine so that it can run on 

natural gas, dual fuel is employed as shown in Fig. 1.7. 

diesel injectornatural gas 

injector

air Exhaust

 

Fig. 1.7: Diagram of the dual-fuel diesel-gas engine [10]. 

In the dual-fuel engine, between 50% and 75% of the conventional diesel fuel is 

replaced with natural gas, which is mixed with the intake air. The diesel fuel is injected 

into the compressed mixture of air and natural gas as in a conventional diesel engine. 

The ignition of the diesel fuel ignites the natural gas, and generate mechanical energy 

with much less greenhouse gases. 

B.  Gasoline Engine: 

The gasoline engine has similar structure to a diesel engine, but it has an additional 

spark plug as shown in Fig. 1.8, which is used to ignite the fuel. Moreover, the fuel 
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enters the combustion chamber with the air through the inlet valve, and the compression 

ratio in the spark ignition engine is lower than that in the diesel engine to avoid fuel 

detonation and engine knocking. 

The gasoline engine can operate on natural gas with minor modification except for 

the fuel delivery and the injection system which needs to be modified. In this work, the 

natural gas engine refers to the gasoline engine when running on natural gas. 

 

Fig. 1.8: Diagram of the spark ignition engine (the gasoline engine) [9]. 

1.3 Review of Related Research 

The early generation systems were based on fixed speed operation, where a 

synchronous or asynchronous generator is directly connected to the grid, and it is 

rotated with a constant speed which correspond to the grid frequency. In the early 1980s, 

the variable speed operation was commercially introduced to wind turbines, but it was 

not popular until the 1990s. Since the late 1990s, most wind turbine manufacturers 

switched to variable speed turbines for power levels in the MW range [11]. 

The variable speed operation has several advantages compared with fixed speed 

operation for different generation systems: For internal combustion engine-based 

generation systems, it reduces the fuel consumption, increases the maximum attainable 

output power, and achieves a safe operation at low load condition [12] [13]. For wind 

turbines, it increases the power production, improves the power quality, and reduces 

mechanical stresses [14] [15]. For hydro-generation systems, it provides remarkable 
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improvements in energy and hydraulic conditions, improves the efficiency, and 

increases the turbine lifetime [16] [17]. 

After few years of introducing the DFIG to variable speed generation systems, it 

has become very popular, and it occupies around 50% of the wind market [18] [19] due 

to its advantages. The major advantage of the DFIG, which made it popular, is that the 

power electronic circuit have to handle a fraction of the generator’s power, usually 25% 

- 30%. This reduces the cost, the losses, and the size of the system [20] [21]. The control 

system of the power electronic circuit must guarantee a constant output frequency 

regardless of the speed variations. 

Grid-connected operation of the DFIG has received great attention. The early 

control methods were based on vector control, such in the work of Pena et al. (1996) 

[22] and Datta and Ranganathan (1999) [23], which decouples the rotor current into 

active and reactive component and controls them separately using a closed-loop 

configuration which is referred to as rotor current loop. The rotor current references are 

calculated from the desired active and reactive power using the DFIG model. The vector 

control has some advantages which are low power ripples and constant switching 

frequency, but it requires accurate information of the DFIG parameters. 

Direct torque [24] [25] and direct power control [26] [27] were proposed to further 

improve the dynamic response and reduce the dependency on machine parameters. 

However, these methods produce significant power ripples and variable switching 

frequency. Several researches proposed new techniques to overcome these issues. For 

example Zhi and Xu (2007) [28] proposed new direct power control with constant 

switching frequency, and Abad et al. (2008) [29] and Zhi et al. (2010) [30] introduced 

predictive algorithms to the direct power control. These methods have successfully 

reduced the ripples and have produced constant switching frequency, but they suffer 

from additional drawbacks such as complicated online calculations and sensitivity to 

machine parameters. 

The decoupled P-Q control was developed from the vector control by introducing 

an outer loop which generates the rotor current references [31]; this reduces the number 

of required DFIG parameters while maintaining the advantages of the vector control. 

Most of the grid-connected control methods requires the DFIG’s rotor position 

angle which can be measured using a mechanical encoder. The mechanical encoders 

have several drawbacks: it increases the system cost, increases the wiring complexity, 
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and reduces the system robustness and reliability. Consequently, considerable research 

aimed at replacing the mechanical encoder with a software estimator. 

Early estimators were based on an open loop structure as in [32]-[35] which are 

straightforward and easy to realize, but they cannot ensure stable convergence under 

parameters uncertainty or measurement noise. Closed-loop estimators have better 

disturbance rejection and better robustness against parameters inaccuracy. Among which, 

model reference adaptive systems (MRAS) observers are interesting, and they are 

widely used for speed estimation in cage induction machine drives due to their 

simplicity [36] [37]. In recent years, several MRAS observers have being proposed and 

applied to the DFIG; among which, the rotor current-based MRAS observer has very 

good performance. Some modification to MRAS observers have been proposed to 

improve them such as reducing the number of machine parameters as in [38] and [39], 

and improving the transient response as in [40] and [41]. 

Comparatively, the stand-alone operation of the DFIG has received less attention in 

the literature compared with grid-connected operation. There are mainly two control 

methods which are the vector control and the direct voltage control. Vector control [42] 

controls the generator output voltage indirectly by controlling the magnetizing current; 

this results in inaccurate output due to the voltage drop on the stator leakage inductance 

and winding resistance. The vector control was modified in [43] to generate the 

magnetizing current from the amplitude of the output voltage using a PI (Proportional- 

integral) controller; this produced accurate output voltage. The vector control methods 

require some DFIG parameters and the DFIG’s rotor position.  

The direct voltage control was proposed by Iwanski and Koczara (2004) [44]. It 

does not require any DFIG parameter, and it achieves sensorless control in terms of the 

DFIG’s rotor speed and angle. However, the direct voltage control cannot correctly 

estimate the DFIG’s rotor position and, consequently, it cannot achieve smooth 

transition to grid-connected mode, and the negative-sequence compensation through 

rotor side converter can become unstable for some loads. 

1.4 Purpose and Contribution 

The purpose of this work is to design a complete control system for the DFIG- 

based, natural gas engine-driven generation system to operate in a distributed generation 

system. The control system should be extendable to other variable speed generation 
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systems such as wind turbines. 

In this work, four contribution has been achieved: 

1. For grid-connected mode of operation, a new decoupled control was proposed 

to improve the system robustness. The proposed decoupled control is robust 

against variation in the grid voltage, variation in DFIG parameters due to 

saturation, and inaccuracy in the DFIG’s rotor position. 

2. A new slip angle estimator was proposed for grid-connected operation, which 

achieves sensorless control in terms of the DFIG’s rotor speed and position. 

The proposed estimator requires the least number of machine parameters 

compared with other model-based estimators; it requires the stator inductance 

only. The proposed estimator does not require knowledge of the stator flux 

linkage, which improves the estimator performance. 

3. For stand-alone mode of operation, a new estimator of the rotor current angle 

was proposed and integrated into the direct voltage control, which enables a 

smoother connection to the grid by reducing the inrush currents which occurs 

at the instant of DFIG connection to the grid. 

4. The direct voltage control cannot obtain the slip angle which causes the 

negative-sequence compensation through the rotor side converter to become 

unstable for some capacitive load. The modified direct voltage control has 

managed to solve this issue and extended the range of supported linear loads to 

full range.  

1.5 Thesis Outline 

In chapter 2, the merits of the variable speed operation of wind turbines and engine 

generation systems are provided and compared with the fixed speed counterparts. Then, 

the configuration and the merits of the variable speed doubly-fed induction generator 

are introduced. The concept of distributed generation systems is briefly introduced and 

explained. Finally, mathematical modeling of the DFIG and the back-to-back converter 

is carried out. 

In chapter 3, the grid-connected mode of operation is considered. First, the control 

system for the grid side converter is briefly introduced. Then, the control system for the 
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rotor side converter is addressed. The proposed decoupled control is introduced and is 

compared with the conventional decoupled P-Q control. Simulation and experiments are 

carried out to investigate the proposed decoupled control. 

In chapter 4, a new slip angle estimator based on rotor current estimation is 

introduced. First, a brief review of MRAS observers is provided, and the principle of the 

rotor current MRAS observer is explained. Then, the concept and design of the 

proposed estimator is introduced. Sensitivity analysis is provided to investigate the 

effect of inaccuracy of the DFIG’s parameters on the accuracy of the proposed estimator. 

Simulation and experiments are carried out to investigate the performance of the 

proposed estimator under different conditions. 

In chapter 5, the stand-alone operation is considered. First, the control system for 

the rotor side converter is addressed, where the conventional direct voltage control is 

presented with its limitations. Then, the proposed rotor current angle estimator is 

introduced and integrated into the direct voltage control. Then, the synchronization 

mode of operation is addressed. Finally, simulation and experiments are carried out to 

compare the performance of the conventional and the modified direct voltage control 

during stand-alone and synchronization modes. 

In chapter 6, the thesis is concluded with a conclusion. 
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Chapter 2 

Variable Speed Doubly-Fed Induction 

Generator in Distributed Generation 

Systems 

 
In this work, the variable speed natural gas-fired engine is the prime mover, and 

the generator of choice is the doubly-fed induction generator (DFIG). The target is to 

build a complete control system for the DFIG generation system to operate correctly in 

a distributed generation system. The control system should be general so that it can be 

extended to other variable speed generation systems such as wind turbines. 

The variable speed operation is attractive for different generation systems, such as 

internal combustion engines and wind turbines, because it offers several advantages 

which will be presented in the following sections. The DFIG is widely adopted in 

variable speed generation systems because it requires a converter rated at a fraction of 

the generator’s rating (25%~30%); this reduces the system cost and improves the 

efficiency. 

To meet the modern grid requirements, the DFIG should operate in a distributed 

generation system (DGS). In a DGS, several generation systems are connected to the 

grid, and a local load is connected near each generation system. The control system is 

responsible for guaranteeing an uninterruptable power supply to its local load regardless 

of the grid condition. Normally, the generator is connected to the grid, which is referred 

to as grid-connected mode, and it supports the grid by supplying active and reactive 

power. Since the grid-connected control will become unstable in case of grid failure, the 

control system must disconnect the generator from the grid, and it should regulate the 

amplitude and frequency of the generated voltage; this mode of operation is referred to 

as stand-alone mode. Consequently, the control system must support these two modes of 

operation.  
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In addition, the control system should achieve a smooth transition between the two 

modes of operation. The smooth transition from stand-alone to grid-connected mode 

requires a temporary mode of operation to gradually synchronize the generator’s output 

voltage with that of the grid; this mode of operation is referred to as synchronization 

mode. 

2.1 Variable Speed Generation Systems 

Conventional generation systems use a synchronous or asynchronous generator 

which is rotating with a fixed speed; this configuration is referred to as fixed speed 

operation. The speed of the generator corresponds to the generated voltage frequency. 

If the speed of the generator’s rotor is allowed to vary, variable speed operation is 

obtained. The variable speed operation has several advantages for different generation 

systems; however, only the internal combustion engine and the wind turbine will be 

discussed in the following sections. 

2.1.1 Internal Combustion Engine-Based Generation Systems 

A.  Fixed Speed Operation 

Internal combustion engine based power generation is conventionally fixed speed, 

and it employs a synchronous generator. The engine speed corresponds to the frequency 

of the generated voltage, and it is regulated to guarantee a constant output frequency 

even with load variation. 

If the losses are ignored, the generated electrical power is equal to the engine’s 

mechanical power. The engine’s output power characteristics are shown in Fig. 2.1 for 

four different fuel consumptions. The fixed speed operation corresponds to the red line 

in Fig. 2.1. 

In the engine characteristic graph, there is a forbidden area where operation results 

in incomplete combustion of hydrocarbons and produces glaze on the engine internal 

components such as pistons, spark plugs, fuel injectors, etc. This can reduces the 

lifetime of the engine and increases the maintenance requirement [1]. 

To avoid operation in the forbidden region a dummy load is needed. The dummy 

load is normally disconnected; it is only connected in the case of low load condition. 
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The dummy load increases the power demand above the forbidden region to achieve 

safe operation of the engine. The dummy load can be rated at up to 40% of the engine 

power. Consequently, fuel consumption is increased in the case of low load condition. 

 

Fig. 2.1: Output power of an internal combustion engine for four different fuel consumption and 

with fixed speed operation (red) [1]. 

The maximum attainable power (Pdmaxsynch) from the internal combustion engine is 

significantly smaller than the engine maximum power (Pdmax) which can be delivered at 

a higher speed. This means that the engine must be overrated and oversized for fixed 

speed operation. 

In Fig. 2.1, there is a region highlighted by yellow color which is referred to as 

optimum region. Operation in this region results in the lowest fuel consumption and, 

consequently, the best efficiency. However, this optimum region occupies a very narrow 

portion of the fixed speed operation. 

B.  Variable Speed Operation 

In variable speed operation, the speed of the engine and, consequently, of the 

generator is allowed to vary within limited range. The engine’s speed is varied with the 

output power in order to improve the fuel consumption efficiency. The engine’s output 

power characteristic with variable speed operation is shown in Fig. 2.2, where the red 
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line corresponds to the variable speed operating. 

 

Fig. 2.2: Output power of an internal combustion engine for four different fuel consumption and 

with variable speed operation (red) [1]. 

In variable speed operation, the engine avoids the forbidden region by operating at 

low speed in the case of low load condition. Consequently, there is no need for dummy 

loads. This improves the efficiency at low load condition, reduces maintenance, and 

increases the engine’s lifetime. 

By operating the engine at higher speed, in the case of high load, the maximum 

output power is increased. Consequently, the maximum attainable output power is much 

higher than that of a fixed speed; this offers size and cost savings. 

The engine speed is varied with the output power to track the minimum fuel 

consumption. Consequently, the optimum region occupies a wider portion of the 

operation region, which reduces the fuel consumption. This offers considerable savings 

and reduces the CO2 emissions. 

These advantages make the variable speed operation very attractive and we can 

expect, in the near future, that all fixed speed engines will be replaced with variable 

speed engines. 
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2.1.2 Wind Turbine-Based Generation Systems 

A.  Introduction 

The wind turbine extracts, in the form of mechanical power, a fraction of the power 

available in the wind which is, then, converted into an electrical power using a generator. 

Referring to Fig. 2.3, the power available in the wind PW that flows through a circle of 

radius R is given by (2.1), where ρ is the air density and U is the wind speed. 

𝑃𝑊 =
1

2
𝜌𝜋𝑅2𝑈3 (2.1) 

Wind speed 

(U)

R

 

Fig. 2.3: Airstream of a wind turbine [2]. 

The extracted power by the wind turbine is referred to as turbine power (PT) and is 

given by (2.2), where CP is the power coefficient of the wind turbine. 

𝑃𝑇 = 𝐶𝑃 ∙ 𝑃𝑊 (2.2) 

The power coefficient of a wind turbine is a function of the blade pitch angle (β) 

and the tip speed ratio (λ) which is defined by (2.3), where ω is the speed of the turbine 

in (rad/s).  

𝜆 =
𝜔𝑅

𝑈
 (2.3) 
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According the wind speed, there are four regions of operation for a wind turbine 

which are depicted in Fig. 2.4. 

ωcut-in

Power

Rated 
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Fig. 2.4: Operating regions of a wind turbine. 

In region 1, where the wind speed is low, the wind does not have enough power to 

rotate the turbine. Once the wind speed is above a lower limit (ωcut-in), the wind turbine 

operates in region 2, where it should obtain the maximum power possible until the 

extracted power reaches the upper limit imposed by the generator’s rating. Normally, 

the wind turbine operates in region 2. 

In region 3, the blade pitch angle is commonly employed to limit the extract power 

to the generator’s rating. For higher wind speed above ωcut-out, the turbine will 

experience sever centrifugal force which can damage the turbine. Thus, in region 4, the 

turbine is stopped by making the Cp near zero and engaging mechanical brakes. 

B.  Fixed Speed Operation 

The older wind turbines are mostly fixed speed because they are simple to build 

and easy to operate. Currently, the fixed speed operation is still in use for small size 

turbines [3].  

The fixed speed wind turbines use an asynchronous or a synchronous generator 

which are connected directly to the grid. The asynchronous generator operates with very 

narrow speed range above the synchronous speed, while the synchronous generator 

operates with a constant speed at the synchronous speed. 
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The fixed speed wind turbines has several advantages when compared with the 

variable speed wind turbines: It is cheaper, it is simpler to operate, it is mechanically 

simpler, it requires less maintenance, and it is more robust [3] [4]. 

On the other hand, fixed speed wind turbines have several disadvantages, some of 

which can be observed from Fig. 2.5 which depicts the power output of a fixed speed 

wind turbine for different wind speeds. 
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Fig. 2.5: Power characteristic of wind turbine as a function of the turbine speed for different 

wind speeds with fixed speed operation (red). 

The cut-in speed of a fixed speed turbine is higher than that of a variable speed 

turbine. In other words, the fixed speed turbine has a narrower active region of 

operation, which reduces the return-on-investment. 

The turbine speed is relatively high which can produce acoustic noise and increase 

the probability of bird collision. In addition, the relatively high speed requires a gearbox 

with high ratios or requires allowing the turbine to rotate at higher speed which requires 

the tower to withstand higher structural loads [3]; this increases the mechanical design 

complexity. 

The fixed speed turbine can operate optimally at only one wind speed; in Fig. 2.5, 

it is U1. This speed corresponds to the tip speed ratio that gives the maximum value of 

the power coefficient [5]. 

Because of fixed speed operation, fluctuation in wind speed as well as gusts 
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translates into continuous and sudden torsional torques that stresses the drive train shaft 

and the gearbox [3], and it produces fluctuation in the output power [4]. 

C.  Variable Speed Operation 

The variable speed operation of the wind turbines is popular especially with large 

turbines, because of its advantages. The power characteristic of a variable speed wind 

turbine is depicted in Fig. 2.6. 
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Fig. 2.6: Power characteristic of a wind turbine as a function of the turbine speed for different 

wind speeds with variable speed operation (red). 

From Fig. 2.6, the variable speed wind turbine can produce power at lower wind 

speeds. Thus, the variable speed turbines has an active region of operation wider than 

the fixed speed turbines [3]; this increases the return-on-investment. In addition, the 

rotor speed in region 2 is varied to maintain peak aerodynamic efficiency which 

increases the extracted power compared with the fixed speed operation [3] [5]; this 

increases the return-on-investment. 

The variable speed operation leads to a reduction in mechanical stresses, because 

the turbine will act as flywheel whose speed can vary in response to wind turbulence 

and cyclic torque variations such as those produced by tower shadow [5]. This produces 

a smoother output power which means higher power quality [5]. 

The new grid code regulation requires the wind turbines to continue operation and 

to support the grid in case of grid fault. These requirements are difficult to meet with 
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fixed speed turbines, but they can be met with variable speed turbines [3] [5]. 

The power electronic converter in variable speed wind turbines allows controlling 

the generated active and reactive powers. Furthermore, the converter enables smooth 

connection of the generator to the grid [5]; this makes variable speed turbines suitable 

for distributed generation systems [4]. 

The reduced rotor speed in slow winds significantly reduces the acoustic noise and 

the chances of bird collision [3]. 

On the other hand, variable speed wind turbines are more complex and more 

expensive, and they require more maintenance. The power electronic converter 

generates electrical noise and harmonics which requires additional filters [3] [5]. 

2.2 Variable Speed Doubly-Fed Induction Generator 

The variable speed operation of an internal combustion engine or a wind turbine 

has several advantages; however, the varying speed of the generator produces variable 

output frequency. Thus, special configuration is required to guarantee fixed frequency 

output. There are two main types of variable speed systems: The broad range and the 

limited range variable speed. 

The broad range variable speed allows the speed of the generator to vary from near 

zero to the rated speed. This configuration requires a fully rated converter to be inserted 

between the generator and the grid as shown in Fig. 2.7. This configuration normally 

uses a synchronous generator whose rotor is either a permanent magnet or a wound 

rotor. 

 

Fig. 2.7: Configuration of the broad range variable speed generation system [6]. 

The wound rotor synchronous generator allows access to the rotor windings 

through slip rings and brushes. By controlling the rotor current, the voltage and the 

reactive power at the generator’s stator terminal can be controlled. However, the losses 
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in the rotor circuit reduces the overall efficiency, and the slip rings reduce the system 

robustness and increase the maintenance requirements. 

The permanent magnet synchronous generator does not have a rotor circuit, which 

reduces the losses and increases the robustness. However, the absence of rotor circuit 

reduces the controllability of the output voltage and the reactive power. Moreover, it is 

made out of rare earth magnetic materials to provide strong magnetic field; thus the cost 

is higher. 

The broad range variable speed has some disadvantages which are: 

 The rating of the converter is equal to the generator rating which increases the 

system cost and size. 

 The losses of the converter reduces the system’s overall efficiency. 

 The converter produces harmonics and electrical noise which needs to go through 

filters to reduces them. The rating of these filters must be equal to the rating of the 

converter; this increases the system cost and design complexity. 

On the other hand, the limited range variable speed systems allow the speed to vary 

within a limited range typically 20 ~ 40% on either side of the synchronous speed. This 

configuration achieves almost all the advantages of the broad band variable speed 

operation. The limited range variable speed, which is characterized by the use of 

doubly-fed induction generator (DFIG), is depicted in Fig. 2.8. 

 

Fig. 2.8: Configuration of the limited range variable speed generation system [6]. 

The DFIG is an induction machine that has, in addition to the stator windings, rotor 

windings which are accessible through brushes and slip rings. The converter in a DFIG 
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generation system is inserted between the stator and rotor terminals, and it supplies the 

slip power which is a fraction of the generator’s power. 

The variable speed DFIG system has the following advantages: 

 The rating of the converter is a fraction of the generator’s rating which is typically 

20 ~ 40 %; this significantly reduces the cost and size of the system. 

 The system’s overall efficiency is improved by approximately 2 ~ 3 % due to 

reduced power losses of the power electronic converter. 

 The rating of the inverter’s output filter and EMI filter is reduced, this reduces the 

design complexity. 

The disadvantage of this system is the need for slip rings. The slip rings increases 

the maintenance cost especially in off-shore turbines. However, the advantages of the 

DFIG make it popular, where it occupies near 50% of the wind turbine market [7]. 

2.3 Distributed Generation Systems 

A highly civilized and information-oriented society relies greatly on electricity for 

economic activities and social life. Therefore, high reliability and stability are required 

for the power supply facilities which sustain social infrastructures [8]. 

Different types of hazards, such as earthquakes, floods, and typhoons, can cause 

blackouts; a typical countermeasure to these hazards is to have a back-up power supply 

near the facility. Originally, diesel engine-driven generators have been used for back-up 

power supply during islanding condition (stand-alone) because of their capabilities such 

as fast start-up, durability, and reliability of fuel storage [8]. 

The search for stable, reliable electricity, resulted in the evolution of distributed 

generation systems. The distributed generation systems increase the available power, 

improve the overall reliability, lower the cost, and reduce the emission of greenhouse 

gases [4]. 

The concept of a distributed generation system (DGS) assumes that the power 

network is supplied not only from the central power stations but also from many 

different local power stations. A local load is connected close to the power station so 
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that it can supply it during the loss of mains caused by, for example, breaking of the 

transmission line or permanent short circuit in the grid [9]. 

A gas engine cogeneration system is one of the promising distributed generation 

systems; it is regarded as one solution for the environmental problems, because it offer 

considerable reduction in the emission of greenhouse gases compared with other fossil 

fuel such as coal or diesel. Fig. 2.9 shows a DFIG based gas engine power system in a 

distributed generation system. 

Gas Engine

Load 1 Load 2
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Control 

System
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Fig. 2.9: DFIG based generation system in a distributed generation system. 

The system is equipped with an intelligent control system to provide all the 

different modes of operation required for DGS operation, which can be summarized by 

Fig. 2.10. 
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Fig. 2.10: Operation of the DFIG in a distributed generation system. 

The control system must be prepared to operate in stand-alone mode of operation 

during start-up or in the case of grid failure. During stand-alone mode of operation, the 
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generator supplies all or part of the local load depending on the capacity of the generator, 

where load shedding is employed to protect the DFIG from overload. The control 

system, during stand-alone, regulates the amplitude and frequency of the DFIG’s output 

voltage. In addition, the control system continuously checks the grid voltage. When the 

grid voltage is recovered, the control system must reconnect the DFIG to the grid. The 

connection must be smooth to protect the DFIG and to maintain an uninterruptable 

power supply to the local load.  

The smooth connection to the grid requires a temporary mode of operation which 

is the synchronization mode. During this mode, the control system gradually 

synchronizes the DFIG’s output voltage with that of the grid. Once the two voltages are 

synchronized, the control system reconnects the DFIG by closing the grid-connecting- 

switch (GCS).  

The synchronization mode achieves zero voltage switching of the GCS, it 

significantly reduces the inrush currents, and it protects the local load and the DFIG 

from sudden phase change which can cause tripping of electrical equipment and inflect 

mechanical stresses on the DFIG’s shaft. Once the GCS is closed, the control system is 

switched to grid-connected mode of operation where it supports the grid by controlling 

the generated active and reactive power. 

To ensure an uninterruptable power supply when the DFIG is to be disconnected 

from the grid due to a grid failure, the control system should be equipped with mains 

outage detection algorithms based on voltage amplitude and frequency detection [9]. 

2.4 System Modelling 

The electrical circuit of a DFIG system is depicted in Fig. 2.11. It consists of a 

DFIG, and two converters which are connected to a common dc-link: The grid side 

converter (GSC) and the rotor side converter (RSC). The GSC operates as an active 

rectifier which regulates the dc-link voltage by exchanging power with the ac grid.  

The RSC controls the angle and amplitude of the DFIG’s rotor currents to control 

the frequency and amplitude of the generated voltage during stand-alone operation or to 

control the generated active and reactive power during grid-connected operation. 
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Fig. 2.11: Schematic diagram of the electrical circuit of a DFIG system. 

2.4.1 dq-Transformation 

In this work, the modeling and the control of the DFIG system are carried out in 

the synchronous reference frame which requires performing the dq-transformation. The 

dq-transformation converts the ac voltages and currents into dc quantities; this allows 

the use of classical control methods which significantly simplifies the control design. 

The dq-transformation is a time domain to time domain transformation which 

converts a three-phase system from the stationary reference frame into a rotating 

reference frame. 

The dq-transformation is defined by a matrix multiplication as in (2.4), where vo is 

the zero-sequence component which represents the common mode voltage. The zero- 

sequence component is zero for three wire systems. 

(

𝑣𝑑
𝑣𝑞
𝑣0
) = 𝑇(𝜃) (

𝑣𝑎
𝑣𝑏
𝑣𝑐
) (2.4) 

There are different definition of the transformation matrix T; in this work we adopt 

the definition of (2.5), where θ = ωt and ω is equal to the voltage angular frequency. 
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 (2.5) 

Since three-wire system is adopted in this work, the zero-sequence component is 

always zero and is dropped; thus, the dq-transformation matrix is redefined by (2.6). 
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𝑇(𝜃) = √
2

3
(
cos(𝜃) cos (𝜃 −

2𝜋

3
) cos (𝜃 +

2𝜋

3
)

− sin(𝜃) − sin (𝜃 −
2𝜋

3
) − sin (𝜃 +

2𝜋

3
)

) (2.6) 

By using a balanced three-phase voltage which is given by (2.7), the dq- 

transformation is given by (2.8), where φ = ωt + φ0, where φ0 is the initial voltage angle. 

