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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



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 COa.

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].
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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



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 CO- than burning petroleum, and about 45% less CO- than burning coal. Moreover,
coal-fired electric power generation releases around 900 kg of CO: for every
megawatt-hour which is almost double the amount released by natural gas-fired electric
power plant [6] [7].
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Fig. 1.4: Annual values of the atmospheric average concentration of CO,, 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).
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(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).



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.



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.

injector

inlet valve
exhaust valve

combustion

chamber piston

crankshaft

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



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.

natural gas diesel inj
tu jector
injector ~a. -

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



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.

inlet valve exhaust valve
combustion spark plug
chamber piston
connecting
crankshatt £

rod

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



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. \ector 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 Pl (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

11



systems such as wind turbines.

1.5

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.

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.

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.

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.

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

12



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.

13



References

(1]
(2]

(3]
(4]
(5]
(6]
[7]
(8]
[0l
[10]

[11]

[12]

[13]

[14]

(18]

[16]

[17]

“International Energy Outlook 2011 U.S. Energy Information Administration.

u.s. Energy Information Administration, International Energy Statistics,
http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cfm

Met Office Hadley Centre; NOAA,; Scripps Institute of Oceanography; Sydney Levitus et al.
“Global Market Outlook For Solar Power / 2015-2019,” Solar Power Europe.

“Global Wind Report Annual Market Update 2014,” Global Wind Energy Council.

“Natural Gas and the Environment”. Naturalgas.org. Retrieved 2011-02-06.

Rachel Nuwer, “A 20-Year Low in U.S. Carbon Emissions”, NY Times, Green Blog, August
17,2012.

Rosli Abu Bakar Semin, “A Technical Review of Compressed Natural Gas as an Alternative Fuel
for Internal Combustion Engines,” American Journal of Engineering and Applied Sciences 1 (4),
pp. 302-311, 2008.

http://www.hk-phy.org/energy/transport/vehicle_phy01_e.html
http://eltcarautomotive.blogspot.jp/2013/04/Dual-fuel-new-technology-for-thesupply.html

M. Mueller and H. Polinder, Electrical Drives for Direct Drive Renewable Energy Systems,
Woodhead Publishing, 2013, Chap. 6.

G. Iwanski and W. Koczara, “Power Management in an Autonomous Adjustable Speed Large
Power Diesel Gensets,” in Proc. EPE-PEMC Power Electronics and Motion Control Conf., 2008,
Poznan, pp.2164-2169.

R. Pena, R. Cardenas, J. Proboste, J. Clare, and G. Asher, “Wind-Diesel Generation Using
Doubly Fed Induction Machines,” IEEE Trans. Energy Conversion, vol. 23, no. 1, pp. 202-214,
Mar. 2008.

H. Jafarnejadsani and J. Pieper, “Gain-Scheduled l:-Optimal Control of Variable-Speed-Variable-
Pitch Wind Turbines,” IEEE Trans. Control Systems Technology, vol. 23, no. 1, pp. 372-379, Jan.
2015.

B. Singh and N. K. S. Naidu, “Direct Power Control of Single VSC-Based DFIG without Rotor
Position Sensor,” IEEE Trans. Industry Applications, vol. 50, no. 6, pp. 4152-4163, Nov./Dec.
2014.

J. Fraile-Ardanuy, J. R. Wilhelmi, J. J. Fraile-Mora, and J. 1. Perez, “Variable-Speed Hydro
Generation: Operational Aspects and Control,” IEEE Trans. Energy Conversion, vol. 21, no. 2,
pp. 569-574, Jun. 2006.

L. Belhadji, S. Bacha, I. Munteanu, A. Rumeau, and D. Roye, “Adaptive MPPT Applied to
Variable-Speed Microhydropower Plant,” IEEE Trans. Energy Conversion, vol. 28, no. 1, pp.
34-43, Mar. 2013.

14



(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

R. Cardenas, R. Pena, S. Alepuz, and G. Asher, “Overview of Control Systems for the Operation
of DFIGs in Wind Energy Applications,” IEEE Trans. Industrial Electronics, vol. 60, no. 7, pp.
2776-2798, Jul. 2013.

J. Mohammadi, S. Vaez-Azdeh, S. Afsharnia, and E. Daryabeigi, “A Combined Vector and Direct
Power Control for DFIG-Based Wind Turbines,” IEEE Trans. Sustainable Energy, vol. 5, no. 3,
pp. 767-775, Jul. 2014.

S. Muller, M. Deicke, and R. W. De Doncker, “Doubly Fed Induction Generator Systems for
Wind Turbines,” IEEE Industry Applications Magazine, vol. 8, no. 3, pp. 26-33, May/Jun. 2002.
H. Nian, Y. Song, P. Zhou, and Y. He, “Improved Direct Power Control of a Wind Turbine Driven
Doubly Fed Induction Generator During Transient Grid Voltage Unbalance,” IEEE Trans. Energy
Conversion, vol. 26, no. 3, pp. 976-986, Sep. 2011.

R. Pena, J. C. Clare, and G. M. Asher, “Doubly Fed Induction Generator Using Back-to-Back
PWM Converters and its Application to Variable-Speed Wind-Energy Generation,” in Proc. IEE
Electric Power Applications, vol. 143, no. 3, pp. 231-241, May 1996.

R. Datta and V. T. Ranganathan, “Decoupled Control of Active and Reactive Power for a
Grid-Connected Doubly-Fed Wound Rotor Induction Machine without Position Sensors,” in Proc.
IEEE/IAS Annual Meeting Conf., 1999, Phoenix, pp. 2623-2630.

S. Arnalite, J. C. Burgos, and J. L. Rodriguez-Amendo, “Direct Torque Control of a Doubly-Fed
Induction Generator for Variable Speed Wind Turbines,” Electric Power Components and
Systems, vol. 30, no. 2, pp. 199-216, 2002.

Z. Mahi, C. Serban, and H. Siguerdidjane, “Direct