(

𝑣𝑎
𝑣𝑏
𝑣𝑐
) = 𝑉

(

 
 

cos(𝜑)

cos (𝜑 −
2𝜋

3
)

cos (𝜑 +
2𝜋

3
)
)

 
 

 (2.7) 

(
𝑣𝑑
𝑣𝑞
) = 𝑉√

3

2
(
cos(𝜑 − 𝜃)

sin(𝜑 − 𝜃)
) (2.8) 

The dq-transformation can also be represented in the complex plane using the 

vector diagram of Fig. 2.12. 

a

b

c

Im

Re

dq

˗θ

ω

˗φ

v

 

Fig. 2.12: Vector diagram of three-phase system. 

The vector representation of the three-phase voltage of (2.7) is given in the 

stationary reference frame (abc-frame) by (2.9), where V is the voltage amplitude. 

𝑣⃗ = √
2

3
(𝑣𝑎 + 𝑣𝑏𝑒

−𝑗2𝜋/3 + 𝑣𝑐𝑒
𝑗2𝜋/3  ) = 𝑉√

3

2
𝑒−𝑗𝜑 

(2.9) 
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The vector representation of (2.9) in the dq-frame is given by (2.10) 

(𝑣⃗)𝑑𝑞 = 𝑉√
3

2
𝑒𝑗(𝜑−𝜃) (2.10) 

Consequently, using the vector representation, the dq-transformation is defined by 

(2.11), where the star superscript ( * ) represents the complex conjugate. 

(𝑣⃗)𝑑𝑞 = 𝑒−𝑗𝜃𝑣⃗∗ (2.11) 

2.4.2 Modeling of the DFIG 

Since the DFIG is an induction machine, the mechanical speed can differ from the 

frequency of the stator voltage. The equivalent mechanical speed of a two-pole machine 

is denoted as ωm, and the angular frequency of the generated voltage, which is the 

synchronous angular frequency, is denoted as ωs. The mechanical speed is related to the 

DFIG’s rotor speed ωrotor by the number of poles (p) of the DFIG as in (2.12). 

𝜔𝑚 =
𝑝

2
𝜔𝑟𝑜𝑡𝑜𝑟 (2.12) 

A simplified representation of the cross section of a DFIG is depicted in Fig. 2.13.  

−θm

A

B

C

a

b

c

Stator

Rotor

vas

vcs

vbs

vas

vcs

vbs

ωm

 

Fig. 2.13: Symbolic representation of the cross section of a DFIG. 

The DFIG has two three-phase reference frames: One is the stationary reference 

frame which is fixed to the stator windings (ABC), and the other is the rotor reference 
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frame which is fixed to the rotor windings (abc). The mechanical angle θm is the angle 

between the ABC-frame and the abc-frame. 

The single phase equivalent circuit of the DFIG is depicted in Fig. 2.14. 

LσsRs Lσr Rr

vs vr

is ir

ωm

Ns

Nr

dψs

dt
—

dψr

dt
—

 

Fig. 2.14: Single-phase equivalent circuit of a DFIG. 

The voltage equations across the stator and rotor sides are given by (2.13) and 

(2.14) respectively. 

{
 
 

 
 𝑣𝑠𝑎 = −𝑅𝑠𝑖𝑠𝑎 +

𝑑𝜓𝑠𝑎
𝑑𝑡

𝑣𝑠𝑏 = −𝑅𝑠𝑖𝑠𝑏 +
𝑑𝜓𝑠𝑏
𝑑𝑡

𝑣𝑠𝑐 = −𝑅𝑠𝑖𝑠𝑐 +
𝑑𝜓𝑠𝑐
𝑑𝑡

 (2.13) 

{
 
 

 
 𝑣𝑟𝑎 = 𝑅𝑟𝑖𝑟𝑎 +

𝑑𝜓𝑟𝑎
𝑑𝑡

𝑣𝑟𝑏 = 𝑅𝑟𝑖𝑟𝑏 +
𝑑𝜓𝑟𝑏
𝑑𝑡

𝑣𝑟𝑐 = 𝑅𝑟𝑖𝑟𝑐 +
𝑑𝜓𝑟𝑐
𝑑𝑡

 (2.14) 

Using the vector representation of (2.9), we get (2.15) and (2.16), which are 

represented in the stationary and the rotor reference frame respectively. 

𝑣⃗𝑠 = −𝑅𝑠𝑖𝑠 +
𝑑𝜓⃗⃗𝑠
𝑑𝑡

 (2.15) 

𝑣⃗𝑟 = 𝑅𝑟𝑖𝑟 +
𝑑𝜓⃗⃗𝑟
𝑑𝑡

 (2.16) 

The rotor currents and voltages can only be measured at the slip rings of the DFIG; 

that is, they are measured in the rotor reference frame. To write the flux linkage, the 

rotor and stator currents must be expressed in the same reference frame, which will be 
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the stator stationary reference frame. Since the rotor reference frame is rotating relative 

to the stationary reference frame with the mechanical angular frequency ωm, the rotor 

current can be expressed in the stationary reference frame, which is denoted by an S 

subscript, using (2.17). 

(𝑖𝑟)𝑆 = 𝑒−𝑗𝜃𝑚𝑖𝑟 (2.17) 

Using (2.17), the stator and rotor flux linkage are given by (2.18) and (2.19) 

respectively, where Lσs is the stator leakage inductance, Lσr is the rotor leakage 

inductance, Lm is the mutual inductance, and Lm = Nr/Ns Ls = Ns/Nr Lr.  

𝜓⃗⃗𝑠 = −(𝐿𝑠 + 𝐿𝜎𝑠)𝑖𝑠 + 𝐿𝑚(𝑖𝑟)𝑆 (2.18) 

(𝜓⃗⃗𝑟)𝑆 = −𝐿𝑚𝑖𝑠 + (𝐿𝑟 + 𝐿𝜎𝑟)(𝑖𝑟)𝑆 (2.19) 

The dq-transformation of a rotor quantity is defined by (2.20), where * is the 

complex conjugate. 

(𝑣⃗𝑟)𝑑𝑞 = 𝑒−𝑗(𝜃𝑠−𝜃𝑚)𝑣⃗𝑟
∗
 (2.20) 

Consequently, the mathematical model of the DFIG in the synchronous reference 

frame is obtained by applying the dq-transformation to (2.15)-(2.19), and it is given by 

(2.21)-(2.24). 

(𝑣⃗𝑠)𝑑𝑞 = −𝑅𝑠(𝑖𝑠)𝑑𝑞 +
𝑑(𝜓⃗⃗𝑠)𝑑𝑞
𝑑𝑡

+ 𝑗𝜔𝑠(𝜓⃗⃗𝑠)𝑑𝑞 (2.21) 

(𝑣⃗𝑟)𝑑𝑞 = 𝑅𝑟(𝑖𝑟)𝑑𝑞 +
𝑑(𝜓⃗⃗𝑟)𝑑𝑞
𝑑𝑡

+ 𝑗(𝜔𝑠 − 𝜔𝑚)(𝜓⃗⃗𝑟)𝑑𝑞 (2.22) 

(𝜓⃗⃗𝑠)𝑑𝑞 = −
(𝐿𝑠 + 𝐿𝜎𝑠)(𝑖𝑠)𝑑𝑞 + 𝐿𝑚(𝑖𝑟)𝑑𝑞 (2.23) 

(𝜓⃗⃗𝑟)𝑑𝑞 = −𝐿𝑚
(𝑖𝑠)𝑑𝑞 + (𝐿𝑟 + 𝐿𝜎𝑟)(𝑖𝑟)𝑑𝑞 (2.24) 

The equivalent circuit of the DFIG can be obtained from the previous equations, 

and it is depicted in Fig. 2.15. 
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(vs)dq

→
+
‒

Rs Lσs(is)dq

→

+‒

jωs (ψs)dq

→

(vr)dq

→
+
‒

RrLσr (ir)dq

→

+ ‒

jωr (ψr)dq

→

d
dt
—(ψs)dq

→ d
dt
—(ψr)dq

→

NrNs

 

Fig. 2.15: Equivalent circuit of the DFIG in the dq-frame. 

It is also important to calculate the active and reactive power and the torque. The 

stator active and reactive power is calculated in the stationary reference frame using 

(2.25) and (2.26). 

𝑝𝑠 = 𝑣𝑠𝑎𝑖𝑠𝑎 + 𝑣𝑠𝑏𝑖𝑠𝑏 + 𝑣𝑠𝑐𝑖𝑠𝑐 (2.25) 

𝑞𝑠 =
1

√3
[(𝑣𝑠𝑏 − 𝑣𝑠𝑐)𝑖𝑠𝑎 + (𝑣𝑠𝑐 − 𝑣𝑠𝑎)𝑖𝑠𝑏 + (𝑣𝑠𝑎 − 𝑣𝑠𝑏)𝑖𝑠𝑐] (2.26) 

Using the vector representation, the active and reactive power are given in the 

stationary reference frame by (2.27) and (2.28) and in the dq-frame by (2.29) and (2.30). 

𝑝𝑠 = Re{𝑣⃗𝑠
∗
∙ 𝑖𝑠} (2.27) 

𝑞𝑠 = Im{𝑣⃗𝑠
∗
∙ 𝑖𝑠} (2.28) 

𝑝𝑠 = Re{(𝑣⃗𝑠)𝑑𝑞 ∙ (𝑖𝑠)𝑑𝑞
∗
} (2.29) 

𝑞𝑠 = Im{(𝑣⃗𝑠)𝑑𝑞 ∙ (𝑖𝑠)𝑑𝑞
∗
} (2.30) 

The electromagnetic torque in the stationary reference frame is given by (2.31) and 

(2.32). 

𝑇𝑒 =
𝑝

2
∙
1

√3
[(𝜓𝑟𝑐 − 𝜓𝑟𝑏)𝑖𝑟𝑎 + (𝜓𝑟𝑎 − 𝜓𝑟𝑐)𝑖𝑟𝑏 + (𝜓𝑟𝑏 − 𝜓𝑟𝑎)𝑖𝑟𝑐] (2.31) 

𝑇𝑒 =
𝑝

2
Im{𝜓⃗⃗𝑟 ∙ 𝑖𝑟

∗
} (2.32) 

The electromechanical torque is given in the dq-frame by (2.33). 

𝑇𝑒 =
𝑝

2
Im {(𝜓⃗⃗𝑟)𝑑𝑞

∗
∙ (𝑖𝑟)𝑑𝑞} 

(2.33) 
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Finally, the mechanical dynamics is approximated by (2.34), where J is mechanical 

inertia and Td is the prime mover torque (driving torque). 

𝐽
𝑑

𝑑𝑡
𝜔𝑟𝑜𝑡𝑜𝑟 = 𝑇𝑑 − 𝑇𝑒 (2.34) 

2.4.3 Modeling of the RSC’s Circuit 

In this work the inverter of choice is the simple three-phase three-level inverter as 

shown in Fig. 2.16 which depicts the RSC circuit. 

There are two main methods to generate the gating signals for the inverter’s 

transistors: The sinusoidal pulse width modulation (SPWM) and the space vector 

modulation (SVM). In this work, we have chosen the SPWM because it is more suitable 

for use with dq-transformation. 

ira

irb

irc

Rrsc Lrsc

Rrsc Lrsc

Rrsc Lrsc

Cdcedc

a

Sa Sb Sc

Sa Sb Sc

DFIG
P

N

b

c

vra

vrb

vrc

era

erb

erc

 

Fig. 2.16: RSC circuit. 

The modelling is based on the following assumptions: 

1. The transistors turns on and off instantly without delay, rise time or fall time. 

2. The effect of the dead-time of the transistor’s gating signals is ignored. 

3. The RSC circuit is a three-wire circuit; that is ira + irb + irc = 0. 

4. The dc-link voltage is assumed well-regulated and constant. 

The SPWM generates pulses with varying widths which enables controlling the 

output voltage. The choice of pulse widths enables eliminating and generating certain 

harmonics. In SPWM, the pulses are generated by comparing a triangular signal at high 

frequency with three-phase sinusoidal signals at the desired frequency as shown in Fig. 
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2.17. This generates the desired sine wave signals with additional harmonics at higher 

frequencies which can be filtered easily. 

vtri ura urb urc

vAN

vBN

vAB = vAN − vBN

(a)

(b)

(c)

(d)

Fundamental 

component of vAB

edc

edc

edc

 

Fig. 2.17: Waveforms of three-phase SPWM. 

When the sine signal is higher than the triangular signal the output is connected to 

the positive rail (P) by turning on the upper transistor, and in the opposite case the 

output is connected to the negative rail by turning on the lower transistor. 

To derive a mathematical model of the RSC, we must define switching functions 

for each output of the RSC which express their status. Since the dead-time is ignored, 
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there is only two possible status of an output: being connected to the positive rail (P) or 

being connected to the negative rail (N). Then, the switching functions are defined 

mathematically by (2.35) 

𝑢𝑟𝑘 = {
   1   𝑖𝑓   𝑆𝑘 = 𝑂𝑛  
−1   𝑖𝑓   𝑆𝑘 = 𝑂𝑓𝑓

   𝑓𝑜𝑟   𝑘 = {𝑎, 𝑏, 𝑐} (2.35) 

Using the switching functions, the line-to-line terminal voltages of the RSC can be 

written as in (2.36). 

{
 
 

 
 𝑣𝑎𝑏 = 𝑣𝑎𝑁 − 𝑣𝑏𝑁 =

1

2
(𝑢𝑟𝑎 − 𝑢𝑟𝑏)𝑒𝑑𝑐

𝑣𝑏𝑐 = 𝑣𝑏𝑁 − 𝑣𝑐𝑁 =
1

2
(𝑢𝑟𝑏 − 𝑢𝑟𝑐)𝑒𝑑𝑐

𝑣𝑐𝑎 = 𝑣𝑐𝑁 − 𝑣𝑎𝑁 =
1

2
(𝑢𝑟𝑐 − 𝑢𝑟𝑎)𝑒𝑑𝑐

 (2.36) 

On the other hand, the line (line-to-neutral) voltages of the RSC are given by 

(2.37). 

{
 
 

 
 𝑒𝑟𝑎 =

1

3
(2𝑣𝑎𝑏 + 𝑣𝑏𝑐)

𝑒𝑟𝑎 =
1

3
(2𝑣𝑏𝑐 + 𝑣𝑐𝑎)

𝑒𝑟𝑐 =
1

3
(2𝑣𝑐𝑎 + 𝑣𝑎𝑏)

 (2.37) 

By combining (2.36) and (2.37), the relation between the line-voltages of the RSC 

and the switching functions is obtained, and it is given in matrix form in (2.38). 

(

𝑒𝑟𝑎
𝑒𝑟𝑏
𝑒𝑟𝑐
) =

𝑒𝑑𝑐
6
(
   2 −1 −1
−1    2 −1
−1 −1    2

) (

𝑢𝑟𝑎
𝑢𝑟𝑏
𝑢𝑟𝑐

) (2.38) 

On the other hand, the DFIG’s rotor voltages are related to the rotor current and the 

RSC output voltage as shown in (2.39), which can be rewritten in matrix form as in 

(2.40).  
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{
 
 

 
 𝑣𝑟𝑎 = −𝐿𝑟𝑠𝑐

𝑑

𝑑𝑡
𝑖𝑟𝑎 − 𝑅𝑟𝑠𝑐𝑖𝑟𝑎 + 𝑒𝑟𝑎

𝑣𝑟𝑏 = −𝐿𝑟𝑠𝑐
𝑑

𝑑𝑡
𝑖𝑟𝑏 − 𝑅𝑟𝑠𝑐𝑖𝑟𝑏 + 𝑒𝑟𝑏

𝑣𝑟𝑐 = −𝐿𝑟𝑠𝑐
𝑑

𝑑𝑡
𝑖𝑟𝑐 − 𝑅𝑟𝑠𝑐𝑖𝑟𝑐 + 𝑒𝑟𝑐

 (2.39) 

(

𝑣𝑟𝑎
𝑣𝑟𝑏
𝑣𝑟𝑐
) = −𝐿𝑟𝑠𝑐

𝑑

𝑑𝑡
(
𝑖𝑟𝑎
𝑖𝑟𝑏
𝑖𝑟𝑐

) − 𝑅𝑟𝑠𝑐 (
𝑖𝑟𝑎
𝑖𝑟𝑏
𝑖𝑟𝑐

) + (

𝑒𝑟𝑎
𝑒𝑟𝑏
𝑒𝑟𝑐
) (2.40) 

The model of the RSC circuit is described in the rotor reference frame using (2.38) 

and (2.40). 

To obtain this model in the dq-frame, we need to apply the dq-transformation to 

(2.20) to (2.38) and (2.40). This requires the following definitions, where θr is the slip 

angle which is equal to θs – θm: 

(
𝑒𝑟𝑑
𝑒𝑟𝑞
) = 𝑇(𝜃𝑟) (

𝑒𝑟𝑎
𝑒𝑟𝑏
𝑒𝑟𝑐
) (2.41) 

(
𝑢𝑟𝑑
𝑢𝑟𝑞

) = 𝑇(𝜃𝑟) (

𝑢𝑟𝑎
𝑢𝑟𝑏
𝑢𝑟𝑐

) (2.42) 

Then, the mathematical model of the RSC circuit model in the dq-frame is given 

by the following equations: 

(
𝑒𝑟𝑑
𝑒𝑟𝑞
) =

𝑒𝑑𝑐
2
(
𝑢𝑟𝑑
𝑢𝑟𝑑

) (2.43) 

(
𝑣𝑟𝑑
𝑣𝑟𝑞

) = −𝐿𝑟𝑠𝑐
𝑑

𝑑𝑡
(
𝑖𝑟𝑑
𝑖𝑟𝑞
) − 𝑅𝑟𝑠𝑐 (

𝑖𝑟𝑑
𝑖𝑟𝑞
) − 𝜔𝑟𝐿𝑟𝑠𝑐 (

−𝑖𝑟𝑞
𝑖𝑟𝑑

) + (
𝑒𝑟𝑑
𝑒𝑟𝑞
) (2.44) 

2.4.4 Modeling of the GSC’s Circuit 

The GSC circuit is depicted in Fig. 2.18. 
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Fig. 2.18: GSC circuit. 

The modeling of the GSC circuit is similar to the modeling of the RSC circuit. 

However, the assumption that the dc-link voltage is constant is dropped and is replaced 

with the assumption that the RSC can be approximated by a purely resistive load. Since 

the dc-link is now an RC circuit, there is one more additional equation. 

Similar to (2.38) and (2.40), the voltage equations at the GSC inputs are in the 

stationary reference frame given by (2.45) and (2.46). 

(

𝑒𝑔𝑎
𝑒𝑔𝑏
𝑒𝑔𝑐
) =

𝑒𝑑𝑐
6
(
   2 −1 −1
−1    2 −1
−1 −1    2

) (

𝑢𝑔𝑎
𝑢𝑔𝑏
𝑢𝑔𝑐

) (2.45) 

(

𝑣𝑔𝑎
𝑣𝑔𝑏
𝑣𝑔𝑐

) = 𝐿𝑔𝑠𝑐
𝑑

𝑑𝑡
(
𝑖𝑡𝑎
𝑖𝑡𝑏
𝑖𝑡𝑐

) + 𝑅𝑔𝑠𝑐 (
𝑖𝑡𝑎
𝑖𝑡𝑏
𝑖𝑡𝑐

) + (

𝑒𝑔𝑎
𝑒𝑔𝑏
𝑒𝑔𝑐
) (2.46) 

The dc-link voltage can be express mathematically by (2.47). 

𝑑

𝑑𝑡
𝑒𝑑𝑐 =

1

2 ∙ 𝐶𝑑𝑐
(𝑢𝑔𝑎𝑖𝑡𝑎 + 𝑢𝑔𝑏𝑖𝑡𝑐 + 𝑢𝑔𝑐𝑖𝑡𝑐) −

𝑒𝑑𝑐
𝑅𝑑𝑐𝐶𝑑𝑐

 (2.47) 

To obtain the mathematical model in the synchronous reference frame, we need the 

following definitions: 

(
𝑒𝑔𝑑
𝑒𝑔𝑞

) = 𝑇(𝜃𝑠) (

𝑒𝑔𝑎
𝑒𝑔𝑏
𝑒𝑔𝑐
) (2.48) 
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(
𝑢𝑔𝑑
𝑢𝑔𝑞

) = 𝑇(𝜃𝑠) (

𝑢𝑔𝑎
𝑢𝑔𝑏
𝑢𝑔𝑐

) (2.49) 

Moreover, with simple mathematical manipulation, (2.50) is derived. 

𝑢𝑔𝑎𝑖𝑡𝑎 + 𝑢𝑔𝑏𝑖𝑡𝑐 + 𝑢𝑔𝑐𝑖𝑡𝑐 = 𝑢𝑔𝑑𝑖𝑡𝑑 + 𝑢𝑔𝑞𝑖𝑡𝑞 (2.50) 

Then, the mathematical model of the GSC circuit in the synchronous reference 

frame is given by (2.51)-(2.53). 

(
𝑒𝑔𝑑
𝑒𝑔𝑞

) =
𝑒𝑑𝑐
2
(
𝑢𝑔𝑑
𝑢𝑔𝑞

) (2.51) 

(
𝑣𝑔𝑑
𝑣𝑔𝑞

) = 𝐿𝑔𝑠𝑐
𝑑

𝑑𝑡
(
𝑖𝑡𝑑
𝑖𝑡𝑞
) + 𝑅𝑔𝑠𝑐 (

𝑖𝑡𝑑
𝑖𝑡𝑞
) + 𝜔𝑠𝐿𝑔𝑠𝑐 (

−𝑖𝑡𝑞
𝑖𝑡𝑑

) + (
𝑒𝑔𝑑
𝑒𝑔𝑞

) (2.52) 

𝑑

𝑑𝑡
𝑒𝑑𝑐 =

1

2 ∙ 𝐶𝑑𝑐
(𝑢𝑔𝑑𝑖𝑡𝑑 + 𝑢𝑔𝑞𝑖𝑡𝑞) −

𝑒𝑑𝑐
𝑅𝑑𝑐𝐶𝑑𝑐

 (2.53) 
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Chapter 3 

Grid-Connected Mode of Operation 

 
Normally, the DFIG is connected to the grid and operates in the grid-connected 

mode, as in Fig. 3.1; this is why this mode had received a great deal of attention and 

several controllers have been proposed in the literature. 

The control system of the grid-connected DFIG is composed of two main 

controllers; one to generate the gating signals for the RSC and another for the GSC. The 

controller for the GSC is the same during stand-alone and grid-connected mode, and it 

has to regulate the dc-link voltage and to supply reactive power. This topic is 

well-established in the literature, and will be covered briefly in this chapter. 

Grid

DFIGωm

vs

is

Tr
ir Lrsc 3 ~

=

RSC

3 ~

=

GSCvdc Lgsc

vg

Control System

 

Fig. 3.1: Schematic diagram of the grid-connected DFIG. 

The controller for RSC must regulate the generated active and reactive power by 

controlling the rotor currents. Early techniques are based on vector control [1] [2], 

which decouples the rotor current into active and reactive components and controls 

them using a rotor current loop. More recently, direct torque [3] [4], direct power [5] [6], 

and decoupled P-Q control [7] were introduced and applied in the industry. 

In this chapter a new decoupled control is introduced and analyzed. This control is 

based on the decoupling between the active and reactive components of the stator 

current in the dq-frame. To appreciate the proposed decoupled control, it will be 
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compared with the conventional decoupled P-Q control 

3.1 Control of the GSC 

3.1.1 Phase-Locked Loop (PLL) 

Since the stator and rotor quantities are dc-components in the dq-frame, the control 

system design in this frame is significantly simplified. This, however, requires obtaining 

the angle of grid voltage which is used in the dq-transformation. This can be 

accomplished by employing a phase-locked loop (PLL) circuit. 

A.  Concept 

Most applications of static converters, which are connected or to be connected to 

the utility grid, require knowledge of the angle of the grid voltage which is referred to as 

the synchronous angle. The PLL circuit allows tracking the synchronous angle 

continuously and accurately. Normally, the PLL circuit aligns the d- or q-axis with 

either the grid voltage or the stator flux. In this work, we chose aligning the d-axis with 

the grid voltage. 

The PLL circuit is designed in the dq-frame, which requires performing the 

dq-transformation on the grid voltage of (3.1), where φg = ωg t + φ0. 

(

𝑣𝑔𝑎
𝑣𝑔𝑏
𝑣𝑔𝑐

) = 𝑉𝑔

(

  
 

cos(𝜑𝑔)

cos (𝜑𝑔 −
2𝜋

3
)

cos (𝜑𝑔 +
2𝜋

3
))

  
 

 (3.1) 

Using the dq-transformation defined by (2.6), we get (3.2) where θg = ωg t + θ0 is 

the transformation angle. 

(
𝑣𝑔𝑑
𝑣𝑔𝑞

) = √
3

2
𝑉𝑔 (

cos(𝜑𝑔 − 𝜃𝑔)

sin(𝜑𝑔 − 𝜃𝑔)
) (3.2) 

To align the d-axis with the grid voltage, the q-component must become zero. 

When the q-component is zero, the two angles are equal, and the PLL circuit will obtain 
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the synchronous angle. 

To force the grid q-voltage to zero, a PI controller followed by an integrator is used. 

To eliminate the grid voltage amplitude from the transfer function of the PLL circuit, the 

grid q-voltage is divided by the grid voltage amplitude. 

Therefore, the block diagram of the PLL circuit is depicted in Fig. 3.2. 

abc→dq

vga

vgb

vgc ÷

2 2

gd gqv v

PI 1
+

+

ω0

ωg

vgd

vgq

LPF 1

LPF 1
1
s——

θg

 

Fig. 3.2: Schematic diagram of the PLL circuit. 

Some literatures had addressed some operational issues related to stability of the 

PLL circuit in the dq-frame and suggested solutions to them [8], which are adopted in 

this work. 

In [8], low pass filters (LPF) for the grid d- and q-voltage are employed to reduce 

voltage distortion and harmonics. To ensure stability during start up, the PLL circuit has 

an initial frequency which is equal to the rated grid frequency (ω0 = 2πf0). It was shown 

in [8] that with zero initial frequency, the PLL can fail in tracking the synchronous angle 

during start-up under some adverse conditions.  

In addition, the PI controller has an anti-windup, upper and lower saturation limits. 

The lower saturation limit is needed to avoid instability caused by subharmonics. The 

oscillations caused by subharmonics can pull the stable point of operation of the PLL to 

that subharmonic frequency if no limit is employed. The anti-wind up algorithm is 

needed to avoid oscillation in the output frequency which can take place under adverse 

conditions [8]. 

B.  Controller Design 

The task of controller design involves selecting the parameters of the PI controller 

which are the proportional Kp and the integral gain Ki, and selecting the order and the 

cut off frequency of the low pass filters. The low pass filter is a simple first order filter. 
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The control model of the PLL circuit is derived from (3.2) and Fig. 3.2, and it is 

depicted in Fig. 3.3. This model is nonlinear, because of the sine function. To simplify 

the controller design, small signal model is considered.  

For small variation around the synchronous angle, the sine function can be 

approximated by a unity gain, sin(x) ≈ x. 

1
Tf s + 1−

+
φg Kps + Ki

s
1
s

—sine
θgωg

LPF 1 PI 1

——— ———

 

Fig. 3.3: Control model of the PLL circuit. 

The cut-off frequency of the filter (LPF 1) should be low to attenuate unwanted 

noise, but it should not be too low to avoid disturbing the PLL circuit performance. 

Usually, it is selected ten times higher than the bandwidth of the PLL circuit.  

Thus, it can be ignored in the transfer function of the PLL circuit.  

Since the cut-off frequency is much smaller than the bandwidth of the PLL circuit, 

it can be ignored and, consequently, the simplified transfer function of the small signal 

model of the PLL circuit is given by (3.3). 

𝜃𝑔

𝜑𝑔 − 𝜃𝑔
≈
𝐾𝑝𝑠 + 𝐾𝑖

𝑠2
 (3.3) 

To simplify the selection of the PI controller’s parameters, we propose introducing 

new parameters which are related to the PI parameters as in (3.4). 

{
𝐾𝑖 = 𝜔𝑘

2

𝐾𝑝 = 𝛼 ∙ 𝜔𝑘
 (3.4) 

Substituting (3.4) into (3.3), the transfer function is written as in (3.5). 

𝜃𝑔

𝜑𝑔 − 𝜃𝑔
≈
𝜔𝑘

2

𝑠2
(𝛼

𝑠

𝜔𝑘
+ 1) (3.5) 

By normalizing the frequency (s) to ωk, the different performance criteria, such as 

the rise time and the overshoot, becomes functions of α only. In this work, we have 

chosen the bandwidth of (3.5), which is referred to as ωbw, and the output’s overshoot as 

design criteria. The bandwidth should be large to have fast response, but small to 



49 

 

attenuate harmonics of the grid voltage. The first harmonic occurs in the dq-frame at the 

grid frequency; thus the bandwidth should around ten times smaller than the ωg. 

The variation of the normalized bandwidth and the overshoot are depicted in Fig. 

3.4 as functions of α. 

 

Fig. 3.4: The overshoot and the normalized bandwidth of the PLL circuit 

as functions of α. 

Using the desired overshoot, the value of α and the normalized bandwidth are 

determined from Fig. 3.4. Then, using the desired bandwidth, the value of ωk is obtained. 

Using the values of α and ωk, the PI parameters are selected. 

In this work, the overshoot was selected around 8% only, which corresponds to α 

equal to 3.5 and a normalized bandwidth equal to around 2.8. The bandwidth ωbw is 

selected around nine times small than ωg (ωbw = 40). 

Finally, the cut-off frequency of the low pass filter was selected (500 rad/s) slightly 

more than ten times higher than the ωbw to avoid disturbing the performance of the PLL 

circuit. 

3.1.2 DC-Link Controller 

A.  Concept 

In this work, a transformer, with a turns ratio of N2/N1 = 0.5, is inserted between 

the grid and the GSC, as shown in Fig. 3.5. 



50 

 

ita

itb

itc
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vgb
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~~~
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N2 : N1

 

Fig. 3.5: GSC circuit. 

To simplify the model, the transformer is assumed ideal, and the voltage at its 

secondary terminals is equal to the primary voltage multiplied by aT = N2 / N1. 

Then, based on the study in Chapter 2, the GSC circuit is described, in the 

stationary frame, by (3.6)-(3.8), where ug is the sinusoidal PWM signal. 

(

𝑒𝑔𝑎
𝑒𝑔𝑏
𝑒𝑔𝑐
) =

𝑒𝑑𝑐
6
(
   2 −1 −1
−1    2 −1
−1 −1    2

) (

𝑢𝑔𝑎
𝑢𝑔𝑏
𝑢𝑔𝑐

) (3.6) 

𝑎𝑇 (

𝑣𝑔𝑎
𝑣𝑔𝑏
𝑣𝑔𝑐

) = 𝐿𝑔𝑠𝑐
𝑑

𝑑𝑡
(
𝑖𝑡𝑎
𝑖𝑡𝑏
𝑖𝑡𝑐

) + 𝑅𝑔𝑠𝑐 (
𝑖𝑡𝑎
𝑖𝑡𝑏
𝑖𝑡𝑐

) + (

𝑒𝑔𝑎
𝑒𝑔𝑏
𝑒𝑔𝑐
) (3.7) 

𝑑

𝑑𝑡
𝑒𝑑𝑐 =

1

2 ∙ 𝐶𝑑𝑐
(𝑢𝑔𝑎𝑖𝑡𝑎 + 𝑢𝑔𝑏𝑖𝑡𝑐 + 𝑢𝑔𝑐𝑖𝑡𝑐) −

𝑒𝑑𝑐
𝑅𝑑𝑐𝐶𝑑𝑐

 (3.8) 

Using dq-transformation, the GSC is modeled by (3.9)-(3.11). 

(
𝑒𝑔𝑑
𝑒𝑔𝑞

) =
𝑒𝑑𝑐
2
(
𝑢𝑔𝑑
𝑢𝑔𝑞

) (3.9) 

𝑎𝑇 (
𝑣𝑔𝑑
𝑣𝑔𝑞

) = 𝐿𝑔𝑠𝑐
𝑑

𝑑𝑡
(
𝑖𝑡𝑑
𝑖𝑡𝑞
) + 𝑅𝑔𝑠𝑐 (

𝑖𝑡𝑑
𝑖𝑡𝑞
) + 𝜔𝑠𝐿𝑔𝑠𝑐 (

−𝑖𝑡𝑞
𝑖𝑡𝑑

) + (
𝑒𝑔𝑑
𝑒𝑔𝑞

) (3.10) 

𝑑

𝑑𝑡
𝑒𝑑𝑐 =

1

2 ∙ 𝐶𝑑𝑐
(𝑢𝑔𝑑𝑖𝑡𝑑 + 𝑢𝑔𝑞𝑖𝑡𝑞) −

𝑒𝑑𝑐
𝑅𝑑𝑐𝐶𝑑𝑐

 (3.11) 

In steady-state, the derivative terms in (3.10) are zero, and the PLL circuit forces 

vgq to zero. In addition, the Rgsc can be ignored compared to ωsLgsc; thus (3.10) becomes: 
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𝑎𝑇 (
𝑣𝑔𝑑
0
) ≈ 𝜔𝑠𝐿𝑔𝑠𝑐 (

−𝑖𝑡𝑞
𝑖𝑡𝑑

) + (
𝑒𝑔𝑑
𝑒𝑔𝑞

) (3.12) 

By combining (3.9) and (3.12), we can write: 

𝑢𝑔𝑑𝑖𝑡𝑑 + 𝑢𝑔𝑞𝑖𝑡𝑞 ≈ 2𝑎𝑇
𝑣𝑔𝑑

𝑒𝑑𝑐
𝑖𝑡𝑑 (3.13) 

Substituting (3.13) into (3.11), we get (3.14) which is a nonlinear equation. 

1

2
𝐶𝑑𝑐

𝑑

𝑑𝑡
(𝑒𝑑𝑐

2) +
𝑒𝑑𝑐

2

𝑅𝑑𝑐
= 𝑎𝑇𝑣𝑔𝑑𝑖𝑡𝑑 (3.14) 

Since (3.14) in nonlinear, small variation model is considered to obtain a linear 

model, which is given by (3.15). 

∆𝑒𝑑𝑐
∆𝑖𝑡𝑑

≈
𝑅𝑑𝑐
2
∙
𝑎𝑇𝑣𝑔𝑑

𝑒𝑑𝑐∗
∙

1

𝑅𝑑𝑐𝐶𝑑𝑐
2 𝑠 + 1

 (3.15) 

From (3.15), the voltage of the dc-link can be controlled using the GSC’s d-current. 

The GSC’s q-current is used to control the reactive power exchanged with the grid using 

(3.16). 

𝑄 = −𝑎𝑇𝑣𝑔𝑑𝑖𝑡𝑞 (3.16) 

The GSC’s d- and q-current are controlled by controlling the d- and q-voltages at 

the GSC’s terminal according (3.10). Then, the transfer function can be written as: 

(
𝑖𝑡𝑑
𝑖𝑡𝑞
) =

−1

𝐿𝑔𝑠𝑐 ∙ 𝑠 + 𝑅𝑔𝑠𝑐
(
𝑒𝑔𝑑 − 𝑎𝑇𝑣𝑔𝑑 − 𝜔𝑠𝐿𝑔𝑠𝑐𝑖𝑡𝑞
𝑒𝑔𝑞 − 𝑎𝑇𝑣𝑔𝑞 + 𝜔𝑠𝐿𝑔𝑠𝑐𝑖𝑡𝑑

) (3.17) 

In the (3.17), there are additional terms that need to be fed-forward to generate the 

reference terminal d- and q-voltage of the GSC. 

B.  Controller Design 

Since the simplified model in (3.15) is linear, a PI controller can be used to 

generate the GSC’s d-current which is required to regulate the voltage of the dc-link. 

Similarly, PI controllers are used to generate the required PWM signal to control the 
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GSC’s d- and q-current. Based on the previous study, the control circuit of the GSC is 

depicted in Fig. 3.6.  

a
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−
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Fig. 3.6: Schematic diagram of the GSC’s control. 

The simplified control model of the GSC’s circuit is depicted in Fig. 3.7. 

−
+

edc
*

PI 2
−

+ PI 3
egd 1

Lgscs + Rgsc
————

itd
1

RdcCdcs + 1
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Fig. 3.7: Control model of the GSC’s circuit. 

The control model of the GSC’s circuit contains two loops, the inner loop and the 

outer loop (dc-link’s voltage loop). To ensure stability, the inner loop must be designed 

at least ten times faster than the outer loop.  

The controller design is as follows: First, the inner loop is considered. Its 

bandwidth is selected faster than the line frequency. The parameters selection for PI 3 to 

achieve this bandwidth can be easily achieved using, for example, a Bode diagram. 

Then, the outer loop is considered. Since the inner loop is much faster, it is 

approximated by a unity gain. The bandwidth of the outer loop must be smaller than the 

line frequency to attenuate the ripples at the grid frequency. In this work, it is selected 

ten times smaller. Then, using Bode diagram, the parameters of PI 2 are determined. 
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3.2 Control of the RSC 

The RSC is connected to the rotor side of the DFIG, and it supplies the slip power. 

By controlling the amplitude and angle of the rotor current, the stator active and reactive 

power can be controlled at any speed. 

To control the active and reactive power, this paper proposes a new decoupled 

control, which is an improved version of the conventional decoupled control P-Q 

control. Before presenting the proposed decoupled control, the conventional decoupled 

P-Q control is presented. 

3.2.1 Conventional Decoupled P-Q Control 

The decoupled P-Q control is carried out in the dq-frame, where the active and 

reactive power are given by (3.18). 

{
𝑃𝑠 = 𝑣𝑠𝑑𝑖𝑠𝑑 + 𝑣𝑠𝑞𝑖𝑠𝑞
𝑄𝑠 = 𝑣𝑠𝑞𝑖𝑠𝑑 − 𝑣𝑠𝑑𝑖𝑠𝑞

 (3.18) 

Since the PLL circuit of Fig. 3.2 forces the stator q-voltage to zero, the active and 

reactive power become decoupled, and they are given by (3.19). 

{
𝑃𝑠 = −𝑣𝑠𝑑𝑖𝑠𝑑
𝑄𝑠 = −𝑣𝑠𝑑𝑖𝑠𝑞

 (3.19) 

Since the relation between the power and the current in (3.19) is linear, PI 

controllers can be used to generate the reference stator d- and q-current from the active 

and reactive power respectively. 

The reference rotor d- and q-current are calculated from the reference stator d- and 

q-current using the equivalent circuit of the DFIG in the dq-frame, Fig. 3.8. 

(vs)dq

→
+
‒

Rs Lσs(is)dq

→

+‒

jωs (ψs)dq

→

(vr)dq

→
+
‒

RrLσr (ir)dq

→

+ ‒

jωr (ψr)dq

→

d
dt
—(ψs)dq

→ d
dt
—(ψr)dq

→

NrNs

 

Fig. 3.8: Equivalent circuit of the DFIG in the dq-frame. 
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The voltage across the stator side is given by (3.20). 

(𝑣⃗𝑠)𝑑𝑞 = −(𝑅𝑠 + 𝑗𝜔𝑠(𝐿𝑠 + 𝐿𝜎𝑠))(𝑖𝑠)𝑑𝑞 + 𝑗𝜔𝑠𝐿𝑚(𝑖𝑟)𝑑𝑞 − (𝐿𝑠 + 𝐿𝜎𝑠)
𝑑(𝑖𝑠)𝑑𝑞

𝑑𝑡

+ 𝐿𝑚
𝑑(𝑖𝑟)𝑑𝑞

𝑑𝑡
 (3.20) 

In steady-state the derivative terms are zero, and the stator voltage is given by 

(3.21). 

(𝑣⃗𝑠)𝑑𝑞 = −(𝑅𝑠 + 𝑗𝜔𝑠(𝐿𝑠 + 𝐿𝜎𝑠))(𝑖𝑠)𝑑𝑞 + 𝑗𝜔𝑠𝐿𝑚(𝑖𝑟)𝑑𝑞 (3.21) 

Usually, the conventional decoupled control ignores the stator winding resistance 

compared to the stator impedance and the stator leakage inductance compared with the 

stator inductance. Then, the rotor d- and q-current can be calculated from the stator d- 

and q-current using (3.22). 

(𝑖𝑟)𝑑𝑞 ≈
𝑁𝑠
𝑁𝑟
(𝑖𝑠)𝑑𝑞 − 𝑗

(𝑣⃗𝑠)𝑑𝑞

𝜔𝑠𝐿𝑚
 (3.22) 

Thus, the block diagram of the conventional decoupled P-Q control is depicted in 

Fig. 3.9. 
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Fig. 3.9: Block diagram of the conventional decoupled P-Q control. 

The conventional decoupled control requires knowledge of at least two DFIG 

parameters, which are the stator-to-rotor turns ratio and the magnetizing inductance. 

Moreover, the decoupling and consequently the performance is affected by the voltage 

orientation and the PLL transient response. Moreover, the transfer function of the 

decoupled control contains the grid voltage amplitude. 

To overcome these drawbacks we propose a new decoupled control which 
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decouples the stator d- and q-current instead of the active and reactive power. 

3.2.2 Proposed Decoupled Control 

A.  Concept 

In the proposed method, the reference stator d- and q-currents are calculated from 

the active and reactive power using (3.23) which does not involve any approximation or 

require any DFIG parameter. 

{
 
 

 
 𝑖𝑠𝑑 =

𝑣𝑔𝑑𝑃𝑠 + 𝑣𝑔𝑞𝑄𝑠

𝑣𝑔𝑑2 + 𝑣𝑔𝑞2

𝑖𝑠𝑞 =
𝑣𝑔𝑞𝑃𝑠 − 𝑣𝑔𝑑𝑄𝑠

𝑣𝑔𝑑2 + 𝑣𝑔𝑞2

 (3.23) 

The relation between the stator and the rotor currents is linear as was shown in 

(3.22). In (3.22), the stator d- and q-currents are always decoupled regardless of the grid 

voltage orientation; this gives the proposed method more flexibility and robustness 

compared with the conventional decoupled control. The stator d- and q-current can be 

controlled independently by the rotor d- and q-current respectively. This equation can be 

further simplified if the stator voltage-related term is regarded constant and is dropped 

as in (3.24). 

(𝑖𝑟)𝑑𝑞 ∝
𝑁𝑠
𝑁𝑟
(𝑖𝑠)𝑑𝑞 (3.24) 

The reference rotor d- and q-current can be generated from the stator d- and 

q-current using PI controllers. Then, the block diagram of the proposed decoupled 

control is shown in Fig. 3.10. 
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Fig. 3.10: Block diagram of the proposed decoupled P-Q control. 
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B.  Rotor Current Loop (Inner Loop) 

Similar to the GSC’s control, the RSC’s control requires an inner loop to control 

the rotor d- and q-current by generating the appropriate PWM signals. The RSC’s circuit 

is depicted in Fig. 3.11. 
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Fig. 3.11: RSC circuit. 

The mathematical model of the RSC’s circuit is given by (3.25). 

(
𝑣𝑟𝑑
𝑣𝑟𝑞

) = −𝐿𝑟𝑠𝑐
𝑑

𝑑𝑡
(
𝑖𝑟𝑑
𝑖𝑟𝑞
) − 𝑅𝑟𝑠𝑐 (

𝑖𝑟𝑑
𝑖𝑟𝑞
) − 𝜔𝑟𝐿𝑟𝑠𝑐 (

−𝑖𝑟𝑞
𝑖𝑟𝑑

) + (
𝑒𝑟𝑑
𝑒𝑟𝑞
) (3.25) 

To eliminate the need for voltage sensors at the DFIG’s rotor, we consider the 

DFIG acting as an ideal transformer. Then, the DFIG’s rotor terminal voltages can be 

considered constant in the dq-frame, and it can be dropped. Thus, the transfer function 

can be given by (3.26). 

(
𝑖𝑟𝑑
𝑖𝑟𝑞
) ∝

1

𝐿𝑟𝑠𝑐 ∙ 𝑠 + 𝑅𝑟𝑠𝑐
(
𝑒𝑟𝑑 + 𝜔𝑟𝐿𝑟𝑠𝑐𝑖𝑟𝑞
𝑒𝑟𝑞 − 𝜔𝑟𝐿𝑟𝑠𝑐𝑖𝑟𝑑

) (3.26) 

On the right hand side of (3.26), there are rotor current-related terms that should be 

fed forward to decouple the rotor d- and q-current and to generate the rotor voltage 

references, which generate the PWM signals using (3.27). 

(
𝑒𝑟𝑑
𝑒𝑟𝑞
) =

𝑒𝑑𝑐
2
(
𝑢𝑟𝑑
𝑢𝑟𝑑

) (3.27) 

The block diagram of the rotor current loop is depicted in Fig. 3.12. 

C.  Controller Design 

Similar to the GSC’s control, the RSC’s control has two control loops: The inner 
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loop, which regulates the rotor currents, and the outer loop (the decoupled control), 

which regulates the active and reactive power. 
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Fig. 3.12: Block diagram of the rotor current loop. 

The complete model of the DFIG contains a pair of poorly damped poles near the 

line frequency [9] [10]. These poles can disturb the performance of the decoupled 

control and cause poorly damped oscillations. To reduce the effect of these poles, the 

bandwidth of the proposed decoupled control must be smaller that the line frequency. 

Since the bandwidth of the decoupled control is smaller than the DFIG’s poorly 

damped poles, they can be ignored in the controller design. Then, the simplified DFIG 

model in (3.24) can be used. Thus, the simplified control model of the proposed 

decoupled control depicted in Fig. 3.13. 
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Fig. 3.13: Control model of the proposed decoupled control. 

First, the PI controller of the inner loop is designed; this is similar to the design of 

the GSC’s inner loop. Next, the decoupled control is considered, where the inner loop is 

approximated by a unity gain to simplify the controller design.  
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The open loop transfer function of the d-component of the decoupled control is 

given by (3.28), where Kp and Ki are the proportional and integral gains of PI 4 

respectively. The transfer function for the q-component is exactly the same. 

𝑖𝑠𝑑
𝑖𝑠𝑑

∗ − 𝑖𝑠𝑑
=
𝜔𝑝

𝑠
(
𝑠

𝜔𝑧
+ 1)    𝑤ℎ𝑒𝑟𝑒   

{
 
 

 
 𝜔𝑝 =

𝑁𝑟
𝑁𝑠
𝐾𝑖

𝜔𝑧 =
𝐾𝑖
𝐾𝑝

 (3.28) 

This transfer function has a pole whose gain is ωp and a zero at a frequency ωz. The 

Bode diagram of the gain of (3.28) is shown in Fig. 3.14. 
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Fig. 3.14: Bode diagram of the open loop transfer function of the decoupled control. 

The frequency ωp, which is equal to the decoupled control bandwidth, should be 

smaller than the line frequency to reduce the effect of the DFIG’s poorly damped poles. 

The frequency ωp must be smaller than ωz to have adequate attenuation at the poorly 

damped poles. Consequently, the proportional gain Kp must be smaller than the 

stator-to-rotor turns ratio, Kp < Ns/Nr. In this work, the frequency ωp is selected only five 

times smaller than the line frequency to achieve fast response at the cost of weaker 

damping of the DFIG’s poorly damped poles. The frequency ωp is selected around 12 

times smaller than the frequency ωz. 

The transfer function of the decoupled control contains the DFIG’s stator-to-rotor 

turns ratio; thus, the transient response is dependent on this parameter. However, the 

stator-to-rotor turns ratio is slightly affected by saturation and is considered constant up 

to about 120% of the rated stator flux [11], which is the case in normal operation. 

Consequently, the proposed decoupled control can be considered independent of 

variation of the DFIG parameters due to saturation. 
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Similar to most of the active and reactive power control strategies, the RSC’s 

control requires the slip angle which is the difference between the synchronous angle 

and the DFIG’s rotor angle. The DFIG’s rotor angle can be measured using an absolute 

encoder or estimated using a software estimator. 

D.  Stability Analysis for Slip Angle Inaccuracy 

The measurement or estimation of the slip angle will contain a certain amount of 

error; mechanical encoders produce a small offset and the calibration of the encoders 

will contain some inaccuracy, and software estimators can produce significant error due 

to inaccuracy in its mathematical model. Thus, it is important to investigate the effect of 

the slip angle inaccuracy. 

Denoting the slip angle, which is used by the decoupled control, by θr
e, which is 

different from the actual slip angle θr by an error ∆θr as in (3.29). 

𝜃𝑟
𝑒 = 𝜃𝑟 + ∆𝜃𝑟 (3.29) 

Then, the dq-transformation of the rotor current using this erroneous slip angle, 

which is denoted by ir
e, is related to the correct value by (3.30). 

(
𝑖𝑟𝑑

𝑒

𝑖𝑟𝑞
𝑒) = (

−cos (∆𝜃𝑟) sin (∆𝜃𝑟)

−sin (∆𝜃𝑟) cos (∆𝜃𝑟)
) (
𝑖𝑟𝑑
𝑖𝑟𝑞
) (3.30) 

Introducing (3.30) into Fig. 3.13, the decoupled control model with slip angle error 

is shown in Fig. 3.15. 
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Fig. 3.15: Control model of the proposed decoupled control with slip angle error. 

The transfer function of the PI controller, the inner loop, and the DFIG are 

combined in one transfer function which is denoted by G = Nr/Ns PI4. Then, the closed 

loop transfer function of Fig. 3.15 is given by (3.31). 
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(
𝑖𝑠𝑑
𝑖𝑠𝑞
) =

(
𝐺2 + 𝐺 cos(∆𝜃𝑟) −𝐺 sin(∆𝜃𝑟)

𝐺 sin(∆𝜃𝑟) 𝐺2 + 𝐺 cos(∆𝜃𝑟)
)

𝐺2 + 2𝐺 cos(∆𝜃𝑟) + 1
(
𝑖𝑠𝑑

∗

𝑖𝑠𝑞
∗) 

(3.31) 

The stability of (3.31) can be assessed by applying the Routh-Hurwitz stability 

criterion on the characteristic equation which is given by (3.32). 

𝐺2 + 2𝐺 cos(∆𝜃𝑟) + 1 = 0 (3.32) 

Substituting the PI 4 transfer function and the simplified DFIG model into (3.32), 

the characteristic equation is approximated by (3.33), where “a” is the stator-to-rotor 

turns ratio. 

(𝐾𝑝
2 + 2𝑎𝐾𝑝 cos(∆𝜃𝑟) + 𝑎

2)𝑠2 + 2𝐾𝑖(𝐾𝑝 + 𝑎 cos(∆𝜃𝑟))𝑠 + 𝐾𝑖
2 = 0 (3.33) 

Applying the Routh-Hurwitz stability criterion on (3.33), provides the following 

two conditions for stability: 

cos(∆𝜃𝑟) >
−(𝐾𝑝

2 + 𝑎2)

2𝑎𝐾𝑝
 (3.34) 

cos(∆𝜃𝑟) >
−𝐾𝑝

𝑎
 

(3.35) 

Since the proportional gain is smaller than the stator-to-rotor turns ratio, the 

stability condition in (3.34) is always true. 

For the condition in (3.35) to be true, the slip angle error should be within an 

interval which is given by (3.36). 

−cos−1 (
−𝐾𝑝

𝑎
) < ∆𝜃𝑟 < cos

−1 (
−𝐾𝑝

𝑎
) 

(3.36) 

Since the proportional gain is smaller than the stator-to-rotor turns ratio, the stable 

region is slightly above ±90 degrees. This shows that the proposed decoupled control 

can tolerate relatively large slip angle error before it become unstable. This makes the 

proposed decoupled control robust against slip angle inaccuracy, which is ought to the 

presence of PI controllers. 

 



61 

 

3.2.3 Negative-Sequence Compensation 

During the grid-connected mode, it is important to generate the active and reactive 

power with minimum ripples. The power ripples, which oscillate at twice the line 

frequency is caused by the negative-sequence components of the stator voltage and 

current. These components will generate power ripples whose frequency is double the 

line’s frequency. 

Negative-sequence components can be generated due to asymmetrical grid 

voltages, asymmetrical line impedance, or asymmetrical stator windings of the DFIG. 

The negative-sequence components cause heating in the DFIG’s windings and inflict 

mechanical stresses on the DFIG shaft. Consequently, it is important to eliminate or 

reduce the negative-sequence. For this purpose, both the GSC and RSC can be used; 

however, in this work, only the RSC is used to eliminate the stator negative-sequence 

current, because the negative-sequence compensation through GSC is well-established 

in literature. 

A.  Concept 

An asymmetric stator current, in the stationary reference frame, can be written as 

the sum of the positive- and negative-sequence components which are rotating with the 

same frequency but in opposite directions as in (3.37) where φ+ and φ- are the initial 

angle of the positive- and negative-sequence currents respectively. 

𝑖𝑠 = 𝑖𝑠+ + 𝑖𝑠− = √
3

2
(𝐼𝑠+𝑒

−𝑗(𝜔𝑠𝑡+𝜑+) + 𝐼𝑠−𝑒
𝑗(𝜔𝑠𝑡−𝜑−)) (3.37) 

Similarly, the stator voltage in the stationary reference frame is given by (3.38). 

𝑣⃗𝑠 = 𝑣⃗𝑠+ + 𝑣⃗𝑠− = √
3

2
(𝑉𝑠+𝑒

−𝑗(𝜔𝑠𝑡+𝜗+) + 𝑉𝑠−𝑒
𝑗(𝜔𝑠𝑡−𝜗−)) (3.38) 

Substituting (3.37) and (3.38) into (2.27) and (2.28), the active and reactive power 

are given by (3.39). 

𝑃𝑠 + 𝑗𝑄𝑠 = 𝑣⃗𝑠+
∗
∙ 𝑖𝑠+ + 𝑣⃗𝑠−

∗
∙ 𝑖𝑠− + 𝑣⃗𝑠+

∗
∙ 𝑖𝑠− + 𝑣⃗𝑠−

∗
∙ 𝑖𝑠+ (3.39) 
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The active and reactive power are composed of four terms: two constant and two 

oscillating with opposite frequency at twice the line frequency. Eliminating the stator 

negative-sequence current reduces the power ripples; it does not completely eliminate 

them due to the term resulting from the stator negative-sequence voltage. 

In the dq-frame, the positive-sequence component will be constant, while the 

negative-sequence component will be oscillating at twice the line frequency. To 

effectively isolate the negative-sequence component from the positive-sequence and to 

simplify the controller design, the stator current is expressed in the negatively- 

synchronous reference frame. That is, performing the dq-transformation with the 

opposite angle T(−θs). 

In the negatively synchronous reference frame, the negative-sequence component 

is constant while the positive-sequence component is oscillating at twice the line 

frequency; thus, it can be filtered out easily using low pass filters. In this work, simple 

second order low pass filters are adopted.  

The mathematical model of the DFIG in the negatively-synchronous reference 

frame can be obtained from the DFIG’s model in the dq-frame by replacing the 

synchronous frequency with the opposite frequency (−ωs) and the positive-sequence 

components of the voltages and currents with the negative-sequence components. 

Using the simplified model of the DFIG of (3.24), the simplified model in the 

negatively-synchronous reference frame, which is denoted by ( )–dq, is given by (3.40). 

(𝑖𝑟−)−𝑑𝑞 ∝
𝑁𝑠
𝑁𝑟
(𝑖𝑠−)−𝑑𝑞 (3.40) 

From (3.40), the stator negative-sequence current can be controlled by the rotor 

negative-sequence current. Since the relation in (3.40) is linear, simple PI controllers 

can be used to generate the reference rotor negative-sequence current which needs to be 

added to the reference rotor positive-sequence current generated by the decoupled 

control. This requires rotating the reference rotor negative-sequence current back to the 

dq-frame. Consequently, the block diagram of the negative-sequence compensation is 

shown in Fig. 3.16. 

The total current command is the sum of the rotor current command generated by 

the decoupled control and by the negative-sequence compensation. This total current 
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command will be fed to the rotor current loop. 
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Fig. 3.16: Block diagram of the negative-sequence compensation 

of the stator current through RSC. 

B.  Controller Design 

In this work, the low pass filter is a simple second order filter, which is given by 

(3.41). 

LPF 2 = (
1

𝑇𝑓𝑠 + 1
)

2

 (3.41) 

The simplified control model of the negative-sequence compensation is depicted in 

Fig. 3.17. 
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Fig. 3.17: Control model of the negative-sequence compensation 

of the stator current through RSC 

The cutoff frequency of the filter must be small enough to have adequate 

attenuation at twice the line frequency. However, it should not be very small because it 

will reduce the response speed. The parameter selection of the PI controllers can be 

easily accomplished using, for example, Bode diagram to obtain certain gain and phase 
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margins. 

3.3 Simulation and Experiments 

3.3.1 Experimental Setup 

Both the simulation and the experiments use the same configuration and 

parameters. They employ a 1.1 kW DFIG whose parameters are listed in Table 3.1.  

Table 3.1: DFIG’s parameters and rated values. 

Parameter Value Unit 

Power Rating 1.1 kW 

Frequency 60 Hz 

Number of poles 6  

Synchronous speed 1200 RPM 

Stator line-to-line voltage 210 VRMS 

Stator current 6.3 ARMS 

Rotor current 20.3 ARMS 

Stator resistance Rs 0.475 Ω 

Rotor resistance Rr 0.04 Ω 

Stator leakage inductance Lσs 7.43 mH 

Rotor leakage inductance Lσr 0.18 mH 

Magnetizing inductance Lm 11.2 mH 

Stator-to-rotor turns ratio 6.38  

 

The experimental setup will be explained, and the areas where the simulation and 

the experimental setup differ will be highlighted.  

The photos of the actual experimental setup are shown in Fig. 3.18, and the 

schematic diagram is depicted in Fig. 3.19. The parameters of this circuit are listed in 

Table 3.2.  

The DFIG is mechanically coupled to an induction machine (IM) which emulates a 

variable speed prime mover. The speed of the induction machine is controlled by a 

commercial three-phase inverter which is operating in speed control mode. However, in 

the simulation, which is carried out using PSCAD software, the DFIG operates in speed 

control mode where the speed is controlled through the speed input port. 
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Fig. 3.18: Photos of the experimental setup. 

Table 3.2: Parameters of the DFIG’s circuit. 

Parameter Value Unit 

Grid line-to-line voltage 200 VRMS 

Frequency 60 Hz 

Lrsc 4 mH 

Lgsc 6 mH 

Cf 30 μF 

Cdc 2.44 mF 

Dc-link voltage 200 V 

Transformer turns ratio 0.5  
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Fig. 3.19: Block diagram of the experimental setup. 

The inverter driving the induction machine requires a speed sensor to achieve a 

closed-loop speed control; for this purpose an optical sensor, which generates 120 

pulses per revolution, is used. The DFIG’s rotor angle, which is used to calculate the 

slip angle, is obtained using an absolute encoder mechanically coupled to the shaft. 

The grid-connected control system is implemented using a commercial, DSP-based 

digital control system which is PE-Expert II. The block diagram of the control system is 

depicted in Fig. 3.20.  

The parameters of the PI controllers and the low pass filters in Fig. 3.20 are listed 

in Table 3.3. 

Table 3.3: Parameters of the grid-connected control system. 

 Kp Ki (sec-1) Tf (sec) 

LPF 1   0.002 

LPF 2   0.08 

PI 1 50 200  

PI 2 0.2 0.5  

PI 3 20 200  

PI 4 0.5 500  

PI 5 20 1000  

PI 6 5 20  
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Fig. 3.20: Block diagram of the grid-connected control system. 

 



68 

 

3.3.2 Simulation Results 

First, the step response of the active and reactive power is considered at a constant 

speed. Two tests are carried out. 

In the first test, the speed is fixed at a sub-synchronous speed of 0.8 pu, and the 

active and reactive power references are stepped at the same time. The results for this 

test are shown in Fig. 3.21. 

In the second test, the speed is fixed at a hyper-synchronous speed of 1.2 pu, and 

the active and reactive power references are stepped at different moments. The results 

for this test are shown in Fig. 3.22. 

From the results of Fig. 3.21 and Fig. 3.22, the proposed decoupled control has 

good dynamics with settling time of around 50ms. The responses of the stator active and 

reactive power are decoupled and independent. 

The control system is supposed to operate with variable speed generation systems. 

Thus, the next test is the variable speed operation. The DFIG speed is varied linearly 

from a sub-synchronous speed of 0.7 pu to a hyper-synchronous speed of 1.3 pu. When 

the DFIG reaches the synchronous speed, the active and reactive power references are 

simultaneously stepped. The results for this test are shown in Fig. 3.23. 

From the results of Fig. 3.23, the proposed decoupled control is robust against 

variation in the DFIG’s speed; this makes this control suitable for variable speed 

generation systems. 

Next, the effect of the grid voltage orientation on the proposed decoupled control is 

investigated. In this test, the DFIG’s speed is fixed at the synchronous speed. Initially, 

the PLL circuit of Fig. 3.2 forces the grid q-voltage to zero; then, it suddenly change to 

forcing the d-voltage to zero. To avoid disturbing the dc-link controller, a separate PLL 

circuit is dedicated for the GSC’s controller. The results for this test are shown in Fig. 

3.24. 

The results in Fig. 3.24 show that the stability and the performance of the proposed 

decoupled control is independent of the grid voltage orientation. However, the active 

and reactive power responses exhibit a short transition due to the sudden change in the 

magnetizing current orientation in (3.22), where the magnetizing current is equal to vs / 

(ωsLm). 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator d-current (d) Stator q-current 

 

(e) Rotor currents (f) DFIG’s speed 

Fig. 3.21: Simulation results for the step response of the active and reactive power with ωm = 0.8 pu. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator d-current (d) Stator q-current 

 

(e) Rotor currents (f) DFIG’s speed 

Fig. 3.22: Simulation results for the step response of the active and reactive power with ωm = 1.2 pu. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator d-current (d) Stator q-current 

 

(e) Rotor currents (f) DFIG’s speed 

Fig. 3.23: Simulation results for variable speed operation. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator d-current (d) Stator q-current 

 

(e) Rotor currents (f) Grid d- and q-voltage 

Fig. 3.24: Simulation results for the effect of the grid voltage orientation on the proposed decoupled 

control with ωm = 1.0 pu. 
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Next, the effect of the slip angle inaccuracy is investigated. The stability analysis 

of the proposed decoupled control against a slip angle error concluded that the proposed 

decoupled control can tolerate a slip angle error slightly above ±90 degrees. Using 

(3.38) the proposed decoupled control becomes unstable when the slip angle error is 

equal to ±94.5 degrees. To verify this analysis, the following two tests are conducted: 

First, the slip angle error is fixed at 90 degrees, and the step response of the active 

and reactive power are investigated. The DFIG speed during this test is fixed at a 

sub-synchronous speed of 0.8 pu. The results for this test are shown in Fig. 3.25. 

Although the responses of the active and reactive power, in Fig. 3.25, have poorly 

damped oscillations, the proposed decoupled control is still stable with such large slip 

angle error of 90 degrees. 

Next, the slip angle error is increased linearly from zero degree up to 110 degrees. 

During this test, the active and reactive power references are fixed at 600 W and -1400 

VAR respectively. The DFIG speed is fixed at a hyper-synchronous speed of 1.2 pu. The 

results for this test are shown in Fig. 3.26. 

From the results of Fig. 3.26, the proposed decoupled control can tolerate large slip 

angle error before becoming unstable. The slip angle error at which the system becomes 

unstable is approximately 92.6 degrees, which is slightly smaller than the expected 

value in the analysis, which is 94.5 degrees; this difference comes from the 

simplification involved in the control model of Fig. 3.15. 

When the decoupled control becomes unstable, large rotor currents are generated 

which can exceed the machine rating without the upper limits of the PI controllers. 

In the following test, the effect of the grid voltage variation is investigated; first, 

without saturation of the DFIG core and, then, with saturation. This can be achieved 

because the PSCAD software allows introducing to the DFIG core a saturation curve. 

First, without saturation, the grid voltage amplitude (line-to-line) is increased 

linearly from around 147 Vrms to around 220 Vrms. In this test, the DFIG is ideal and 

does not saturate. The active and reactive power references are fixed at 200 W and 

−1400 VAR respectively, and the DFIG speed was fixed at a hyper-synchronous speed 

of 1.1 pu. The results for this test are shown in Fig. 3.27. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator d-current (d) Stator q-current 

 

(e) Rotor d- and q-current (f) DFIG’s speed 

Fig. 3.25: Simulation results for the step response with a slip angle error of ∆θr = 90 degrees 

and ωm = 0.8 pu. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator d-current (d) Stator q-current 

 

(e) Rotor d- and q-current (f) Slip angle error 

Fig. 3.26: Simulation results for the effect of increasing the slip angle error on the proposed decoupled 

control with ωm = 1.2 pu. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator d-current (d) Stator q-current 

 

(e) Rotor d- and q-current (f) Grid voltage amplitude 

Fig. 3.27: Simulation results for the effect of the grid voltage amplitude variation without saturation of 

the DFIG’s core and with ωm = 1.1 pu. 
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From the results of Fig. 3.27, the proposed decoupled control is robust against 

variation in the voltage amplitude. However, it is observed that the stator and rotor 

q-current undertake larger variation compared to the d-current. The stator d-current has 

to counteract the voltage variation to regulate the active power. On the other hand, the 

stator q-current has to counteract both the grid voltage variation and the magnetizing 

current variation. 

Similar to the previous test, the grid voltage amplitude is varied linearly but, this 

time, the nonlinearity of the DFIG’s core is enabled. In this work, the default saturation 

curve in PSCAD, which is depicted in Fig. 3.28, is adopted. 

 

Fig. 3.28: DFIG’s saturation curve. 

As the grid voltage is increasing and the magnetizing impedance is decreasing, the 

magnetizing current will become large. Thus, the reactive power is varied to counteract 

the variation of the magnetizing current; this is done to avoid exceeding the rated rotor 

current of the DFIG. The DFIG speed, during this test, is fixed at a hyper-synchronous 

speed of 1.3 pu. The results for this test are shown in Fig. 3.29. 

From the results of Fig. 3.29, the performance of the proposed control is not 

affected by the variation of the grid voltage or the variation of DFIG’s parameters due to 

saturation. 

Finally, the negative-sequence compensation performance is investigated. To 

generate unbalance in the line impedance, a 10 mH inductance is inserted at the phase-b 

of the DFIG’s stator terminal. The performance of the system is investigated without 

and with negative sequence compensation. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator d-current (d) Stator q-current 

 

(e) Rotor d- and q-current (f) Grid voltage amplitude 

Fig. 3.29: Simulation results for the effect of the grid voltage amplitude variation with saturation of the 

DFIG’s core and with ωm = 1.3 pu. 
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During this test, the stator active and reactive power references are fixed at 200 W 

and −1600 VAR respectively. The DFIG speed is fixed at a sub-synchronous speed of 

0.9 pu. The results without and with negative-sequence compensation are shown in Fig. 

3.30 and Fig. 3.31 respectively. 

In Fig. 3.30, due to the unbalanced line impedance, a stator negative-sequence 

current of 0.3 A amplitude flows into the DFIG’s stator. This negative-sequence current 

produces relatively large oscillations in the active and reactive power responses, whose 

peak-to-peak amplitudes are 150 W and 150 VAR. 

From the results of Fig. 3.31, the negative-sequence compensation control injects 

into the rotor current a negative-sequence component which generates, at the DFIG’s 

stator, a component that opposes the stator negative-sequence current. This reduces the 

stator negative-sequence current to a negligible amplitude of around 0.002 A, which 

reduces the power ripples to around 50 W peak-to-peak, which results from the voltage 

negative-sequence. 

3.3.3 Experimental Results 

First, the DFIG speed is varied from a sub-synchronous speed of 0.8 pu to a hyper- 

synchronous speed of 1.2 pu within 1 sec. At the synchronous speed, the active and 

reactive power references are stepped from 0 W to 800 W and from −1800 VAR to 

−1000 VAR respectively. The results for this test are shown in Fig. 3.32. 

The proposed decoupled control effectively regulates the stator active and reactive 

power regardless of the speed variation. 

Second, the effect of the voltage grid orientation on the system performance is 

investigated. Similar to the simulation, the PLL circuit initially forces the q-voltage to 

zero, then at 0 sec it suddenly changes to forcing the d-voltage to zero. During this test 

the DFIG speed reference is fixed at a sub-synchronous speed of 0.9 pu. The results for 

this test are shown in Fig. 3.33. 

The results of Fig. 3.33 shows that the stability and performance of the proposed 

decoupled control is independent of the grid voltage orientation except for a short 

transition due to the sudden change of the orientation of the magnetizing current. These 

results demonstrate the flexibility and robustness of the proposed decoupled control 

against grid voltage orientation. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator currents (d) Rotor currents 

 

(e) Stator negative-sequence current amplitude (f) DFIG’s speed 

Fig. 3.30: Simulation results for the effect of line unbalance without negative-sequence compensation 

control and with ωm = 0.9 pu. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator currents (d) Rotor currents 

 

(e) Stator negative-sequence current amplitude (f) DFIG’s speed 

Fig. 3.31: Simulation results for the effect of line unbalance with negative-sequence compensation 

control and with ωm = 0.9 pu. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator currents (d) Rotor currents 

 

(e) DFIG’s speed 

Fig. 3.32: Experimental results for variable speed operation where ωm = 0.8 pu → 1.2 pu. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator currents (d) Rotor currents 

 

(e) Grid d- and q-voltage 

Fig. 3.33: Experimental results for the effect of the grid voltage orientation on the proposed decoupled 

control with ωm
* = 0.9 pu. 
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In Fig. 3.33 (a) and (b), there is a small and slowly-decaying oscillation after the 

change of orientation; this oscillation is caused by the slow response of the negative- 

sequence compensation. 

Next, the effect of slip angle inaccuracy on the stability of the proposed decoupled 

control is investigated. The slip angle inaccuracy is increased linearly from zero to 

around 105 degrees. During this test, the DFIG’s reference speed is fixed at a 

hyper-synchronous speed of 1.1 pu, and the active and reactive power references are 

fixed at 200 W and −1200 VAR respectively. The results are shown in Fig. 3.34. 

From the results of Fig. 3.34, the proposed decoupled control can tolerate large slip 

inaccuracy, which is slightly above 90 degrees, before becoming unstable. Thus, the 

proposed decoupled control is robust against slip angle inaccuracy. 

In the following experiment, the proposed decoupled control is test under grid 

voltage variation. Using a programmable three-phase AC source, the grid voltage 

reference amplitude is linearly decreased from 200 V to 160 V within 0.5 sec. The grid 

voltage was polluted with a small negative-sequence component of around 1% of the 

rated voltage, which is caused by an asymmetry in the line impedance. During this test, 

the DFIG’s reference speed is fixed at a hyper-synchronous speed of 1.2 pu. The results 

for this test are shown in Fig. 3.35. 

Similar to the simulation results, the proposed decoupled control is robust against 

grid voltage variation. Since the grid voltage variation is associated with variation in 

some of the DFIG’s parameters, the proposed decoupled control is also robust against 

parameter variation due to saturation. 

The negative-sequence compensation can eliminate power ripples resulting from 

the stator negative-sequence current only. Since the grid voltage has a negative- 

sequence component, it produces additional power ripples as in Fig. 3.35.  

Finally, the negative-sequence compensation is investigated. Two test are carried 

out, without and with negative sequence compensation. The speed in this test is fixed at 

the synchronous speed, and the active and reactive power references are fixed at 400 W 

and −1200 VAR respectively. The results for operation without and with negative- 

sequence compensation are shown in Fig. 3.36 and Fig. 3.37 respectively.  
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator currents (d) Rotor currents 

 

(e) Slip angle error 

Fig. 3.34: Experimental results for the effect of increasing the slip angle error on the proposed decoupled 

control with ωm
* = 1.1 pu. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator currents (d) Rotor currents 

 

(e) Grid voltage amplitude 

Fig. 3.35: Experimental results for the effect of the grid voltage amplitude variation with ωm
* = 1.1 pu. 
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(a) Stator active power (b) Stator reactive power 

  

(c) Stator currents (d) Rotor currents 

 

(e) Stator negative-sequence current amplitude 

Fig. 3.36: Experimental results without negative-sequence compensation control and with Ps
* = 400 W, 

Qs
* = -1200 VAR, and ωm

* = 1.0 pu. 
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(a) Stator active power (b) Stator reactive power 

  

(c) Stator currents (d) Rotor currents 

 

(e) Stator negative-sequence current amplitude 

Fig. 3.37: Experimental results without negative-sequence compensation control and with Ps
* = 400 W, 

Qs
* = -1200 VAR, and ωm

* = 1.0 pu. 
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The results in Fig. 3.36, demonstrate that under normal condition, there is a stator 

negative-sequence current whose amplitude is around 0.22 A. With the negative- 

sequence compensation, this negative-sequence current is reduced to around 0.005 A. 

Therefore, the power ripples resulting from this current are reduce. The power ripples 

resulting from stator negative-sequence voltage, on the other hand, cannot be reduced 

with this control. To reduce power ripples resulting from negative-sequence voltages, 

other negative-sequence compensation schemes can be used such as [12]. 

3.4 Conclusion 

This chapter has introduced the analysis and the design of a control system for the 

grid-connected DFIG. This control system includes a new decoupled control which has 

the following advantages:  

- The proposed control is robust against speed variation which makes it suitable for 

variable speed generation systems. 

- It achieves decoupled control of the active and reactive power with good 

dynamical response. 

- The online calculation of the proposed decoupled control does not require 

knowledge of any parameter of the DFIG. 

- The decoupling does not require forcing the stator q-voltage to zero and is 

independent of the grid voltage orientation. Thus, the proposed decoupled control is 

more flexible and robust. 

- The transfer function of the proposed decoupled control is independent of the grid 

voltage amplitude. 

- The proposed control is independent of the parameters variations due to saturation. 

The decoupled control was tested successfully with simulation and experiments, 

and the results were satisfactory.  

The proposed decoupled control can replace the conventional decoupled P-Q 

control which improve the robustness of the DFIG system. 
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Chapter 4 

Slip Angle Estimator 

 
Most of the grid-connected control schemes requires knowledge of the slip angle 

which is calculated using the DFIG’s rotor position. The DFIG’s rotor position is 

usually measured using a mechanical encoder. The use of a mechanical encoder has 

several drawbacks: It increases the system cost and reduces the system robustness and 

reliability. Moreover, the mounting of the encoder on the DFIG’s shaft requires special 

design of the shaft or special shaft extension; this increases the mechanical design 

complexity. The interfacing of the encoder increases and complicates the wiring, 

especially when the control unit must be far from the generator such as in small wind 

turbines, where the control unit cannot fit inside the nacelle and is located at the base of 

the turbine’s tower. This requires careful wiring design and addition filters to reduce 

noise. 

The drawbacks of mechanical encoders have pushed researchers to investigate 

software algorithms to obtain the slip angle. In this chapter, a brief review of the 

software estimators is provided followed by the proposed slip angle estimator which 

reduces the required number of DFIG parameters compared with other model-based 

estimators. To understand the effect of parameter inaccuracy on the performance of the 

proposed estimator, sensitivity analysis is provided. 

4.1 Introduction 

In literature, considerable research focused on replacing the mechanical encoders 

with software estimators. There are mainly three types of estimators: The open loop 

estimators, closed loop estimators, and estimators based on high frequency injection. 

The early estimators, such as those in [1]-[4], had an open loop structure. In [1]-[3], 

the DFIG model is used to obtain an estimation of the rotor current. Then, the estimated 

and the measured rotor currents are compared to obtain an estimation of the slip angle. 
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In [4], a slip angle estimator for the torque-reactive power control scheme was 

proposed; this estimator is based on estimating the rotor flux. Although these estimators 

are straightforward and easy to realize, they cannot ensure stable convergence under 

parameter uncertainty or measurement noise [5]. In addition, the rotor flux-based 

estimator has poor performance when operating around the synchronous speed. 

Model reference adaptive system (MRAS) observers are closed loop estimators, 

and they have better disturbance rejection and better robustness against parameters 

inaccuracy compared with open loop estimators. The MRAS observers are widely used 

for speed estimation in cage induction machines due to their simplicity. It was first 

introduced to cage induction machines in [6] and, later on, it was introduced to the 

DFIG in [7] and [8]. The general structure of a MRAS observer is depicted in Fig. 4.1. 
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Fig. 4.1: General structure of MRAS observers. 

A MRAS observer, which is also referred to as a model-based estimator, uses two 

different models of the DFIG to estimate the same quantity (y) such as the rotor flux. 

The two models are the reference model and the adjustable model. The reference model 

does not involve the slip frequency or angle while the adjustable model does. The 

estimated slip frequency or angle is used to adjust the adjustable model until its output 

matches that of the reference model.  

The estimated quantity (y) is used to classify the MRAS observers. In literature, 

several MRAS observers are available for cage induction machines such as the rotor 

flux MRAS [6] [9], the stator current MRAS [10], the back-emf MRAS [11], and the 

stator power MRAS [12]. However, the most popular estimator for the induction 

machine is the rotor flux MRAS. 

On the other hand, MRAS observers for DFIG are relatively less reported in 
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literature. The early observers were the stator flux MRAS [13], the rotor flux MRAS 

[14], the stator current MRAS [14], and the rotor current MRAS [15]. These four 

MRAS observers were compared in [14]. 

In general, the flux MRAS observers are not suitable when no magnetizing current 

is supplied from the rotor side. Moreover, the rotor flux MRAS has poor performance 

near the synchronous speed. The stator current MRAS cannot operate stably with small 

stator current and requires a minimum load to be connected. Among these observers, the 

rotor current MRAS has the best performance [14] and better robustness against grid 

voltage dips and stator winding resistance inaccuracy [16]. 

These observers need an estimation of the stator flux which is implemented by 

integrating the stator voltage. This implementation suffers from integrator drift and 

depends on the initial condition. Any small offset in the voltage sensor can drive the 

integrator into saturation; therefore, additional filters are needed. To overcome this issue, 

[5] proposed estimating the stator flux using a Luenberger observer. To completely 

eliminate the need for the stator flux, new MRAS observers were proposed such as the 

air gap power MRAS in [17] and the torque MRAS in [18]. 

The sensitivity analysis for parameter inaccuracy of three MRAS observers, which 

are the rotor current MRAS, the stator flux MRAS and the rotor flux MRAS, was 

carried out in [19]. In [19], expressions for the estimation error as a function of 

parameter inaccuracy were provided and used to find the stable region of the vector 

control. This study, however, completely ignored the effect of the stator winding 

resistance on the estimators’ accuracy. 

All MRAS observers require knowledge of several DFIG’s parameters such as the 

stator winding resistance and the mutual inductance. Some attempts to reduce the 

number of parameters are reported in literature. In [20] and [21], the rotor current 

MRAS was modified to reduce the number of required parameters from three to two. 

This estimator was referred to as rotor position PLL. The rotor position PLL ignores the 

stator winding resistance and the leakage inductance, and it requires the mutual 

inductance and the DFIG’s stator-to-rotor turns ratio. The estimator in [20] requires the 

magnetizing current which is obtained by integrating the stator voltage, while the 

estimator in [21] was modified to eliminate the integrator. Since the mutual inductance 

cannot be measured directly, it has to be estimated. The estimation involves measuring 

the terminals’ quantities and conducting mathematical manipulation; this would increase 
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the parameter inaccuracy compared with direct measurement. 

In Fig. 4.1, the error function is used to obtain the angle difference between the 

outputs of the two models. Usually, the error function is implemented using the cross 

product which results in a nonlinear, non-monotonic function. This implementation 

would produce an oscillatory transient response especially during fast transitions of the 

speed. To overcome this issue, authors in [5] proposed using the inverse tangent 

function, the cross product and the dot product to implement the error function. This 

produces a linear error function which, however, is still non-monotonic. In [22], the 

inverse tangent function was modified to obtain a monotonic error function by using a 

latch saturation. 

The adaptation mechanism, commonly, uses a PI controller or, more recently, 

nonlinear controllers such as a hysteresis controller in [23], a sliding mode controller in 

[9], and a fuzzy logic controller in [9]. 

The last type of estimators is based on high frequency injection, which is 

well-known for cage induction machines [24] and is also used for permanent magnet 

synchronous machines (PMSM) [25]-[27]. This method is suitable when the machine 

has to operate over wide speed range including low speeds near zero.  

The use of signal injection for rotor position estimation of the doubly fed induction 

machines was first reported in [28]. This method has been revised and improved by 

several researches such as in [29] and [30]. The operating principle is that the DFIG is 

regarded as a transformer in which the relative position between the primary and the 

secondary windings changes as the rotor rotates. Therefore, if a high-frequency signal is 

injected into the rotor, the phase of the corresponding signal in the stator has a 

component that is dependent on the rotor position angle. This method is robust against 

variation in the machine parameters. However, injection of high frequency signals in the 

DFIG’s rotor is not simple to achieve in relatively large machines such as those used in 

wind power generation. 

4.2 New Rotor Current-Based Slip Angle Estimator 

The proposed slip angle estimator is similar to the rotor current MRAS observer 

because they are based on estimating the rotor current; however, the propose estimator 

has an improved implementation which produces improvements such as reduced 
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number of DFIG parameters, and eliminating the need for the stator flux.  

To appreciate the proposed estimator, the rotor current MRAS is introduced first. 

Then, the proposed slip angle estimator is presented. 

4.2.1 Rotor Current MRAS Observer 

The equivalent circuit of the DFIG is shown in Fig. 4.2, where generator notation 

for the stator current is employed. 

LσsRs Lσr Rr

vs vr

is ir

ωm

Ns

Nr

dψs

dt
—

dψr

dt
—

 

Fig. 4.2: Single-phase equivalent circuit of a DFIG. 

The stator side of the DFIG is modeled in the stator reference frame using (2.15) 

which is repeated in (4.1). 

𝑣⃗𝑠 = −𝑅𝑠𝑖𝑠 +
𝑑𝜓⃗⃗𝑠
𝑑𝑡

 (4.1) 

Rewriting (4.1), the stator flux linkage can be estimated using (4.2). 

𝜓⃗⃗̂𝑠 = ∫(𝑣⃗𝑠 + 𝑅̂𝑠𝑖𝑠)𝑑𝑡 (4.2) 

On the other hand, the stator flux linkage in the stator reference frame is given by 

(2.18) which is repeated in (4.3). 

𝜓⃗⃗𝑠 = −(𝐿𝑠 + 𝐿𝜎𝑠)𝑖𝑠 + 𝐿𝑚𝑒
−𝑗𝜃𝑚𝑖𝑟 (4.3) 

Rewriting (4.3), the rotor current can be estimated in the rotor reference frame 

using (4.4). 

𝑖̂⃗𝑟 = 𝑒
𝑗𝜃̂𝑚

𝜓⃗⃗̂𝑠 + (𝐿̂𝑠 + 𝐿̂𝜎𝑠)𝑖𝑠

𝐿̂𝑚
 (4.4) 
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The adjustable model of the rotor current MRAS is defined by (4.4), while the 

reference model is simply the measured rotor current. 

The error function for the rotor current MRAS is defined by (4.5). 

𝜀𝑟 =
𝑖̂⃗𝑟 × 𝑖𝑟
‖𝑖𝑟‖2

 (4.5) 

Based on the previous study, the block diagram of the rotor current MRAS is 

depicted in Fig. 4.3. 
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Fig. 4.3: Block diagram of the rotor current MRAS observer. 

The rotor current MRAS observer requires three parameters which are the stator 

winding resistance, the mutual inductance, and the stator inductance. In addition, it 

requires estimating an intermediate quantity which is the stator flux linkage.  

The stator flux linkage is estimated by integrating the stator voltage. The integrator 

is sensitive to any offset in the voltage or the current sensor which can drive the 

integrator into saturation. To solve this problem additional filters are needed. Moreover, 

the integrator output depends on the initial condition. 

To reduce the number of DFIG parameters and eliminate the need for an 

intermediate quantity, we have proposed a new slip angle estimator. 

4.2.2 Proposed Slip Angle Estimator 

A.  Concept 

In designing most estimators, the T-equivalent circuit of the DFIG is used, where 

all variables are referred to the stator side. In this case, the DFIG’s turns ratio is 
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implicitly multiplied by the rotor voltage, current and flux. Thus, the turns ratio is 

implicitly needed. In order to explicitly show the turns ratio, we will adopt the 

transformer-equivalent circuit. 

The proposed estimator is based on estimating the rotor current in the synchronous 

reference frame (dq-frame). The transformer-equivalent circuit of the DFIG in this 

reference frame is shown in Fig. 4.4. 

(vs)dq

→
+
‒

Rs Lσs(is)dq

→

+‒

jωs (ψs)dq

→

(vr)dq

→
+
‒

RrLσr (ir)dq

→

+ ‒

jωr (ψr)dq

→

d
dt
—(ψs)dq

→ d
dt
—(ψr)dq

→

NrNs

 

Fig. 4.4: Equivalent circuit of the DFIG in the dq-frame. 

The voltage equation across the stator side is given by (4.6). During steady-state 

the derivative term is zero, which simplifies the model as shown in (4.7). 

(𝑣⃗𝑠)𝑑𝑞 = −𝑅𝑠(𝑖𝑠)𝑑𝑞 + 𝑗𝜔𝑠(𝜓⃗⃗𝑠)𝑑𝑞 +
𝑑(𝜓⃗⃗𝑠)𝑑𝑞
𝑑𝑡

 (4.6) 

(𝑣⃗𝑠)𝑑𝑞 = −𝑅𝑠(𝑖𝑠)𝑑𝑞 + 𝑗𝜔𝑠(𝜓⃗⃗𝑠)𝑑𝑞 (4.7) 

The stator flux linkage in the dq-frame is given by (4.8). 

(𝜓⃗⃗𝑠)𝑑𝑞 = −
(𝐿𝑠 + 𝐿𝜎𝑠)(𝑖𝑠)𝑑𝑞 + 𝐿𝑚(𝑖𝑟)𝑑𝑞 (4.8) 

Substituting (4.8) into (4.7), we get (4.9) which can be used to estimate the rotor 

current in the dq-frame. This estimation does not require any knowledge of the DFIG’s 

rotor current or the DFIG’s rotor position. 

(𝑖𝑟)𝑑𝑞 =
(𝑣⃗𝑠)𝑑𝑞 + (𝑅𝑠 + 𝑗𝜔𝑠(𝐿𝑠 + 𝐿𝜎𝑠))(𝑖𝑠)𝑑𝑞

𝑗𝜔𝑠𝐿𝑚
 (4.9) 

Although (4.9) does not require the stator flux linkage, it still requires three DFIG 

parameters. To reduce the number of parameters, we introduce a new vector, X, which is 
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parallel to the rotor current in the dq-frame as shown in (4.10). This vector is estimated 

instead of estimating the rotor current. This does not affect the estimator’s performance 

because both vectors are parallel and have the same angle. 

𝑋⃗ = 𝑘 ∙ (𝑖𝑟)𝑑𝑞 (4.10) 

To reduce the number of parameters, the scaling factor k, in (4.10), is chosen equal 

to the mutual impedance as in (4.11). 

𝑘 = 𝜔𝑠𝐿𝑚 (4.11) 

Substituting (4.11) and (4.10) into (4.9), the vector X is estimated using (4.12), 

which requires two parameters. 

𝑋⃗ = (−𝑗𝑅̂𝑠 + 𝜔𝑠(𝐿̂𝑠 + 𝐿̂𝜎𝑠)) (𝑖𝑠)𝑑𝑞 − 𝑗(𝑣⃗𝑠)𝑑𝑞 (4.12) 

For medium and large DFIGs, the stator winding resistance is very small compared 

with the stator impedance, and it is always ignored. In this case, the number of DFIG 

parameters is reduced to only one parameter which is the stator inductance as shown in 

(4.13). 

𝑋⃗ = 𝜔𝑠(𝐿̂𝑠 + 𝐿̂𝜎𝑠)(𝑖𝑠)𝑑𝑞 − 𝑗(𝑣⃗𝑠)𝑑𝑞 (4.13) 

The stator inductance is the inductance seen from the stator side, and it is the sum 

of the stator leakage and self-inductance. This inductance can be measured directly at 

the stator side under nominal operating condition, which enable the estimator to use real 

machine parameters. 

In the proposed slip angle estimator, the reference model is the estimated vector X, 

where the reference angle is the slip angle corresponding to the vector X. The adjustable 

model is the measured rotor current when, using the estimated slip angle, it is expressed 

in the dq-frame, which is denoted by an e superscript. 

The cross product between the output of the reference model and of the adjustable 

model is given by (4.14), where δr is the slip angle error or, in other words, the 

difference between the reference slip angle and the estimated slip angle. 

𝑋⃗ × (𝑖𝑟
𝑒
)
𝑑𝑞
= ‖𝑋⃗‖ ∙ ‖(𝑖𝑟

𝑒
)
𝑑𝑞
‖sin(𝛿𝑟) 

(4.14) 
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The error function is defined as the normalized cross product as in (4.15). 

𝜀𝑟 =
𝑋⃗ × (𝑖𝑟

𝑒
)
𝑑𝑞

‖𝑋⃗‖ ∙ ‖(𝑖𝑟
𝑒
)
𝑑𝑞
‖
= sin(𝛿𝑟) (4.15) 

When the error εr is fed to a properly tuned PI controller, it will generate an 

estimation of the slip angular frequency 𝜔̂𝑟 which will generate an estimation of the 

slip angle 𝜃𝑟 when fed to an integrator. The block diagram of the proposed slip angle 

estimator is shown in Fig. 4.5. 
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Fig. 4.5: Block diagram of the proposed slip angle estimator. 

B.  Controller Design 

The simplified nonlinear control model of the proposed slip angle estimator is 

depicted in Fig. 4.6. In this model, the effect of the sampling delay, distortion of the 

stator voltages and currents, and the effect of the DFIG’s poorly damped poles located 

near the line frequency are neglected.  

−
+

θr
*

Kps + Ki

s
1
s

—sine
θrωr

PI

———
δr εr ˆ ˆ 

 

Fig. 4.6: Control model of the proposed estimator. 

For small variation around the reference angle, the sine function can be 

approximated by a unity gain as in (4.16). 

𝜀𝑟 = sin(𝛿𝑟) ≈ 𝛿𝑟 (4.16) 

Then, the PI parameters selection procedure is similar to that of the stator voltage 
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PLL circuit in section 3.1.1, and it is briefly presented. 

The transfer function of the small signal model is given by (4.17). 

𝜃𝑟
𝛿𝑟
=
𝐾𝑝𝑠 + 𝐾𝑖

𝑠2
 (4.17) 

To simplify the previous transfer function, new parameters are introduced as in 

(4.18), and the transfer function using these parameters is given by (4.19) 

{
𝐾𝑖 = 𝜔𝑘

2

𝐾𝑝 = 𝛼 ∙ 𝜔𝑘
 (4.18) 

𝜃𝑟
𝛿𝑟
=
𝜔𝑘

2

𝑠2
(𝛼

𝑠

𝜔𝑘
+ 1) (4.19) 

The frequency in (4.19) is normalized to ωk, and the different performance criteria, 

such as the rise time, becomes function of α only. The variation of the normalized 

bandwidth and the overshoot are depicted in Fig. 4.7 as functions of α. 

 

Fig. 4.7: The overshoot and the normalized bandwidth of the proposed estimator. 

Using the desired overshoot, the value of α and the normalized bandwidth are 

determined from Fig. 4.7. Then, using the desired bandwidth, the value of ωk is obtained. 

Using the values of α and ωk, the PI’s parameters are selected. 

The error function implemented using the cross product is nonlinear and 

non-monotonic, which can result in an oscillatory transient response of the estimated 

slip frequency especially during fast transition of the DFIG’s speed. 
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To achieve fast, non-oscillatory transient response without using the inverse 

tangent function of [22], the proposed estimator is designed with a relatively wide 

bandwidth. The bandwidth, however, must be smaller than the line frequency to reduce 

the effect of the DFIG’s poorly damped poles. 

In this work, the overshoot was selected around 12% which corresponds to α 

equals 2.2, and the normalized bandwidth is equal to 2. The open-loop bandwidth is 

selected around eight times smaller than the line angular frequency, 45 rad/s; 

consequently ωk is 22.5 rad/s. Then, the PI parameters are Kp ≈ 50 and Ki ≈ 500. 

Since the bandwidth is relatively large, the estimator attenuation at the DFIG’s 

poorly damped poles is relatively low, and we would expect some ripples in the 

steady-state response of the estimated slip frequency and angle. 

4.3 Sensitivity Analysis 

The proposed estimator ignores the stator winding resistance, and it uses the stator 

inductance for estimating the slip angle. The stator inductance is affected by the grid 

voltage amplitude due to saturation. Consequently, the estimator will operate with 

mismatched value of the DFIG parameters. Thus, it is important to investigate the effect 

of parameter mismatch on the accuracy of the proposed estimator. 

4.3.1 Mathematical Analysis 

The stator inductance inaccuracy ∆Ls, which is defined by (4.20), is the difference 

between the correct value of the stator inductance and the value used by the proposed 

estimator. The stator impedance inaccuracy is defined by (4.21) 

∆𝐿𝑠 = (𝐿𝑠 + 𝐿𝜎𝑠) − (𝐿̂𝑠 + 𝐿̂𝜎𝑠) (4.20) 

∆𝑍𝑠 = 𝜔𝑠∆𝐿𝑠 (4.21) 

Substituting (4.21) and (4.9) into (4.13), the vector X is given by (4.22), where Zm 

is the mutual impedance Zm = ωs Lm. 

𝑋⃗ = 𝑍𝑚(𝑖𝑟)𝑑𝑞 + 𝑗𝑅𝑠(𝑖𝑠)𝑑𝑞 − ∆𝑍𝑠(𝑖𝑠)𝑑𝑞 (4.22) 

The ignored stator winding resistance and the stator inductance inaccuracy produce 

an estimation error ∆θr which is defined by (4.23). 
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∆𝜃𝑟 = 𝜃𝑟 − 𝜃𝑟 (4.23) 

The output of the adjustable model, which is the dq-transformation of the measured 

rotor current using the erroneously estimated slip angle, is related to the correct value of 

the rotor current in the dq-frame by (4.24). 

(𝑖𝑟
𝑒
)
𝑑𝑞
= 𝑒𝑗∆𝜃𝑟(𝑖𝑟)𝑑𝑞 (4.24) 

Substituting (4.24) into (4.22), the vector X is given by (4.25). 

𝑋⃗ = 𝑍𝑚𝑒
−𝑗∆𝜃𝑟(𝑖𝑟

𝑒
)
𝑑𝑞
+ 𝑗𝑅𝑠(𝑖𝑠)𝑑𝑞 − ∆𝑍𝑠(𝑖𝑠)𝑑𝑞 (4.25) 

Since the PI control in Fig. 4.5 forces the error function to zero, the cross product 

in (4.14) is equal to zero in the steady-state. Then, an expression for the estimation error 

can be obtained by substituting (4.25) into (4.14), and it is given by (4.26), where the θis 

is the angle of the stator current in the dq-frame and θir
e is the angle of the output of the 

adjustable model. 

𝑍𝑚‖𝑖𝑟‖
2 sin(∆𝜃𝑟) − 𝑅𝑠‖𝑖𝑟‖‖𝑖𝑠‖ cos(𝜃𝑖𝑟

𝑒 − 𝜃𝑖𝑠)

− ∆𝑍𝑠‖𝑖𝑟‖‖𝑖𝑠‖ sin(𝜃𝑖𝑟
𝑒 − 𝜃𝑖𝑠) = 0 

(4.26) 

Equation (4.26) can be written as in (4.27). 

sin(∆𝜃𝑟) =
𝑅𝑠
𝑍𝑚

‖𝑖𝑠‖

‖𝑖𝑟‖
cos(𝜃𝑖𝑟

𝑒 − 𝜃𝑖𝑠) +
∆𝑍𝑠
𝑍𝑚

‖𝑖𝑠‖

‖𝑖𝑟‖
sin(𝜃𝑖𝑟

𝑒 − 𝜃𝑖𝑠) (4.27) 

In (4.27), the estimation error is independent of the stator inductance inaccuracy, if 

the angle of the rotor current θir
e is equal to the angle of the stator current θis or have a 

difference equal to ±180 degrees. 

Equation (4.27) is difficult to analyze because the estimation error is present in 

both sides of the equation. The angle θir
e implicitly contains the estimation error as can 

be seen when referring to (4.24). Equation (4.27) can be written as in (4.28). 

sin(∆𝜃𝑟) −
𝑅𝑠
𝑍𝑚

‖𝑖𝑠‖

‖𝑖𝑟‖
cos(𝜃𝑖𝑟 − 𝜃𝑖𝑠 + ∆𝜃𝑟) −

∆𝑍𝑠
𝑍𝑚

‖𝑖𝑠‖

‖𝑖𝑟‖
sin(𝜃𝑖𝑟 − 𝜃𝑖𝑠 + ∆𝜃𝑟) = 0 (4.28) 
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Solving (4.28), the estimation error can be calculated as in (4.29), where the 

variable n is zero or one depending on the sign of the denominator being positive or 

negative respectively as in (4.30). 

∆𝜃𝑟 = tan−1 [

𝑅𝑠
𝑍𝑚

‖𝑖𝑠‖
‖𝑖𝑟‖

cos(𝜃𝑖𝑟 − 𝜃𝑖𝑠) +
∆𝑍𝑠
𝑍𝑚

‖𝑖𝑠‖
‖𝑖𝑟‖

sin(𝜃𝑖𝑟 − 𝜃𝑖𝑠)

1 +
𝑅𝑠
𝑍𝑚

‖𝑖𝑠‖
‖𝑖𝑟‖

sin(𝜃𝑖𝑟 − 𝜃𝑖𝑠) −
∆𝑍𝑠
𝑍𝑚

‖𝑖𝑠‖
‖𝑖𝑟‖

cos(𝜃𝑖𝑟 − 𝜃𝑖𝑠)
] + 𝑛𝜋 (4.29) 

𝑛 = {
0 𝑖𝑓 sign (1 +

𝑅𝑠
𝑍𝑚

‖𝑖𝑠‖

‖𝑖𝑟‖
sin(𝜃𝑖𝑟 − 𝜃𝑖𝑠) −

∆𝑍𝑠
𝑍𝑚

‖𝑖𝑠‖

‖𝑖𝑟‖
cos(𝜃𝑖𝑟 − 𝜃𝑖𝑠)) ≥ 0

1        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                                                         

 (4.30) 

4.3.2 Effect of the Stator Winding Resistance Rs 

For medium and large DFIGs, the stator winding resistance is very small compared 

to the stator impedance and is always ignored. For small DFIGs, the stator winding 

resistance is not negligible compared to the stator impedance. In either case, ignoring 

the stator winding resistance would produce an estimation error that need to be 

determined. 

To simplify the analysis, the stator inductance is assumed to be accurate, that is ∆Ls 

is zero. The effect of stator winding resistance on the estimation error is investigated for 

different rotor d- and q-currents using (4.29) and (4.30). The main parameters of the 

experimental DFIG are listed in Table 4.1  

Table 4.1: DFIG’s parameters and rated values. 

Parameter Value Unit 

Power Rating 1.1 kW 

Stator line-to-line voltage 210 VRMS 

Frequency 60 Hz 

Number of poles 6  

Stator resistance Rs 0.475 Ω 

Rotor resistance Rr 0.04 Ω 

Stator leakage inductance Lσs 7.43 mH 

Rotor leakage inductance Lσr 0.18 mH 

Magnetizing inductance Lm 11.2 mH 

Stator-to-rotor turns ratio 6.38  
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The estimation error for different rotor d- and q-currents are shown in Fig. 4.8.
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(b) irq > 0 

Fig. 4.8: The estimation error for different rotor currents with ∆Ls = 0 and Rs = 0.5 Ω. 

In Fig. 4.8, the rotor current is displayed in per unit (pu), where the base value is 

19.3 ARMS and, in the dq-frame, it is 33.4 A. 

From Fig. 4.8, ignoring the stator winding resistance produces an estimation error 

which varies with the rotor d- and q-current. When the rotor currents are small, this 

estimation error is very large (above ±90 degrees) and can cause the decoupled control 

to become unstable as was concluded in Chapter 3. However, when the rotor currents 

are not small, the estimation error is negligible. 

The parameters in Table 3.1 are for a small DFIG of only 1.1 kW. For medium and 

large DFIGs, the stator winding resistance is much smaller. Thus, the estimation error is 

calculated for a stator resistance of 0.2 Ω, and the results are shown in Fig. 4.9. 
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(b) irq > 0 

Fig. 4.9: The estimation error for different rotor currents with ∆Ls = 0 and Rs = 0.2 Ω. 

From Fig. 4.9, for medium and large DFIGs, the estimation error resulting from the 

stator winding resistance and the unstable region become smaller. 

4.3.3 Effect of the Stator Inductance Inaccuracy ∆Ls 

Assuming the value of the stator winding resistance to be fixed, the estimation 

error in (4.29) is a function of three variable which are the stator inductance inaccuracy 

and the rotor d- and q-current. Consequently, in the following analysis, one variable is 

fixed and the other two variables are varied. 

First, the stator inductance inaccuracy is fixed, and the effect of the rotor d- and 

q-current on the estimation error is investigated. The stator inductance inaccuracy is 

fixed to 0.2 of the inductance value, ∆Ls = 0.2 Ls. In this case, the estimation error as a 
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function of the rotor d- and q-current is shown in Fig. 4.10. 
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(a) irq ≤ 0 
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(b) irq > 0 

Fig. 4.10: The estimation error for different rotor currents with ∆Ls / Ls = 0.2. 

We observer that, when the rotor q-current is negative, but not zero, the estimation 

error is within the stable region of the decoupled control, which is slightly above ±90 

degrees. Generally speaking, the estimation error decreases as the rotor d-and q-current 

increase; however, around zero this is not true.  

The estimation error initially increases as the rotor d-current increases before it 

starts to decrease. The estimation error increases as the rotor q-current increases from 

zero. Then, it is almost unaffected by the increase of the rotor q-current between 0.03 pu 

to 0.33 pu; beyond this interval, the estimation error decreases as the rotor q-current 

increases. 
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Next, the stator inductance inaccuracy is fixed to −0.2 of the inductance value, ∆Ls 

= −0.2 Ls, and the estimation error, in this case, is shown in Fig. 4.11. 
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(a) irq < 0 
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(b) irq ≥ 0 

Fig. 4.11: The estimation error for different rotor currents with ∆Ls / Ls = −0.2. 

Similar results to that of Fig. 4.10 are obtained in Fig. 4.11, but the sign of the 

estimation error and of the rotor q-current are reversed. In this case, the estimation error 

is within the stable region of the decoupled control when the rotor q-current is positive, 

but not zero. 

The effect of a larger stator inductance inaccuracy, ∆Ls = 0.4 Ls, is investigated, 

and the estimation error is shown in Fig. 4.12. 

In principle, the results in Fig. 4.12 are similar to Fig. 4.10. However, the 

estimation error is larger for the same rotor d- and q-current. The estimation error is still 
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within the stable region of the decoupled control when the rotor q-current is negative. 
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(a) irq ≤ 0 
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(b) irq > 0 

Fig. 4.12: The estimation error for different rotor currents with ∆Ls / Ls = 0.4. 

For positive rotor q-current, with larger stator inductance inaccuracy, the region 

where the estimation error is almost unaffected by the increasing rotor q-current is 

wider. 

Next, the rotor d-current is fixed to zero, and the estimation error is considered as a 

function of the stator inductance inaccuracy. In this case, the estimation error is shown 

in Fig. 4.13 for several rotor q-currents. 

The results in Fig. 4.13, demonstrate that when the stator inductance inaccuracy is 

in opposite sign with the rotor q-current, the estimation error is within the stable region 

of the decoupled control regardless of the stator inductance inaccuracy. This makes the 
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proposed estimator very robust under such condition. In addition, the estimation error 

decreases as the rotor q-current increases. 
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(b) irq > 0 

Fig. 4.13: The estimation error as a function of the stator inductance inaccuracy with ird = 0. 

Finally, the rotor q-current is fixed to zero, and the estimation error is considered as 

a function of the stator inductance inaccuracy. The estimation error in this case is shown 

in Fig. 4.14 for several values of the rotor d-current. 

Fig. 4.14 shows that the estimation error decreases as the rotor d-current increases. 

In addition, the estimation error is within the stable region of the decoupled control 

regardless of the stator inductance inaccuracy; this, however, is true as long as the 

estimation error is below 100%. 
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(a) ird < 0 
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(b) ird > 0 

Fig. 4.14: The estimation error as a function of the stator inductance inaccuracy with irq = 0. 

4.4 Simulation and Experiments 

4.4.1 Experimental Setup 

The parameters of the DFIG were listed in Table 3.1 and in Table 4.1. The 

schematic diagram of the experimental setup is depicted in Fig. 4.15. The parameters of 

this circuit were listed in Table 3.2. The grid-connected control system of chapter 3, 

which was depicted in Fig. 3.20 is equipped with the proposed slip angle estimator to 

obtain the slip angle. The parameters of the grid-connected control system were given in 

Table 3.2. The PI parameters of the proposed slip angle estimator are Kp = 50 and Ki = 

500.  
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Several tests are carried out under different conditions to investigate the 

performance of the proposed estimator and to evaluate its accuracy by comparing it with 

the measured slip angle. 
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Fig. 4.15: Block diagram of the experimental setup. 

4.4.2 Simulation Results 

First, the starting on the fly of the system with the proposed estimator is 

investigated. In this test, the DFIG is rotating while it is connected to the grid. Initially, 

the back-to-back converter and the grid-connected control, except for the PLL circuit of 

Fig. 3.2, are disabled. Then, at 1.1 sec they are suddenly enabled. This test is similar to a 

step response of the slip frequency and the slip angle. Several starting on the fly tests 

are carried out for different rotor d- and q-currents. 

In the first test, the DFIG’s speed is fixed at a sub-synchronous speed of 0.9 pu. 

The active and reactive power references are fixed at 0 W and −1300 VAR respectively; 

this produces small rotor d- and q-current of ird
e = 0 A and irq

e = −1.6 A respectively. The 

results for this test are shown in Fig. 4.16. 

Referring to Fig. 4.16, the proposed estimator can start on the fly even with such 

small rotor current which produces an estimation error of around −27 degrees. This 

estimation error is caused by the ignored stator winding resistance. This can be proved 

by noticing that the angle θir
e − θis is equal to −180 degrees and, according to (4.27), the 

estimation error in this case is negative and is caused by the ignored stator winding 

resistance. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator d- and q-current (d) Rotor d- and q-current 

 

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.16: Simulation results for starting on the fly with Ps
* = 0 W, Qs

* = −1300 VAR, and ωm = 0.9 pu. 
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In addition, there are relatively large ripples on the estimated slip angular 

frequency which results from the wide bandwidth of the proposed estimator. 

The second test is similar to the first one but this time the reactive power reference 

is fixed at −1300 VAR. This produces rotor d- and q-current of ird
e = 0 A and irq

e = 6 A 

respectively. The results for this test are shown in Fig. 4.17. 

Referring to Fig. 4.17, the estimation error, which is 8.4 degrees, is smaller because 

the rotor current is larger. Since the angle θir
e − θis is now equal to 180 degrees the 

estimation error, which is caused by the stator winding resistance, is positive. We also 

notice that the ripples of the estimated slip angular frequency are smaller in this test. 

In the third test, the DFIG speed is fixed at a hyper-synchronous speed of 1.1 pu. 

The active and reactive power references are chosen equal to 100 W and −1340 VAR 

respectively. These references produces rotor d- and q-current of ird
e = 4 A and irq

e = 0 A 

respectively. The results of this test are shown in Fig. 4.18. 

In this case, the angle θir
e − θis is very close to –90 degrees and, according to (4.27), 

the estimation error is caused by the stator inductance inaccuracy only. Since the 

proposed estimator is using the correct value of the stator inductance, the estimation 

error is very close to zero. 

Considering the amplitude of the ripples in the estimated slip angular frequency, 

they seem to depend on the amplitude of the rotor current. As the rotor current increases, 

these ripples decreases and vice versa. 

In the final starting on the fly test, the DFIG speed is fixed at a sub-synchronous 

speed of 0.8 pu. The active and reactive power references are fixed to 600 W and −1000 

VAR respectively, which produces large rotor d- and q-current of ird
e = 22 A and irq

e = 

−12 A respectively. The results for this test are shown in Fig. 4.19. 

Since the rotor d- and q-currents are relatively large, the effect of the stator 

winding resistance is negligible and the estimation error is almost zero. In addition, the 

ripples of the estimated slip angular frequency is very small. 

The previous starting on the fly tests support the results of the sensitivity analysis, 

and demonstrate the ability of the proposed estimator to start on the fly within shot time. 

It should be mentioned that if the initial slip angle error is larger, the transient response 

could become oscillatory due to the nonlinear, non-monotonic error function. 
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(a) Stator active power (b) Stator reactive power 

  

(c) Stator d- and q-current (d) Rotor d- and q-current 

  

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.17: Simulation results for starting on the fly with Ps
* = 0 W, Qs

* = −1500 VAR, and ωm = 0.9 pu. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator d- and q-current (d) Rotor d- and q-current 

 

(e) Estimated and measured slip angular frequency (f) Estimation error 

Fig. 4.18: Simulation results for starting on the fly with Ps
* = 100 W, Qs

* = −1340 VAR, 

and ωm = 1.1 pu. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator d- and q-current (d) Rotor d- and q-current 

 

(e) Estimated and measured slip angular frequency (f) Estimation error 

Fig. 4.19: Simulation results for starting on the fly with Ps
* = 600 W, Qs

* = −1000 VAR, 

and ωm = 0.8 pu. 
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Next, the variable speed operation is considered. The DFIG speed is varied from a 

sub-synchronous speed of 0.75 pu to a hyper-synchronous speed of 1.25 pu within 0.8 

sec. During this test, the active and reactive power references are fixed at 800 W and 

−1800 VAR respectively. The results for this test are shown in Fig. 4.20. 

From the results in Fig. 4.20, the proposed estimator effectively tracks the slip 

frequency and slip angle. This enables the decoupled control to regulate the active and 

reactive power despite the fast speed variation. During the variable speed test, the 

estimation error increases because of the slip angle varies as a second order polynomial 

while the estimator’s controller is designed to track a first order polynomial. This is a 

very well-known issue in control engineering. 

The proposed estimator is designed using the steady-state model of the DFIG. Thus, 

it is important to investigate the effect of active and reactive power steps on the 

performance of the proposed estimator. 

During this test, the active power reference is stepped between 0 W and 800 W, and 

the reactive power reference is stepped between −1200 VAR and −2000 VAR. The 

DFIG speed is fixed at a sub-synchronous speed of 0.8 pu. The results for this test are 

shown in Fig. 4.21. 

From the results of Fig. 4.21, as the active and reactive power vary, the stator and 

the rotor d- and q-currents vary. Since the estimation error is affected by the stator and 

the rotor d- and q-currents, the estimation error also varies. Moreover, at 1.4 sec, the 

rotor d- and q-current become zero, this produces a relatively large transition in the 

estimated slip frequency and a relatively large estimation error. This, however, does not 

have a serious effect on the performance of the system, because the estimation error is 

well inside the stable region of the decoupled control.  

Finally, the effect of the stator inductance inaccuracy on the performance of the 

proposed estimator is investigated. Two tests are carried out for this purpose.  

First, the stator inductance inaccuracy is linearly increased from −50% to 50%, and 

the stator active and reactive power references are fixed at 0 W and −1800 VAR 

respectively; this produces a rotor d-current equal to zero (ird = 0 A), while the rotor 

q-current is positive, which corresponds to Fig. 4.13 (b). During this test, the DFIG 

speed is fixed at a sub-synchronous speed of 0.8 pu. The results for this test are shown 

in Fig. 4.22.  
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(a) Stator active power (b) Stator reactive power 

  

(c) Stator d- and q-current (d) Rotor currents 

  

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.20: Simulation results for variable speed operation with Ps
* = 0 W and Qs

* = −1500 VAR. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator d- and q-current (d) Rotor d- and q-current 

 

(e) Estimated and measured slip angular frequency (f) Estimation error 

Fig. 4.21: Simulation results for the effect of the power step response with ωm = 0.8 pu. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator inductance inaccuracy (d) Rotor d- and q-current 

 

(e) Estimated and measured slip angular frequency (f) Estimation error 

Fig. 4.22: Simulation results for the effect of stator inductance inaccuracy with Ps
* = 0 W, 

Qs
* = −1800 VAR (ird = 0 A), and ωm = 0.8 pu. 
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The results of Fig. 4.22 comply with the results of the sensitivity analysis, Fig. 4.13 

(b). The estimation error is very small and positive when the inaccuracy is negative. The 

estimation error is not affected by the stator inductance inaccuracy as long as it is under 

a certain threshold. Once the stator inductance inaccuracy reaches that threshold, the 

estimated slip frequency becomes extremely oscillatory while the slip angle is at the 

boundary of stability region of the decoupled control. Any further increase in the 

inductance inaccuracy will cause the decoupled control system becomes unstable.  

Since the proposed estimator compares the angle between two vectors, it is stable 

as long as the rotor and the stator currents are stable. Once the decoupled control 

becomes unstable, the proposed estimator becomes unstable and the sensitivity analysis 

becomes invalid, because it is derived in steady-state. 

Second, the stator inductance inaccuracy is linearly increased from −50% to 50%, 

while the stator active and reactive power references are fixed at 800 W and −1340 VAR 

respectively; this produces a rotor q-current equal to zero (irq = 0 A), while the rotor 

d-current is positive, which corresponds to Fig. 4.14 (b). During this test, the DFIG 

speed is fixed at a sub-synchronous speed of 0.8 pu. The results for this test are shown 

in Fig. 4.23. The results comply with the results in Fig. 4.14 (b). The system remains 

stable because the estimation error is within the stable region. 

4.4.3 Experimental Results 

Since the PLL circuit of Fig. 3.2 forces the stator q-voltage to zero, the active and 

reactive power are proportional to the stator d- and q-current respectively as in (3.19). 

Thus, instead of the stator active and reactive power, the stator d- and q-currents are 

shown in all following experiments. 

First, the starting on the fly experiment is carried out. Similar to the simulation, 

during this test, the DFIG is connected to the grid and is rotating with a 

sub-synchronous speed of 0.9 pu, while the back-to-back converter and the control 

system, except for the PLL circuit, are disabled. At 0 sec, the back-to-back converter 

and the control system is suddenly enabled. 

Two test for the starting on the fly are carried out: With small and relatively large 

rotor currents. In the first experiment, the stator d- and q-current references are fixed at 

0 A and 7 A respectively. This produces rotor d- and q-current of ird
e = 0 A and irq

e = −4 

A respectively. The results for this test are shown in Fig. 4.24. 
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(a) Stator active power (b) Stator reactive power 

 

(c) Stator inductance inaccuracy (d) Rotor d- and q-current 

 

(e) Estimated and measured slip angular frequency (f) Estimation error 

Fig. 4.23: Simulation results for the effect of stator inductance inaccuracy with Ps
* = 800 W, 

Qs
* = −1340 VAR (irq = 0 A), and ωm = 0.8 pu. 
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(a) Stator d-current (b) Stator q-current 

 

(c) Rotor d- and q-current (d) Estimation error 

 

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.24: Experimental results for starting on the fly with isd
* = 0 A, 

isq
* = 7 A, and ωm = 0.9 pu. 

-4

-3

-2

-1

0

1

2

3

4

-0.05 0.05 0.15 0.25 0.35 0.45

isd isd*

S
ta

to
r 

d
-c

u
rr

en
t 

(A
)

time (s)

isd isd
*

4

5

6

7

8

9

10

11

12

-0.05 0.05 0.15 0.25 0.35 0.45

isq isq*

S
ta

to
r 

q
-c

u
rr

en
t 

(A
)

time (s)

isq
*isq

-8

-6

-4

-2

0

2

4

6

-0.05 0.05 0.15 0.25 0.35 0.45

ird irq

R
o
to

r 
d

-
an

d
 q

-c
u
rr

en
t 

(A
)

time (s)

ird
e irq

e

ird
e

irq
e

-160

-140

-120

-100

-80

-60

-40

-20

0

20

-0.05 0.05 0.15 0.25 0.35 0.45

Δθr
E

st
im

at
io

n
 e

rr
o
r 

(d
eg

re
e)

time (s)

∆θr

-60

-40

-20

0

20

40

60

80

100

-0.05 0.05 0.15 0.25 0.35 0.45

ωr ωr*

E
st

im
at

ed
an

d
 m

ea
su

re
d
 s

li
p

an
g
u
la

r 
fr

eq
u
en

cy
 (

ra
d
/s

)

time (s)

ωr

0

60

120

180

240

300

360

-0.05 0.05 0.15 0.25 0.35 0.45

θr θr*

E
st

im
at

ed
an

d
 m

ea
su

re
d
 s

li
p

an
g
le

(d
eg

re
e)

time (s)

θr



124 

 

Referring to Fig. 4.24, the proposed estimator can start on the fly even with small 

rotor current. Compared with the simulation, the results are similar except for the 

estimation error which is larger at around −40 degrees. 

Since this estimation error is caused by the stator winding resistance, we expect 

that the actual value of the stator winding resistance to be larger than its standard value. 

When measured, it was found three times larger than its value in Table 4.1. 

In the second starting on the fly test, the stator d- and q-current references are fixed 

to 3 A and 6 A respectively. This produces relatively large rotor d- and q-current of ird
e = 

22 A and irq
e = −12 A respectively. The results for this test are shown in Fig. 4.25. 

Referring to Fig. 4.25, with large rotor currents, the estimation error is very small, 

and the ripples of the estimated slip angular frequency are smaller.  

There is a transient decrease of the DFIG speed when the system starts on the fly in 

Fig. 4.24; this is caused by the sudden increase of the electrical torque and the transient 

response of the prime mover’s torque which is normal in practical systems. 

Second, the variable speed operation is investigated. The DFIG speed is varied 

from a sub-synchronous speed of 0.8 pu to a hyper-synchronous speed of 1.2 pu within 

1 sec. During this test the stator d- and q-current references are fixed at 2 A and 7 A 

respectively. The results for this test are shown in Fig. 4.26. 

The results of the variable speed operation in Fig. 4.26 are similar to the simulation 

results. The proposed estimator effectively tracks the slip frequency and angle, which 

enables the decoupled control to regulate the stator d- and q-current and consequently 

the active and reactive power. 

Next, the effect of the step response of the active and reactive power on the 

estimator is investigated. During this test, the reference speed is fixed at a hyper- 

synchronous speed of 1.1 pu. The stator d-current reference is stepped between 0 A and 

4 A, while the rotor q-current reference is stepped between 4 A and 8 A. The results for 

this test are shown in Fig. 4.27. 

The estimation error and the amplitude of ripples of the estimated slip angular 

frequency varies as the stator and rotor d- and q-currents vary. Since the estimation error 

is well inside the stable region, the performance of the system is not affected. 
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(a) Stator d-current (b) Stator q-current 

 

(c) Rotor d- and q-current (d) Estimation error 

 

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.25: Experimental results for starting on the fly with isd
* = 3 A, 

isq
* = 6 A, and ωm = 0.9 pu. 
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(a) Stator d-current (b) Stator q-current 

 

(c) Rotor currents (d) Estimation error 

 

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.26: Experimental results for variable speed operation with isd
* = 2 A and 

isq
* = 7 A. 
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(a) Stator d-current (b) Stator q-current 

 

(c) Rotor d- and q-current (d) Estimation error 

 

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.27: Experimental results for the effect of the power step response with ωm = 1.1 pu. 
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Next, the effect of stator inductance inaccuracy on the proposed estimator is 

investigated. Initially, the proposed estimator uses the correct value of the stator 

inductance; then, suddenly, a very large inaccuracy, ∆Ls / Ls = −311%, is suddenly 

introduced to the reference model of the proposed estimator at 0 sec. The DFIG speed is 

fixed at the synchronous speed, and stator q-current reference is fixed at 8 A. 

Two tests are conducted for two different rotor d-current. In the first test, the stator 

d-current reference is fixed to 0 A, which produces rotor d- and q-current of ird
e = 0 A 

and irq
e = 4.2 A respectively. The results of this test are shown in Fig. 4.28. 

Referring to Fig. 4.28, the performance of the proposed estimator is not affected by 

this large inductance inaccuracy. Since the angle θir
e − θis is equal to 0 degree and, 

according to (4.26), the estimation error in this case is caused only by the ignored stator 

winding resistance and is not affected by the stator inductance inaccuracy. These results 

supports the sensitivity analysis. 

In the second test, the stator d-current reference is fixed at 1 A; this produces rotor 

d- and q-current of ird
e = 8 A and irq

e = 5.2 A respectively. Since the angle θir
e − θis is not 

equal to 0 or ±180 degrees, we expect the estimation error to be affected by the stator 

inductance inaccuracy. The results for this test are shown in Fig. 4.29. 

From the results of Fig. 4.29, the sudden increase of stator inductance inaccuracy 

causes the estimation error to increase to around 60 degrees. However, the estimated 

slip frequency is not affected except for a small transition. Since the estimation error is 

still within the stable region of the decoupled control, the system remains stable. 

Finally, the DFIG speed is fixed at the synchronous speed and the stator d- and 

q-current references are fixed at 0 A and 8 A respectively. In this case, the estimation 

error is caused by the stator winding resistance. The steady-state response is 

investigated under different condition. First, the steady-state response under normal 

operation without any additional condition is shown in Fig. 4.30. 

In the results of Fig. 4.30, there is an estimation error of around 30 degrees which, 

according to the sensitivity analysis, is caused by the stator winding resistance. In the 

following experiment this point will be proved experimentally. In addition, there is large 

ripples on the rotor d- and q-currents that need to be explained. 
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(a) Stator d-current (b) Stator q-current 

 

(c) Rotor d- and q-current (d) Estimation error 

 

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.28: Experimental results for the effect of sudden change of stator inductance inaccuracy 

with isd
* = 0 A, isq

* = 8 A. and ωm = 1.0 pu. 
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(a) Stator d-current (b) Stator q-current 

 

(c) Rotor d- and q-current (d) Estimation error 

  

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.29: Experimental results for the effect of sudden change of stator inductance inaccuracy 

with isd
* = 1 A, isq

* = 8 A. and ωm = 1.0 pu. 
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(a) Stator d-current (b) Stator q-current 

 

(c) Rotor d- and q-current (d) Estimation error 

 

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.30: Experimental results for steady-state response 

with isd
* = 1 A, isq

* = 8 A. and ωm = 1.0 pu. 
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To prove that the estimation error in Fig. 4.30 is caused by the stator winding 

resistance, the experiment is repeated without ignoring the stator winding resistance. 

The proposed estimator is modified to include the stator winding resistance using (4.12), 

and the results for this test are shown in Fig. 4.31. 

When the stator winding resistance is included in the proposed estimator, the 

estimation error becomes very small. This proves that the estimation error in Fig. 4.30 is 

caused by the ignored stator winding resistance. 

The large ripples of the rotor d- and q-current are generated by the negative- 

sequence compensation control, Fig. 3.16. To prove this point, the experiment of Fig. 

4.30 is repeated without negative-sequence compensation control, and the results are 

shown in Fig. 4.32. 

From Fig. 4.32, the rotor current ripples are significantly reduced when the 

negative-sequence compensation control is disabled. However, the ripples of the stator 

d- and q-current are slightly increased. Due to the DFIG’s turns ratio of 6.38, large rotor 

negative-sequence currents are needed to eliminate the small stator current ripples. 

Finally, the ripples of the estimated slip angular frequency is considered. It was 

mentioned earlier that, because the estimator is designed with a wide bandwidth, ripples 

will appear in the estimated slip frequency and angle.  

To support this statement experimentally, the proposed slip angle estimator is 

redesigned to have the same overshot but a 4.5 times smaller bandwidth. In this case, 

the PI parameters of the proposed slip angle estimator are Kp = 11.2 and Ki = 25. The 

results for this test are shown in Fig. 4.33. 

From the results of Fig. 4.33, we conclude that the ripples of the estimated slip 

angular frequency is caused by the wide bandwidth of the proposed estimator. As the 

bandwidth is decreased the ripples also decrease. However, this causes the response of 

the estimator to become slow. Thus, a compromise in needed based on the design 

requirements. Additional filter can help in reducing the ripples. 
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(a) Stator d-current (b) Stator q-current 

 

(c) Rotor d- and q-current (d) Estimation error 

 

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.31: Experimental results for steady-state response without ignoring the stator winding 

resistance and with isd
* = 1 A, isq

* = 8 A. and ωm = 1.0 pu. 
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(a) Stator d-current (b) Stator q-current 

 

(c) Rotor d- and q-current (d) Estimation error 

 

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.32: Experimental results for steady-state response without negative-sequence compensation 

with isd
* = 1 A, isq

* = 8 A. and ωm = 1.0 pu. 
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(a) Stator d-current (b) Stator q-current 

 

(c) Rotor d- and q-current (d) Estimation error 

 

(e) Estimated and measured slip angular frequency (f) Estimated and measured slip angle 

Fig. 4.33: Experimental results for steady-state response with smaller bandwidth 

of the slip angle estimator with isd
* = 1 A, isq

* = 8 A. and ωm = 1.0 pu. 
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4.5 Conclusion 

This chapter has proposed a new slip angle estimator for the grid-connected DFIG 

to eliminate the need for speed and position encoders. The proposed estimator is based 

on rotor current estimation, and it has the following advantages: 

- The proposed estimator requires the least number of parameters which is the 

stator inductance only. 

- The proposed estimator, unlike some other estimators, does not ignore the 

stator leakage inductance. This improves the model accuracy. 

- The stator inductance is the inductance seen from the stator side, and it can be 

measured directly. Thus, the proposed estimator uses measured parameters 

which improves the model accuracy. 

- The proposed estimator does not require knowledge of the stator flux, which 

eliminate the voltage integration problems such as integrator drift and 

dependency on initial conditions. 

Sensitivity analysis of the proposed estimator for parameters inaccuracy was 

provide in details. The stator winding resistance can be ignored especially for medium 

and large DFIG, and its effect is insignificant as long as the rotor current is not near zero. 

The accuracy is mainly affected by the stator inductance inaccuracy. 

The proposed estimator was tested extensively with simulation and experiments. 

The results supported the theoretical study and the sensitivity analysis. In general, the 

proposed estimator is robust as long as the rotor currents are not almost zero. 
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Chapter 5 

Stand-Alone Mode of Operation 

 
Due to the increased interest in a stable and reliable power supply, the distributed 

generation systems have emerged. In these systems the generator must be prepared to 

disconnect from the grid, in case of grid failure, and to maintain power supply to a local 

load as shown in Fig. 5.1. This mode is not suitable for wind turbine because the output 

power depends on the unpredicted nature. Diesel and natural gas engines are widely 

used for this mode of operation. 

Grid

DFIGωm

vs

is

Tr

ir Lrsc 3 ~

=

RSC

3 ~

=

GSCvdc Lgsc

vg

Control System

Load

Cf

 

Fig. 5.1: Schematic diagram of the stand-alone DFIG. 

During the grid-connected mode, the amplitude and the frequency of the generated 

voltage are maintained by the grid. During the stand-alone mode, the grid-connected 

control cannot maintain the voltage amplitude and frequency. Thus, a different control is 

needed for stand-alone. In this work, the sensorless direct voltage control is adopted. 

The direct voltage control was first introduced in [1] and [2]. This control does not 

require any DFIG parameter, and it achieves sensorless control. The use of direct 

voltage control during the synchronization mode for smooth connection to the grid was 

discussed in [3]. 

The direct voltage control defines a new synchronous reference frame for the rotor 

quantities, which causes the direct voltage control to lose track of the slip angle. The 
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absence of slip angle information causes inrush currents when the DFIG is connected to 

the grid even after synchronization, and reduces the voltage quality for some loads due 

to large stator negative-sequence voltages. 

In this chapter, the direct voltage control is introduced, and its limitations are 

explained. To overcome these limitations, a new estimator of the rotor current angle is 

proposed and integrated into the direct voltage control. Finally, the method for 

synchronization and connection to the grid are introduced. 

5.1 Control of the RSC 

The control of the RSC must regulate the voltage amplitude and frequency and, in 

this work, it is based on the direct voltage control. First the conventional direct voltage 

and its limitations are introduced. Then, the proposed method to overcome these 

limitations is explained. 

5.1.1 Conventional Direct Voltage Control 

A.  Concept 

The equivalent circuit of the DFIG during the stand-alone operation is shown in 

Fig. 5.2. The load ZL includes the local load, the filtering capacitor, and the GSC. The 

GSC can be included in the load ZL because it is drawing sinusoidal currents, and it can 

be regarded as a linear load in parallel with the local load. 

(vs)dq

→

Rs Lσs(is)dq

→

+‒

jωs (ψs)dq

→

(vr)dq

→
+
‒

RrLσr (ir)dq

→

+ ‒

jωr (ψr)dq

→

d
dt
—(ψs)dq

→ d
dt
—(ψr)dq

→

NrNs

ZL

 

Fig. 5.2: Equivalent circuit of the DFIG in the dq-frame during stand-alone operation. 

The voltage across the DFIG’s stator, during steady-state, is given by (5.1). 

(𝑣⃗𝑠)𝑑𝑞 = −(𝑅𝑠 + 𝑗𝜔𝑠(𝐿𝑠 + 𝐿𝜎𝑠))(𝑖𝑠)𝑑𝑞 + 𝑗𝜔𝑠𝐿𝑚(𝑖𝑟)𝑑𝑞 (5.1) 

On the other hand, the stator voltage and current are related by the load as shown 
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in (5.2). 

(𝑣⃗𝑠)𝑑𝑞 = 𝑍𝐿(𝑖𝑠)𝑑𝑞 (5.2) 

The mathematical model of the stand-alone operation is obtained by substituting 

(5.2) into (5.1), and it is given (5.3). 

(𝑣⃗𝑠)𝑑𝑞 =
𝑗𝜔𝑠𝐿𝑚 ∙ 𝑍𝐿

𝑅𝑠 + 𝑗𝜔𝑠(𝐿𝑠 + 𝐿𝜎𝑠) + 𝑍𝐿
(𝑖𝑟)𝑑𝑞 (5.3) 

By introducing an equivalent load ZL as in (5.4), the model is given by (5.5). 

𝑍𝑒𝑞 =
𝑗𝜔𝑠𝐿𝑚 ∙ 𝑍𝐿

𝑅𝑠 + 𝑗𝜔𝑠(𝐿𝑠 + 𝐿𝜎𝑠) + 𝑍𝐿
 (5.4) 

(𝑣⃗𝑠)𝑑𝑞 = 𝑍𝑒𝑞 ∙ (𝑖𝑟)𝑑𝑞 (5.5) 

Since the equivalent load Zeq is dependent on the local load and on the DFIG’s 

parameters, it is normally unknown and variable. This complicates the control of the 

individual stator d- and q-voltage. 

On the other hand, if the polar coordinates are used, we get (5.6). 

{
‖(𝑣⃗𝑠)𝑑𝑞‖ = ‖𝑍𝑒𝑞‖ ∙ ‖(𝑖𝑟)𝑑𝑞‖

∠(𝑣⃗𝑠)𝑑𝑞 = ∠𝑍𝑒𝑞 + ∠(𝑖𝑟)𝑑𝑞
 (5.6) 

Since the relation between the amplitude of the stator voltage and that of the rotor 

current is linear, a PI controller can be used to generate the rotor current amplitude 

command required to regulate the stator voltage amplitude.  

The direct voltage control generates the reference amplitude of the rotor current, 

but it cannot generate the individual rotor d- and q-current references. To solve this 

issue, a new synchronous reference frame, xy-frame, is defined for the rotor quantities; 

this frame is aligned with the rotor current command as shown in Fig. 5.3. 

Consequently, the rotor current references in the xy-frame are given by (5.7). 

{
𝑖𝑟𝑥

∗ = ‖(𝑖𝑟)𝑑𝑞‖
∗

𝑖𝑟𝑦
∗ = 0               

 (5.7) 

In addition, the relation between the angle of the stator voltage and that of the rotor 
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current is also linear. Thus, a PI controller can be used to generate the rotor angle, which 

is denoted by θr
e. The reference angle for the stator voltage is generated by integrating 

the reference frequency, in our case 60 Hz. The input of the PI controller, which is the 

angle error, is obtained using the dq-transformation in a similar manner to the PLL 

circuit of Fig. 3.2 

Im
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d

q

–θs

(ir)dq
*

x

y
ω0

–γr

→

(vs)dq
*→

 

Fig. 5.3: Vector diagram for the direct voltage control. 

Thus, the direct voltage control, which is shown in Fig. 5.4, is composed of two 

components: The amplitude control and the angle control. 
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Fig. 5.4: Schematic diagram of the direct voltage control. 

B.  Limitations 

The main limitation of the direct voltage control is that it cannot obtain the slip  

angle, because of the definition of the new xy-frame. 



145 

 

The rotor current in the dq-frame and in the xy-frame are related by a rotation as in 

(5.8). 

(𝑖𝑟)𝑑𝑞 = 𝑒
𝑗𝛾𝑟(𝑖𝑟)𝑥𝑦 (5.8) 

The angle control block of the direct voltage control generates an angle which is 

different from the slip angle as in (5.9). 

𝜃𝑟
𝑒 = 𝜃𝑟 + 𝛾𝑟 (5.9) 

The angle γr, which is referred to as the rotor current angle, represents the angle 

between the dq-frame and the xy-frame, and it depends on the DFIG parameters and the 

load as shown in (5.10). 

𝛾𝑟 = −∠𝑍𝑒𝑞 = −∠(
𝑗𝜔𝑠𝐿𝑚 ∙ 𝑍𝐿

𝑅𝑠 + 𝑗𝜔𝑠(𝐿𝑠 + 𝐿𝜎𝑠) + 𝑍𝐿
) (5.10) 

Using the parameters of the DFIG which are listed in Table 5.1, the variations of 

the angle γr is are plotted in Fig. 5.5, where the local load is a series-resistive-reactive 

load; the RL is the resistive component and XL is the reactive component. 

Table 5.1: DFIG’s parameters and rated values. 

Parameter Value Unit 

Power Rating 1.1 kW 

Stator line-to-line voltage 210 VRMS 

Frequency 60 Hz 

Number of poles 6  

Stator resistance Rs 0.475 Ω 

Rotor resistance Rr 0.04 Ω 

Stator leakage inductance Lσs 7.43 mH 

Rotor leakage inductance Lσr 0.18 mH 

Magnetizing inductance Lm 11.2 mH 

Stator-to-rotor turns ratio 6.38  

 

From Fig. 5.5, the rotor current angle is unknown and varies largely with the load. 

Thus, the direct voltage control cannot obtain the slip angle. The absence of the slip 

angle gives rise to other limitations: 
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One limitation of the direct voltage control is that it cannot achieve smooth 

connection to the grid even after synchronization with the grid voltage. 
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Fig. 5.5: Variation of the angle γr with load. 

The grid-connected control uses the slip angle while the direct voltage control uses 

a different angle which is θr
e. As a result, at the moment of connection, there is a sudden 

change in the rotor current angle which causes an inrush current at the DFIG stator 

terminal. 

Another limitation is related to the negative-sequence compensation which 

becomes unstable for some loads. 

The negative-sequence compensation is carried out in the negatively-synchronous 

reference frame. The DFIG model in this frame is given by (5.11). 

(𝑣⃗𝑠−)−𝑑𝑞 = −(𝑅𝑠 − 𝑗𝜔𝑠(𝐿𝑠 + 𝐿𝜎𝑠))(𝑖𝑠−)−𝑑𝑞 − 𝑗𝜔𝑠𝐿𝑚(𝑖𝑟−)−𝑑𝑞 (5.11) 

The mathematical model of (5.11) can be simplified if the term related to the stator 

current is considered constant and is dropped. Then, the model is simply given by 

(5.12). 

(𝑣⃗𝑠−)−𝑑𝑞 ∝ −𝑗𝜔𝑠𝐿𝑚(𝑖𝑟−)−𝑑𝑞 (5.12) 

During the stand-alone mode, the negative-sequence compensation reduces the 

stator negative-sequence voltage by generating appropriate rotor negative-sequence 

currents. However, with the direct voltage control, the rotor current are expressed in the 
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xy-frame, and the model of (5.12) cannot be used. 

The rotor current in the negatively synchronous dq-frame and the negatively 

synchronous xy-frame are related as in (5.13). 

(𝑖𝑟−)−𝑑𝑞 = 𝑒
𝑗𝛾𝑟(𝑖𝑟−)−𝑥𝑦 (5.13) 

Substituting (5.13) into (5.12), the negative-sequence model with the conventional 

direct voltage control is given by (5.14); this model depends on an unknown angle γr 

which varies with the load. 

(𝑣⃗𝑠−)−𝑑𝑞 ∝ −𝑗𝜔𝑠𝐿𝑚𝑒
𝑗𝛾𝑟(𝑖𝑟−)−𝑥𝑦 (5.14) 

To solve this issue, the angle γr was assumed constant at 0 degree in [4]; this 

corresponds to a limited range of load. Later on, the angle γr was assumed constant at 

−90 degrees in [5], which corresponds to a wider range of loads. When the angle γr is 

largely different from −90 degrees, in the case of some capacitive loads, the negative- 

sequence compensation will become unstable producing large rotor negative-sequence 

currents which increase the stator negative-sequence voltage instead of reducing it. 

Since the limitations of the direct voltage control results from the absence of the 

slip angle, the solution is to obtain the slip angle. For this purpose, an estimator of the 

rotor current angle, which is referred to as rotor current angle estimator, is proposed and 

integrated into the direct voltage control; this configuration is referred to as modified 

direct voltage control. 

5.1.2 Modified Direct Voltage Control 

A.  Rotor Current Angle Estimator 

The idea for estimator the angle γr is derived from the concept of the slip angle 

estimator introduced in chapter 4. 

Using (5.1), the rotor current in the dq-frame can be estimated without knowledge 

of the actual rotor current or the DFIG’s rotor position; this, however, requires 

knowledge of several DFIG’s parameters.  

To reduce the number of parameters, a vector X, which is parallel to the rotor 

current in the dq-frame, is introduced and is estimated instead of directly estimating the 

rotor current. The vector X is defined as in (5.15).  
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𝑋⃗ = 𝜔𝑠𝐿𝑚(𝑖𝑟)𝑑𝑞 (5.15) 

For medium and large DFIGs, the stator winding resistance is very small compared 

with the stator impedance, and it is always neglected. Therefore, the vector X is 

estimated using (5.16), which requires one parameter only, Ls + Lσs. 

𝑋⃗ = 𝜔𝑠(𝐿𝑠 + 𝐿𝜎𝑠)(𝑖𝑠)𝑑𝑞 − 𝑗(𝑣⃗𝑠)𝑑𝑞 (5.16) 

The angle of the vector X, which is referred to as γr
*, is the reference value for the 

angle of the measured rotor current when expressed in the xy-frame which, from now 

on, is not necessarily aligned with the rotor current. The target is to rotate the xy-frame 

to become identical to the dq-frame. 

The cross product is used to obtain the angle difference between the two vectors, 

(5.17). 

(𝑖𝑟)𝑥𝑦 × 𝑋⃗ = ‖(𝑖𝑟)𝑥𝑦‖ ∙ ‖𝑋⃗‖ sin(𝛾𝑟
∗ − 𝛾𝑟) (5.17) 

Similar to the error function of the slip angle estimator, the error function is 

defined as the normalized cross product, (5.18). 

𝜉𝑟 =
(𝑖𝑟)𝑥𝑦 × 𝑋⃗

‖(𝑖𝑟)𝑥𝑦‖ ∙ ‖𝑋⃗‖
= sin(𝛾𝑟

∗ − 𝛾𝑟) (5.18) 

The error in (5.18) is fed to a PI controller to obtain an estimation of the rotor 

current angle. The block diagram of the proposed rotor current angle estimator is 

depicted in Fig. 5.6. 
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Fig. 5.6: Schematic diagram of the proposed rotor current angle estimator. 

B.  The Modified Direct Voltage Control 

The xy-frame was introduced and aligned with the rotor current reference to avoid 
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calculating the d- and q-components. However, since the proposed rotor current angle 

estimator obtains an estimation of the angle γr, it can be used to calculate the rotor d- 

and q-current references. 

The concept of the modified direct voltage control can be grasped from the vector 

diagram of the modified direct voltage control which is shown in Fig. 5.7. 

Im
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d

q

(ir)dq
*

x
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–γr

→

(vs)dq
*→

–γrˆ 

 

Fig. 5.7: Vector diagram for the modified direct voltage control. 

In the modified direct voltage control, the xy-frame is rotated by the estimated 

rotor current angle, which is accomplished using new rotor current references as in 

(5.19). 

{
𝑖𝑟𝑥

∗ = ‖(𝑖𝑟)𝑑𝑞‖
∗
cos(𝛾𝑟)

𝑖𝑟𝑦
∗ = ‖(𝑖𝑟)𝑑𝑞‖

∗
sin(𝛾𝑟)

 (5.19) 

The angle control block of the direct voltage control in Fig. 5.4 generates the angle 

of the xy-frame, and since the xy-frame is rotated by the estimated angle, as in Fig. 5.7, 

the modified direct voltage control generates an angle which is given by (5.20).  

𝜃𝑟
𝑒 = 𝜃𝑟 + 𝛾𝑟 − 𝛾𝑟 (5.20) 

If the estimation of the rotor current angle is accurate, then the modified direct 

voltage control will obtain the slip angle. The block diagram of the modified direct 

voltage control is shown in Fig. 5.8. 
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Fig. 5.8: Schematic diagram of the modified direct voltage control. 

C.  Controller Design 

The model of the angle control block is similar to the model of the PLL circuit of 

Fig. 3.2. Therefore, the PI controller design procedure is exactly the same. 

The model of the amplitude control block is derived as follows: The PI 7 controller 

generates the reference amplitude of the rotor current, which is effected by the rotor 

current loop. The rotor current loop is much faster than the amplitude control block and, 

consequently, it can be approximated by a unity gain. 

The DFIG model of (5.5) will generate the amplitude of the stator voltage, which is 

fed-back to the control after being filtered by the low pass filter LPF 3. The control 

model of the amplitude control is depicted in Fig. 5.9 
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LPF 3PI 7
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||(ir)xy||
*→
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loop
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||(vs)dq||

→
||(vs)dq||
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Fig. 5.9: Control model of the amplitude control block. 
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The damping of this system is affected by the local load. The less loaded the DFIG, 

the less damped the voltage response becomes. This is why the PI parameters should be 

designed for the worst case scenario which is under no load condition [6]. The design 

can be carried out using, for example, Bode diagram. 

Finally, the control model for the proposed rotor current angle estimator is derived. 

The estimated angle is used to rotate and to decompose the rotor current amplitude 

reference to its x- and y-components. Since the response of the rotor current loop is very 

fast, the rotor current is also rotated by the same angle almost instantly. 

Ignoring the effect of sampling delay, distortion of the voltages and currents, and 

the poorly damped poles of the DFIG, the control model is simply shown in Fig. 5.10. 
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Fig. 5.10: Control model of the rotor current angle estimator. 

The angle control block of Fig. 5.8 is continuously subtracting the estimated rotor 

current angle from its output as in (5.20). Thus, the bandwidth of the proposed rotor 

current angle estimator, which is equal to Ki, should be at least ten times smaller than 

the bandwidth of the angle control block of Fig. 5.8 to avoid disturbing its performance. 

In this work, it is selected exactly ten times smaller. 

To reduce the effect of the DFIG’s poorly damped poles located near the line 

frequency, the PI 9 controller should be designed to achieve adequate attenuation at the 

line frequency. This requires the proportional gain to be much smaller than one, Kp << 

1. 

5.1.3 Negative-Sequence Compensation 

A.  With the Conventional Direct Voltage Control 

Similar to the grid-connected case, the negative-sequence compensation is 

designed in the negatively-synchronous reference frame. In this frame, the stator 

positive-sequence voltage is rotating at twice the line frequency. Therefore, low pass 

filters should be used to filter out the positive-sequence and to isolate the 

negative-sequence. 
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For the conventional direct voltage control, the DFIG model depends on the rotor 

current angle γr as in (5.14). In [5], the angle γr was assumed constant at −90 degrees. In 

this case, the DFIG model is given by (5.21) or, in matrix form, by (5.22). 

(𝑣⃗𝑠−)−𝑑𝑞 ∝ −𝜔𝑠𝐿𝑚(𝑖𝑟−)−𝑥𝑦 (5.21) 

(
𝑣𝑠𝑑−
𝑣𝑠𝑞−

) ∝ −𝜔𝑠𝐿𝑚 (
𝑖𝑟𝑥−
𝑖𝑟𝑦−

) (5.22) 

From (5.22), the stator negative-sequence d-voltage can be controlled by the rotor 

negative-sequence x-current, and the q-voltage can be controlled by the y-current. 

The rotor negative-sequence current references are rotated back to the positively- 

synchronous reference frame and, then, they are added to the rotor current references 

generated by the conventional direct voltage control. 

The block diagram of the negative-sequence compensation with the conventional 

direct voltage control is shown in Fig. 5.11. 
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Fig. 5.11: Block diagram of the negative-sequence compensation with the conventional direct 

voltage control. 

The simplified control model of the negative-sequence compensation is obtained 

by approximating the rotor current loop by a unity gain, and by ignoring the DFIG’s 

poorly damped poles located near the line frequency; the DFIG model is approximated 

by (5.14). Then, the control model is shown in Fig. 5.12. 

The negative-sequence compensation with the conventional direct voltage control 

depends on the angle γr, and will become unstable for some loads. The angle γr at which 

the negative-sequence compensation becomes unstable can be found by applying the 

Routh-Hurwitz stability criterion to the characteristic equation of the control model of 

Fig. 5.12, which can be obtained as follows: 
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Fig. 5.12: Control model of the negative-sequence compensation with the conventional direct 

voltage control. 

The transfer function of the PI controller, the rotor current loop, the DFIG, and the 

low pass filter are combined in one transfer function which is denoted by G; then, the 

closed-loop transfer function is given by (5.23). 

(
𝑣𝑠𝑑−
𝑣𝑠𝑞−

) =

(
𝐺2 − 𝐺 sin(𝛾𝑟) −𝐺 cos(𝛾𝑟)

𝐺 cos(𝛾𝑟) 𝐺2 − 𝐺 sin(𝛾𝑟)
)

𝐺2 − 2𝐺 sin(𝛾𝑟) + 1
(
𝑣𝑠𝑑−

∗

𝑣𝑠𝑞−
∗) 

(5.23) 

From (5.23), the characteristic equation is given by (5.24). 

𝐺2 − 2𝐺 sin(𝛾𝑟) + 1 = 0 (5.24) 

B.  With the Modified Direct Voltage Control 

The DFIG model in the negatively-synchronous reference frame with the modified 

direct voltage control can be obtained by combining (5.14) and (5.20), and it is given by 

(5.25). 

(𝑣⃗𝑠−)−𝑑𝑞 ∝ −𝑗𝜔𝑠𝐿𝑚𝑒
𝑗(𝛾𝑟−𝛾̂𝑟)(𝑖𝑟−)−𝑥𝑦 (5.25) 

The estimation accuracy is similar to the accuracy of the slip angle estimator 

introduced in chapter 4. If the correct value of the stator inductance is used, the 

estimation error will be caused by the stator winding resistance and will be very small 

especially for medium and large DFIGs. Assuming the estimation of the rotor current 

angle to be accurate, the model in (5.25) becomes as given by (5.26). 

(𝑣⃗𝑠−)−𝑑𝑞 ∝ −𝑗𝜔𝑠𝐿𝑚(𝑖𝑟−)−𝑥𝑦 (5.26) 

The model in (5.26) is given, in matrix form, by (5.27). 
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(
𝑣𝑠𝑑−
𝑣𝑠𝑞−

) ∝ 𝜔𝑠𝐿𝑚 (
𝑖𝑟𝑦−
−𝑖𝑟𝑥−

) ≈ 𝜔𝑠𝐿𝑚 (
𝑖𝑟𝑞−
−𝑖𝑟𝑑−

) (5.27) 

From (5.27), the stator negative-sequence d-voltage can be controlled by the rotor 

negative-sequence q-current, and the q-voltage can be controlled by the d-current.  

The rotor negative-sequence current references are rotated back to the positively 

synchronous reference frame and are added to the rotor current references generated by 

the modified direct voltage control. 

The block diagram of the negative-sequence compensation with the modified direct 

voltage control is shown in Fig. 5.13. 
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Fig. 5.13: Block diagram of the negative-sequence compensation with the modified direct 

voltage control. 

Similarly, the control model is obtained by approximating the rotor current loop by 

a unity gain, and by ignoring the DFIG’s poorly damped poles.  

Assuming the proposed rotor current angle estimator to be accurate, the DFIG 

model is given by (5.27). Thus, the control model of the negative-sequence 

compensation with the modified direct voltage control is shown in Fig. 5.14. 
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Fig. 5.14: Control model of the negative-sequence compensation with the modified direct 

voltage control. 
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C.  Controller Design 

The design of the negative-sequence compensation is the same with the 

conventional and with the modified direct voltage control.  

The low pass filter is selected a simple second order filter as in (5.28). 

𝐿𝑃𝐹 4 =
1

(𝑇𝑓𝑠 + 1)
2 (5.28) 

The time constant Tf is selected to effectively reduce the nominal voltage, whose 

frequency in the negatively-synchronous reference frame is twice the line frequency.  

Using Bode diagram method, the parameters of the PI 10 controller are selected to 

achieve enough phase and gain margins. 

The bandwidth of the negative-sequence compensation must be smaller than the 

line frequency to reduce the effect of the DFIG’s poorly damped poles. In addition, the 

bandwidth must be smaller than the amplitude control block in Fig. 5.8 to avoid 

disturbing its performance. 

The total rotor current references are the sum of the references generated by the 

direct voltage control and by the negative-sequence compensation. These references are 

effected using the same rotor current loop as during the grid-connected mode. 

5.2 Synchronization Mode of Operation 

5.2.1 Introduction 

Normally, the generation system is connected to the grid and operates in grid- 

connected mode. However, the stand-alone mode is needed in case of grid failure to 

maintain power supply to the local load. Once the grid is recovered, the generation 

system must be reconnected to the grid. 

The sudden change of the control system from the stand-alone mode to the grid- 

connected mode and the sudden connection of the DFIG to the grid will cause inrush 

currents unless special countermeasures are taken. The inrush currents will inflect 

mechanical stresses on the DFIG’s shaft, decrease the lifetime of the 

grid-connecting-switch, and it might cause tripping of electrical equipment.  
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One of the main reasons for the inrush current is the sudden change of the voltage 

angle. Thus, a temporary mode of operation which is referred to as the synchronization 

mode is employed prior to the connection to the grid. 

For the synchronization mode, the target is to align the generated voltage with that 

of the grid while the DFIG is still disconnected from the grid. Therefore, the 

synchronization mode is essentially a stand-alone mode. The synchronization mode 

should guarantee a zero voltage switching of the grid-connecting-switch. 

In this work, the synchronization control will synchronize both the amplitude and 

the angle of the DFIG’s voltage with that of the grid. 

5.2.2 Synchronization Control 

The control system during the synchronization mode is the same as during the 

stand-alone mode, which is the direct voltage control. The only differences are the 

references for the amplitude and for the angle of the stator voltage. These references 

should guarantee a smooth and gradual synchronization with the grid. 

A.  Amplitude Synchronization 

At the beginning of the synchronization mode, the reference amplitude for the 

amplitude control block of Fig. 5.8 is the stand-alone amplitude reference. At the end of 

the synchronization mode, the reference amplitude is equal to the amplitude of the grid 

voltage.  

To achieve smooth transition between the two amplitudes, we adopt the 

mathematical formula which gives a point (P) that lies on the line between two points, A 

and B. This formula is given by (5.29), where 0 ≤ u ≤ 1. 

𝑃 = (1 − 𝑢) ∙ 𝐴 + 𝑢 ∙ 𝐵 (5.29) 

If the variable (u) in (5.29) is varies from 0 to 1, the point P will move from point A 

till point B. This idea can be used to gradually change the amplitude reference to 

become the grid voltage amplitude; this process is referred to as amplitude 

synchronization. 

The amplitude reference during the synchronization mode, which is referred to as 

||vs||
syn, is defined by (5.30), where the variable u is defined by (5.31), where the 
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synchronization mode starts at t1 and finishes at t2. 

‖𝑣𝑠‖
𝑠𝑦𝑛 = (1 − 𝑢) ∙ ‖(𝑣⃗𝑠)𝑑𝑞‖

∗
+ 𝑢 ∙ ‖(𝑣⃗𝑔)𝑑𝑞

‖ (5.30) 

𝑢 = {

0 𝑖𝑓 𝑡 < 𝑡1
𝑡 − 𝑡1
𝑡2 − 𝑡1

𝑖𝑓 𝑡1 ≤ 𝑡 ≤ 𝑡2

1 𝑖𝑓 𝑡 > 𝑡2

 (5.31) 

The amplitude synchronization process is displayed in Fig. 5.14. Normally, the 

value of the voltage amplitude during stand-alone is very close to the grid voltage 

amplitude; however, it is exaggerated in Fig. 5.15. 
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Fig. 5.15: Amplitude synchronization process. 

Based on the previous study, the block diagram of the amplitude control during the 

synchronization mode is shown in Fig. 5.16. 

−
+
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Fig. 5.16: Block diagram of the amplitude control during the synchronization mode. 
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B.  Angle Synchronization 

At the beginning of the synchronization mode, the reference angle for the angle 

control block of Fig. 5.8 is θs
* = ωs

*t; this angle is generated by integrating the reference 

angular frequency. At the end of the synchronization mode, the reference angle for the 

angle control block should be equal to the angle of the grid voltage. The angle of the 

grid voltage is obtained using the PLL circuit of Fig. 3.2. 

During the synchronization mode, the reference angle is gradually varied from θs
*, 

until it becomes equal to the grid angle. This process is referred to as angle 

synchronization, ant it implies that the frequency of the stator voltage is increased or 

decreased beyond its nominal value. The frequency variation, during the 

synchronization mode, should remain within the tolerances defined by the grid code. 

Similar to the amplitude synchronization, the formula in (5.29) is used for the 

angle synchronization. To reduce the frequency variation during the synchronization, we 

make use of the periodic nature of the angle. If the initial angle difference is bigger than 

π, the grid angle is modified by subtracting or adding 2π. 

Thus, the reference angle during the synchronization mode, which is referred to as 

θs
syn, is given by (5.32), where the variable u is given by (5.31). 

𝜃𝑠
𝑠𝑦𝑛 = {

(1 − 𝑢) ∙ 𝜃𝑠
∗ + 𝑢 ∙ 𝜃𝑔 𝑖𝑓 |𝜃𝑔 − 𝜃𝑠

∗| ≤ 𝜋

(1 − 𝑢) ∙ 𝜃𝑠
∗ + 𝑢 ∙ (𝜃𝑔 ± 2𝜋) 𝑖𝑓 𝜋 < |𝜃𝑔 − 𝜃𝑠

∗| ≤ 2𝜋
 (5.32) 

The angle synchronization process is displayed in Fig. 5.17 for the two cases in 

(5.32). 

Referring to Fig. 5.17, the slope of the angle θs
syn during the synchronization mode 

increases or decreases which results in an increase or decrease in the frequency of the 

stator voltage. The frequency variation is determined by the duration of the 

synchronization mode, t2 – t1, and it must be within the acceptable tolerances. 

The frequency during synchronization mode can be obtained by taking the 

derivative of (5.32), and it is given by (5.33). 
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(b) π < θg – θs
* ≤ 2π 

Fig. 5.17: Angle synchronization process. 

𝜔𝑠
𝑠𝑦𝑛 =

𝑑

𝑑𝑡
𝜃𝑠
𝑠𝑦𝑛

=

{
 
 

 
 

𝜔𝑠
∗ + 𝑢

𝑑(𝜃𝑔 − 𝜃𝑠
∗)

𝑑𝑡
+ (𝜃𝑔 − 𝜃𝑠

∗) ∙
𝑑𝑢

𝑑𝑡
𝑖𝑓 |𝜃𝑔 − 𝜃𝑠

∗| ≤ 𝜋

𝜔𝑠
∗ + 𝑢

𝑑(𝜃𝑔 − 𝜃𝑠
∗)

𝑑𝑡
+ (𝜃𝑔 − 𝜃𝑠

∗ ± 2𝜋) ∙
𝑑𝑢

𝑑𝑡
𝑖𝑓 𝜋 < |𝜃𝑔 − 𝜃𝑠

∗| ≤ 2𝜋

 

(5.33) 

Assuming that the angle θs
* and the angle of the grid voltage have the same 

frequency and substituting (5.31) into (5.33), we get (5.34). 

𝜔𝑠
𝑠𝑦𝑛 − 𝜔𝑠

∗ =

{
 
 

 
 (𝜃𝑔 − 𝜃𝑠

∗)

𝑡2 − 𝑡1
𝑖𝑓 |𝜃𝑔 − 𝜃𝑠

∗| ≤ 𝜋

(𝜃𝑔 − 𝜃𝑠
∗ ± 2𝜋)

𝑡2 − 𝑡1
𝑖𝑓 𝜋 < |𝜃𝑔 − 𝜃𝑠

∗| ≤ 2𝜋

 (5.34) 
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During the synchronization mode, the variation of the angular frequency and of the 

frequency are given by (5.35) and (5.36) respectively. 

|𝜔𝑠
𝑠𝑦𝑛 − 𝜔𝑠

∗| ≤
𝜋

𝑡2 − 𝑡1
 (5.35) 

|∆𝑓𝑠| ≤
0 5

𝑡2 − 𝑡1
 

(5.36) 

Equation (5.36) is used to determine the duration of the synchronization mode to 

ensure that the frequency will remain within the grid tolerance. In this work the 

tolerance is assume equal to 0.2 Hz and, consequently, the duration should be at least 

2.5 sec. 

The block diagram of the angle control block during the synchronization mode is 

shown in Fig. 5.18. 
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Fig. 5.18: Block diagram of the angle control block during synchronization mode. 

5.2.3 Grid Connection Procedure 

At the end of the synchronization mode, the stator and the grid voltages are 

synchronized in terms of the angle and the amplitude; that is they both have the same 

angle and amplitude. Then, the DFIG can be connected to the grid, and the control 

system should simultaneously be changed to the grid-connected control. 

To ensure smooth connection, the grid-connected control system’s initial active and 

reactive power references and the initial rotor current references are set equal to their 

instantaneous value at the instant of connection. In addition, the initial slip frequency 
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and angle of the slip angle estimator of Fig. 4.5 is set equal to their instantaneous value 

at the instant of connection. 

5.3 Simulation and Experiments 

5.3.1 Experimental Setup 

In the simulation and the experiments, a 1.1 kW DFIG, whose parameters were 

listed in Table 5.1, is employed. The parameters of the experimental setup, which is 

shown in Fig. 5.19, were listed in Table 3.2. However, the filtering capacitor Cf in the 

simulation was different from the experiment and was equal to 10 μF. The GSC 

consumes a capacitive, reactive power of −600 VAR. 
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Fig.5.19: Schematic diagram of the experimental setup. 

The block diagram of the complete control system during the stand-alone mode is 

shown in Fig. 5.20, and its parameters are listed in Table 5.2. The PLL circuit of Fig. 3.2 

is used to measure the stator voltage frequency. 

For the synchronization mode, the control is same as in Fig. 5.20 except for the 

reference amplitude and angle which are generated using (5.30) and (5.32) respectively. 

For grid connection tests, the DFIG is connected to the grid directly after the 

synchronization is completed. The block diagram of the grid-connected control, whose 

parameters were listed in Table 3.3, was shown in Fig. 3.20. 
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Fig.5.20: Block diagram of the stand-alone control system. 
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Table 5.2: Parameters of the stand-alone control system. 

 Kp Ki (sec-1) Tf (sec) 

LPF 3   0.002 

LPF 4   0.08 

PI 2 0.2 0.5  

PI 3 20 200  

PI 5 20 1000  

PI 7 0.02 5  

PI 8 80 500  

PI 9 0.085 8.5  

PI 10 0.24 0.5  

 

5.3.2 Simulation Results 

A.  Stand-Alone Mode 

First, the variable speed operation is investigated. The DFIG speed is varied from a 

sub-synchronous speed of 0.8 pu to a hyper-synchronous speed of 1.2 pu within 0.6 sec. 

When the DFIG’s speed reaches the synchronous speed, a balanced resistive load of 100 

Ω is suddenly connected. The results with the conventional and the modified direct 

voltage control are shown in Fig. 5.21 and Fig. 5.22 respectively. 

The results in Fig. 5.21 and Fig. 5.22 demonstrates the robustness of the direct 

control method against variation in the speed; thus, it is suitable for variable speed 

generation systems. In addition, these results support the mathematical analysis: The 

stator voltage response of both the conventional and the modified method is similar; 

however, for the conventional method, a new reference frame for the rotor current is 

defined in which the rotor q-current is zero. This causes the control to lose track of the 

slip angle. On the other hand, the modified method accurately tracks the slip angle. 

As the responses of the conventional and the modified method in the previous test 

are similar, the importance of obtaining the slip angle is questioned. To demonstrate one 

advantage of the modified method, a series-resistive-capacitive load, which produces an 

angle γr largely different from −90 degrees, is suddenly connected. During this test, the 

speed of the DFIG is fixed at a hyper-synchronous speed of 1.2 pu. The load of choice is 

R = 30 Ω and C = 120 μF, which produces an angle γr approximately equal to zero. The 

results for this test with the conventional method are shown in Fig. 5.23. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator d- and q-current (d) Rotor currents 

 

(e) Estimated and measured slip angle (f) DFIG’s speed 

Fig. 5.21: Simulation results for variable speed operation with the conventional direct voltage control, 

where a resistive load of 100 Ω is connected at 3.5 sec. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator d- and q-current (d) Rotor currents 

 

(e) Estimated and measured slip angle (f) DFIG’s speed 

Fig. 5.22: Simulation results for variable speed operation with the modified direct voltage control, where 

a resistive load of 100 Ω is connected at 3.5 sec. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator d- and q-current (d) Rotor d- and q-current 

 

(e) Estimation error of the slip angle (f) Stator negative-sequence voltage amplitude 

Fig. 5.23: Simulation results of the conventional direct voltage control for sudden connection of 

series-resistive-capacitive load of R = 30 Ω and C = 120 μF, with ωm = 1.2 pu. 
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From Fig. 5.23, this capacitive load causes a large variation in the angle γr, from 

around −90 degrees to around zero degree. Although the amplitude and the angle 

control are stable, the negative-sequence compensation becomes unstable even though 

the load is balanced. The results of this test at steady-state are shown in Fig. 5.24. 

The negative-sequence compensation produces rotor negative-sequence currents 

which increase the stator negative-sequence voltage. These rotor negative-sequence 

currents keep increasing until, at steady-state, the PI controllers of the negative- 

sequence compensation are saturated. Such stator negative-sequence voltage would 

cause malfunctioning or even tripping of electrical equipment. 

The same capacitive load is considered with the modified direct voltage control. 

The results at the instant of load connection and at steady-state are shown in Fig. 5.25 

and Fig. 5.26 respectively. Since the modified direct voltage control extracts the slip 

angle, the negative-sequence compensation control stability is independent of the load, 

and the whole control system is stable.  

Next, the performance under unbalanced load is investigated. First, an unbalanced 

resistive-capacitive load, which is given in Table 5.3, is used. The results at steady-state 

for the conventional and the modified direct voltage control are shown in Fig. 5.27 and 

Fig. 5.28 respectively. 

Table 5.3: Parameters of the simulation’s capacitive load 

 R (Ω) C (μF) 

Phase-a 20 120 

Phase-b 30 120 

Phase-c 30 120 

 

Similar to the balanced capacitive load case, the unbalanced capacitive load causes 

the negative-sequence compensation with the conventional method to become unstable, 

because of the absence of the slip angle. On the other hand, the modified method 

obtains the slip angle and, consequently, the negative sequence compensation is stable 

regardless of the load. 

The unstable region of the negative-sequence compensation corresponds to a 

limited range of capacitive loads which produces an angle γr largely different from −90 

degrees. For inductive loads, the negative-sequence compensation is always stable, and 

the conventional and the modified method will have similar responses.  
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator d- and q-current (d) Rotor d- and q-current 

 

(e) Estimation error of the slip angle (f) Stator negative-sequence voltage amplitude 

Fig. 5.24: Simulation results of the conventional direct voltage control at steady-state with a 

series-resistive-capacitive load of R = 30 Ω and C = 120 μF, and ωm = 1.2 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator d- and q-current (d) Rotor d- and q-currents 

 

(e) Estimation error of the slip angle (f) Stator negative-sequence voltage amplitude 

Fig. 5.25: Simulation results of the modified direct voltage control for sudden connection of 

series-resistive-capacitive load of R = 30 Ω and C = 120 μF, with ωm = 1.2 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator d- and q-current (d) Rotor d- and q-currents 

 

(e) Estimation error of the slip angle (f) Stator negative-sequence voltage amplitude 

Fig. 5.26: Simulation results of the modified direct voltage control at steady-state with a 

series-resistive-capacitive load of R = 30 Ω and C = 120 μF, and ωm = 1.2 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator d- and q-current (d) Rotor d- and q-current 

 

(e) Estimation error of the slip angle (f) Stator negative-sequence voltage amplitude 

Fig. 5.27: Simulation results of the conventional direct voltage control at steady-state with the 

unbalanced series-resistive-capacitive load of Table 5.3, and ωm = 1.2 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator d- and q-current (d) Rotor d- and q-current 

 

(e) Estimation error of the slip angle (f) Stator negative-sequence voltage amplitude 

Fig. 5.28: Simulation results of the modified direct voltage control at steady-state with the 

unbalanced series-resistive-capacitive load of Table 5.3, and ωm = 1.2 pu. 
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Second, an unbalanced resistive-inductive load, which is given in Table 5.4, is used. 

During this test the DFIG speed is fixed at a sub-synchronous speed of 0.9 pu. The 

results, for the conventional method, at the instant of connection and during steady-state 

are shown in Fig. 5.29 and Fig. 5.30 respectively, while the results, for the modified 

method, at the instant of connection and during steady-state are shown in Fig. 5.31 and 

Fig. 5.32 respectively. 

Table 5.4: Parameters of the simulation’s inductive load 

 R (Ω) L (H) 

Phase-a 200 0.05 

Phase-b 100 0.15 

Phase-c 100 0.15 

 

From the previous results, the performance of the conventional and the modified 

method is similar for inductive loads, and the negative-sequence compensation is stable. 

The main difference is the slip angle: The conventional method cannot obtain the slip 

angle, while the modified method successfully tracks the slip angle. There is, however, a 

small estimation error which results from the ignored stator winding resistance. 

B.  Synchronization Mode 

In the following tests, the duration of the synchronization mode is 2.5 sec; it starts 

at 2.1 sec and finishes at 4.6 sec. The DFIG remains in the stand-alone mode after the 

synchronization is completed. The DFIG speed is fixed at the synchronous speed. 

First, the synchronization mode with no load condition is considered. The initial 

difference between the angle of the stator voltage and the angle of the grid voltage is 

equal to –180 degrees, which produces the maximum frequency variation. The results 

with the conventional and the modified direct voltage control are shown in Fig. 5.33 and 

Fig. 5.34 respectively. 

Finally, the synchronization mode with a balanced series-resistive-inductive load, 

which is R = 200 Ω and L = 0.1 H, is considered. The initial difference between the 

angle of the stator voltage and the angle of the grid voltage is equal to 150 degrees. The 

results with the conventional and the modified direct voltage control are shown in Fig. 

5.35 and Fig. 5.36 respectively. 



174 

 

 

(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator d- and q-current (d) Rotor d- and q-current 

 

(e) Estimation error of the slip angle (f) Stator negative-sequence voltage amplitude 

Fig. 5.29: Simulation results of the conventional direct voltage control for sudden connection 

of an unbalanced series-resistive-inductive load, and ωm = 0.9 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator d- and q-current (d) Rotor d- and q-current 

 

(e) Estimation error of the slip angle (f) Stator negative-sequence voltage amplitude 

Fig. 5.30: Simulation results of the conventional direct voltage control at steady-state with an 

unbalanced series-resistive-inductive load, and ωm = 0.9 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator d- and q-current (d) Rotor d- and q-current 

 

(e) Estimation error of the slip angle (f) Stator negative-sequence voltage amplitude 

Fig. 5.31: Simulation results of the modified direct voltage control for sudden connection 

of an unbalanced series-resistive-inductive load, and ωm = 0.9 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator d- and q-current (d) Rotor d- and q-current 

 

(e) Estimation error of the slip angle (f) Stator negative-sequence voltage amplitude 

Fig. 5.32: Simulation results of the modified direct voltage control at steady-state with an 

unbalanced series-resistive-inductive load, and ωm = 0.9 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator and grid a-voltage at the beginning of 

synchronization 

(d) Stator and grid a-voltage at the end of 

synchronization 

 

(e) Estimation error of the slip angle (f) Synchronization and grid angle difference 

Fig. 5.33: Simulation results of the conventional direct voltage control for the synchronization 

with no load condition and ωm = 1.0 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator and grid a-voltage at the beginning of 

synchronization 

(d) Stator and grid a-voltage at the end of 

synchronization 

 

(e) Estimation error of the slip angle (f) Synchronization and grid angle difference 

Fig. 5.34: Simulation results of the modified direct voltage control for the synchronization 

with no load condition and ωm = 1.0 pu.  
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator and grid a-voltage at the beginning of 

synchronization 

(d) Stator and grid a-voltage at the end of 

synchronization 

 

(e) Estimation error of the slip angle (f) Synchronization and grid angle difference 

Fig. 5.35: Simulation results of the conventional direct voltage control for the synchronization 

with R-L load of R = 200 Ω and L = 0.1 H and ωm = 1.0 pu. 

180

185

190

195

200

205

210

215

220

2 2.5 3 3.5 4 4.5 5

||vs|| ||vs||*

S
ta

to
r 

v
o

lt
ag

e 
am

p
li

tu
d

e 
(V

)

time (s)

||vs|| ||vs||
*

373

374

375

376

377

378

379

2 2.5 3 3.5 4 4.5 5

ωs ωs*

S
ta

to
r 

an
g
u

la
r 

fr
eq

u
en

cy
 (

ra
d

/s
)

time (s)

ωs ωs
*

-200

-150

-100

-50

0

50

100

150

200

2 2.05 2.1 2.15 2.2

vsa vga

st
at

o
r 

an
d

 g
ri

d
 a

-v
o

lt
ag

e 
(V

)

time (s)

vsa vga

-200

-150

-100

-50

0

50

100

150

200

4.5 4.55 4.6 4.65 4.7

vsa vga
st

at
o

r 
an

d
 g

ri
d

 a
-v

o
lt

ag
e 

(V
)

time (s)

vsa vga

-74

-73

-72

-71

-70

-69

-68

2 2.5 3 3.5 4 4.5 5

Δθr

θ
re

−
 θ

r
(d

eg
re

e)

time (s)

θr
e − θr

0

30

60

90

120

150

180

2 2.5 3 3.5 4 4.5 5

Δθs

θ
ssy

n
−

 θ
g

(d
eg

re
e)

time (s)

θs
syn − θg



181 

 

 

(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator and grid a-voltage at the beginning of 

synchronization 

(d) Stator and grid a-voltage at the end of 

synchronization 

 

(e) Estimation error of the slip angle (f) Synchronization and grid angle difference 

Fig. 5.36: Simulation results of the modified direct voltage control for the synchronization 

with R-L load of R = 200 Ω and L = 0.1 H and ωm = 1.0 pu. 
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From the results in Fig. 5.33 to Fig. 5.36, both the conventional and the modified 

direct voltage control successfully synchronize the stator voltage with the grid voltage. 

During the synchronization mode, the frequency of the stator voltage is slightly varied 

from the nominal frequency. This variation depends on the initial difference between the 

angle of the stator and the angle of the grid. 

The maximum frequency variation occurs when the initial angle difference is equal 

to ±180 degrees as in Fig. 5.33 and Fig. 5.34. The average frequency variation, in this 

case, is equal to 0.2 Hz. 

Although the stator and the grid voltage are synchronized in Fig. 5.33 and Fig. 5.35, 

the conventional method produces a large error in the slip angle; this error will produce 

inrush currents. On the other hand, the modified method would achieve smooth 

connection because the modified direct voltage control obtains the slip angle which is 

approximately equal to the slip angle of grid-connected mode. 

C.  Connection to the Grid 

In the follow tests, the DFIG is connected to the grid directly at the end of the 

synchronization mode at 4.6 sec, and the control system is instantly changed to the 

grid-connected mode. During all the following tests, the DFIG speed is fixed at a 

sub-synchronous speed of 0.8 pu. 

First, the connection to the grid under no load condition is investigated. The results 

with the conventional and the modified direct voltage control are shown in Fig. 5.37 and 

Fig. 5.38 respectively. 

Referring to Fig. 5.37, since the conventional method could not obtain the slip 

angle, the grid-connected control will have a sudden error in the slip angle of −85 

degrees at the instant of connection. Although the stator voltage is synchronized with 

the grid voltage, this sudden slip angle error produces inrush currents which can be 

excessive in the case of medium and large DFIGs. 

On the other hand, the modified method obtain an estimation of the slip angle and, 

consequently, the connection is smoother without any inrush current. This is another 

merit of the modified direct voltage control. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

  

(c) Stator currents (d) Rotor currents 

 

(e) Estimation error of the slip angle 

Fig. 5.37: Simulation results for grid connection with the conventional direct voltage control 

under no load condition with ωm = 0.8 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator currents (d) Rotor currents 

 

(e) Estimation error of the slip angle 

Fig. 5.38: Simulation results for grid connection with the modified direct voltage control 

under no load condition with ωm = 0.8 pu. 
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Second, the connection to the grid with a balanced series R-L load, which is R = 

150 Ω and L = 0.1 H, is considered. The load is connected in advance during the stand- 

alone; that is before the synchronization started. The results with the conventional and 

the modified method are shown in Fig. 5.39 and Fig. 5.40 respectively. 

From Fig. 5.39, the slip angle error at the instant of connection is around −61 

degrees, which is smaller than that in Fig. 5.37. This is why, the inrush current in this 

case is slightly smaller and is damped faster. 

From Fig. 5.40, the modified direct voltage control achieves smooth connection to 

the grid for this load too. 

Next, the connection to the grid with a balanced series R-C load, which is R = 80 

Ω and C = 60 μF, is considered. This load produces an angle γr equal to around −40 

degrees, which does not cause instability of the negative-sequence compensation. The 

results with the conventional and the modified direct voltage control are shown in Fig. 

5.41 and Fig. 5.42. 

In Fig. 5.41, with this load, the initial slip angle error is smaller than the previous 

cases; this is why, the inrush current is significantly reduced but still not zero. On the 

other hand, the proposed method achieves smooth connection regardless of the load. 

D.  Disconnection from the Grid 

In the follow tests, the DFIG is disconnected from the grid at 2 sec, and the control 

system is instantly changed to the stand-alone mode. During all the following tests, the 

DFIG speed is fixed at a hyper-synchronous speed of 1.2 pu. To achieve smooth 

disconnection, the initial reference angle for the stator voltage is equal to stator voltage 

angle at the instant of disconnection. Similarly, the amplitude, the angle, and 

xy-components of the rotor current are equal to their value at the instant of 

disconnection. 

First, the active and reactive power references during the grid-connected mode are 

set equal to their value during the stand-alone mode; this means that the DFIG circuit is 

exchanging very small current with the grid before disconnection. During the stand- 

alone and under no load condition, the active and reactive powers are equal to 25 W and 

−772 VAR respectively. The results for this test with the conventional and the modified 

direct voltage control are given in Fig. 5.43 and Fig. 5.44 respectively. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator currents (d) Rotor currents 

 

(e) Estimation error of the slip angle 

Fig. 5.39: Simulation results for grid connection with the conventional direct voltage control 

with R-L load of R = 150 Ω and L = 0.1 H and ωm = 0.8 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator currents (d) Rotor currents 

 

(e) Estimation error of the slip angle 

Fig. 5.40: Simulation results for grid connection with the modified direct voltage control 

with R-L load of R = 150 Ω and L = 0.1 H and ωm = 0.8 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator currents (d) Rotor currents 

 

(e) Estimation error of the slip angle 

Fig. 5.41: Simulation results for grid connection with the conventional direct voltage control 

with R-C load of R = 80 Ω and C = 60 μF and ωm = 0.8 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator currents (d) Rotor currents 

 

(e) Estimation error of the slip angle 

Fig. 5.42: Simulation results for grid connection with the modified direct voltage control 

with R-C load of R = 80 Ω and C = 60 μF and ωm = 0.8 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator currents (d) Rotor currents 

 

(e) Estimation error of the slip angle (f) Exchanged current with the grid 

Fig. 5.43: Simulation results for disconnection from the grid with the conventional direct voltage control 

under no load condition with Ps* = 25 W, Qs* = -772 VAR and ωm = 1.2 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator currents (d) Rotor currents 

 

(e) Estimation error of the slip angle (f) Exchanged current with the grid 

Fig. 5.44: Simulation results for disconnection from the grid with the modified direct voltage control 

under no load condition with Ps* = 25 W, Qs* = -772 VAR and ωm = 1.2 pu. 
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From the results in Fig. 5.43 and Fig. 5.44, the conventional direct voltage control 

does not achieve smooth disconnection from the grid while the modified direct voltage 

control does. However, this smooth disconnection requires disconnection with the active 

and reactive power references equal to their values during the stand-alone mode, which 

is usually unknown. 

In practice, the DFIG is disconnected from the grid after detecting a grid failure, 

and the active and reactive power references will be different from their value during 

the stand-alone mode. To investigate this case, the following test is carried out.  

In this test, the local load is a resistive load of 100 Ω which was connected earlier 

during the grid-connected mode. The active and reactive power references during the 

grid-connected mode are 0 W and −1200 VAR respectively, which are different from 

their value during the stand-alone mode, 363 W and −772 VAR. The results for this test 

with the conventional and the modified direct voltage control are shown in Fig. 5.45 and 

Fig. 5.46 respectively. From these results, the conventional and the modified direct 

voltage control have similar disconnection performances; there is a transient response of 

the stator voltage amplitude and frequency after the disconnection. To achieve smooth 

disconnection, the current exchanged with the grid should be zero at the instant of 

disconnection which requires additional current sensors at the grid side. 

5.3.3 Experimental Results 

A.  Stand-Alone Mode 

First, the variable speed operation is investigated. The DFIG speed was increased 

from a sub-synchronous speed of 0.8 pu to a hyper-synchronous speed of 1.2 pu within 

1 sec. When the DFIG speed reaches the synchronous speed a purely resistive load of 75 

Ω is suddenly connected at 0 sec. The results for this test with the modified method are 

shown in Fig. 5.47. 

The direct voltage control is robust against variations in the DFIG speed, and it has 

a good response for sudden load change. 

Second, the steady-state response of the conventional and the modified method are 

compared under no load condition. The speed during this test is fixed at a sub- 

synchronous speed of 0.9 pu. The result of the conventional and the modified method 

are shown in Fig. 5.48 and Fig. 5.49 respectively. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

  

(c) Stator currents (d) Rotor currents 

  

(e) Estimation error of the slip angle (f) Exchanged current with the grid 

Fig. 5.45: Simulation results for disconnection from the grid with the conventional direct voltage control 

with local load of 100 Ω, Ps* = 0 W, Qs* = -1200 VAR and ωm = 1.2 pu. 
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(a) Stator voltage amplitude (b) Stator voltage angular frequency 

 

(c) Stator currents (d) Rotor currents 

  

(e) Estimation error of the slip angle (f) Exchanged current with the grid 

Fig. 5.46: Simulation results for disconnection from the grid with the modified direct voltage 

control with local load of 100 Ω, Ps* = 0 W, Qs* = -1200 VAR and ωm = 1.2 pu. 
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(a) Stator voltage amplitude (b) Stator voltages 

 

(c) Stator currents (d) Rotor currents 

 

(e) DFIG’s speed 

Fig. 5.47: Experimental results for variable speed operation with the modified direct voltage control, 

where a resistive load of 75 Ω is connected at 0 sec. 
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(a) Stator voltage amplitude (b) Stator phase-a voltage 

 

(c) Stator currents (d) Rotor currents 

 

(e) Estimation and measured slip angle  

Fig. 5.48: Experimental results for steady-state response of the conventional direct voltage control 

under no load condition and with and ωm = 0.9 pu. 
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(a) Stator voltage amplitude (b) Stator phase-a voltage 

 

(c) Stator currents (d) Rotor currents 

 

(e) Estimation and measured slip angle  

Fig. 5.49: Experimental results for steady-state response of the conventional direct voltage control 

under no load condition and with and ωm = 0.9 pu. 
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Similar to the simulation results, from Fig. 5.48 and Fig. 5.49, although the 

amplitude and frequency response of both method are similar, the conventional method 

cannot obtain the slip angle, whereas the modified method obtains a good estimation of 

the slip angle. 

From Fig. 5.49, the estimation error in the experiments is higher than in 

simulation; this is because the ignored stator winding resistance in the practical DFIG is 

higher than its standard value which increases the estimation error. 

Next the steady-state performance of the negative-sequence compensation control 

is investigated. First an unbalance series resistive-inductive load, which is given in 

Table 5.5, is considered. This load produces an angle γr equal to around −60 degrees. 

During this test, the DFIG speed is fixed at a sub-synchronous speed of 0.9 pu. 

Table 5.5: Parameters of the experiment’s inductive load 

 R (Ω) L (H) 

Phase-a 155 0.35 

Phase-b 215 0.66 

Phase-c 155 0.35 

 

The result for this test with the conventional and the modified method are shown in 

Fig. 5.50 and Fig. 5.51 respectively. From these results, for an inductive load, the 

conventional and the modified method have similar response, and the negative-sequence 

compensation is stable. The problem arises with some capacitive loads which will 

considered next. 

The unbalance series resistive-capacitive load of choice is given in Table 5.6. This 

load produces an angle γr equal to around −15.5 degrees. During this test, the DFIG 

speed is fixed at a hyper-synchronous speed of 1.1 pu. 

Table 5.6: Parameters of the experiment’s capacitive load 

 R (Ω) C (μF) 

Phase-a 134 19.3 

Phase-b 82 19.3 

Phase-c 134 19.3 

 

The result for this test with the conventional and the modified method are shown in 

Fig. 5.52 and Fig. 5.53 respectively. 
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(a) Stator voltage amplitude (b) Stator voltages 

 

(c) Stator currents (d) Rotor currents 

 

(e) Stator negative-sequence voltage amplitude 

Fig. 5.50: Experimental results of the conventional direct voltage control at steady-state with an 

unbalanced series-resistive-inductive load, and ωm = 0.9 pu. 
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(a) Stator voltage amplitude (b) Stator voltages 

 

(c) Stator currents (d) Rotor currents 

 

(e) Stator negative-sequence voltage amplitude 

Fig. 5.51: Experimental results of the modified direct voltage control at steady-state with an 

unbalanced series-resistive-inductive load, and ωm = 0.9 pu. 
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(a) Stator voltage amplitude (b) Stator voltages 

 

(c) Stator currents (d) Rotor currents 

 

(e) Stator negative-sequence voltage amplitude 

Fig. 5.52: Experimental results of the conventional direct voltage control at steady-state with an 

unbalanced series-resistive-capacitive load, and ωm = 1.1 pu. 
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(a) Stator voltage amplitude (b) Stator voltages 

 

(c) Stator currents (d) Rotor currents 

 

(e) Stator negative-sequence voltage amplitude 

Fig. 5.53: Experimental results of the modified direct voltage control at steady-state with an 

unbalanced series-resistive-capacitive load, and ωm = 1.1 pu. 
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From Fig. 5.52, although the amplitude and the angle control of the stator voltage 

are stable with the conventional direct voltage control, the negative-sequence 

compensation becomes unstable for this capacitive load. This causes large rotor 

negative-sequence currents which increase the stator negative-sequence voltage instead 

of decreasing it. 

The stator negative-sequence voltage increases until it reaches a large value of 34 

V at steady-state. This stator negative-sequence voltage is limited at this value because 

the PI controllers of the negative-sequence compensation had reached saturation. 

On the other hand, with the modified direct voltage, the negative-sequence 

compensation is stable and effectively reduces the stator negative-sequence voltage to a 

very low value of around 0.1 V. It can be concluded that the modified method can 

support full range of loads because it estimates the slip angle.  

B.  Connection to the Grid 

Unlike the simulation, there is a delay of 1 sec between the end of the 

synchronization mode and the connection of the DFIG to the grid. The no load 

condition is considered only because it is the worst case scenario in terms of inrush 

current. 

The DFIG speed is fixed at a sub-synchronous speed of 0.9 pu. The results for grid 

connection with the conventional method is shown in Fig. 5.54, while the results with 

the modified method are shown in Fig. 5.55. 

From Fig. 5.54, since the conventional method could not obtain the slip angle, the 

grid-connected control will have a sudden error in the slip angle of −60 degrees at the 

instant of connection. Although the stator voltage is synchronized with the grid voltage, 

this sudden slip angle error produces inrush currents which is twice the steady-state 

stator current. 

On the other hand, the modified method obtain an estimation of the slip angle and, 

consequently, the connection is smoother. 

When the DFIG is connected to the grid, the negative-sequence compensation will 

suddenly change from eliminating the stator negative-sequence voltage to eliminating 

the stator negative-sequence current. This produces a slow transient response of the 

rotor negative-sequence current. 
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(a) Stator and grid phase-a (b) Stator currents 

 

(c) Rotor currents (d) Estimated and measured slip angle 

 

(e) Estimation error of the slip angle 

Fig. 5.54: Experimental results for grid connection with the conventional direct voltage control 

under no load condition with ωm = 0.9 pu. 
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(a) Stator and grid phase-a (b) Stator currents 

 

(c) Rotor currents (d) Estimated and measured slip angle 

 

(e) Estimation error of the slip angle 

Fig. 5.55: Experimental results for grid connection with the modified direct voltage control 

under no load condition with ωm = 0.9 pu. 
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5.4 Conclusion 

This chapter has introduced the analysis and design of a control system, which is 

based on the direct voltage control, for the stand-alone DFIG. This control can also be 

used to achieve synchronization with the grid voltage prior to connecting the DFIG to 

the grid. This chapter has explained the direct voltage control and has demonstrated its 

limitations which are:  

- The conventional direct voltage control cannot obtain the slip angle 

- The conventional direct voltage control cannot achieve smooth connection to the 

grid even with synchronization mode. 

- The negative-sequence compensation through RSC cannot be stable for some 

capacitive load. 

To solve these limitation, a new estimator of the rotor current angle in the dq-frame 

was proposed and introduced to the direct voltage control. This modified direct voltage 

control has all the advantages of the conventional direct voltage control such as 

sensorless control and relatively fast dynamics. In addition, the modified direct voltage 

control overcomes all the limitation of the conventional direct voltage control.  

Simulation and experiments were carried out to demonstrate the limitations of the 

conventional direct voltage control and to compare its performance with the modified 

direct voltage control. 
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Chapter 6 

Conclusion 

 
In this work, control systems for a variable speed doubly-fed induction generator 

during the stand-alone mode, the grid-connected mode, and the synchronization mode 

were designed and tested with simulation and experiments. 

The control systems duties depends on the current mode of operation. During 

stand-alone, the control must regulate the frequency and amplitude of the output voltage. 

During the synchronization mode, the control system must align the stator voltage with 

the grid voltage to achieve smooth connection to the grid. During grid-connected mode, 

the control system regulates the generated active and reactive power. 

For the grid-connected mode, a new decoupled control was proposed to control the 

active and reactive power. The proposed decoupled control does not require any DFIG 

parameter for the online calculation, its performance is independent of the grid voltage 

amplitude and orientation. 

To achieve sensorless control during grid-connected mode, a new slip angle 

estimator which is based on rotor current estimation, was proposed. The proposed 

estimator requires the least number of machine parameters compared with model-based 

estimators; it requires the stator inductance only which can be measured directly at the 

stator side. Compared with other rotor current-based estimators, the proposed estimator 

has better implementation which eliminates the need for stator flux and improved the 

model accuracy. 

For the stand-alone mode, the direct voltage control was adopted, and its limitation 

were investigated. The direct voltage control cannot obtain the slip angle which causes 

the negative-sequence compensation through RSC to become unstable for some loads. 

To solve this issue, a new estimator of the rotor current angle is proposed and integrated 

into the direct voltage control. This estimator enables the direct voltage control to 

extract the slip angle and to support full range of linear loads. 
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During the synchronization mode, the direct voltage control can be employed with 

appropriate frequency and amplitude references. However, the conventional direct 

voltage control cannot achieve smooth connection to the grid even after voltage 

synchronization because of the absence of the slip angle. On the other hand, the 

modified direct voltage control achieves smooth connection regardless of the load. 

All these modes of operations have been investigated with simulation and 

experiments. The results proved the theoretical analysis and supported the proposed 

control design. The research target, which is designing control systems for the 

DFIG-based distributed generation systems, was accomplished. 

For future work, some points can be addressed: Since the slip angle estimator 

accuracy strongly depends on the stator inductance accuracy, algorithms for adaptive 

tuning of the stator inductance can be investigated to increase the robustness of the 

estimator. During the grid-connected mode, the grid codes require the generation system 

to continue operation and to support the grid during faults. Therefore, fault-ride-through 

performance should be addressed.  
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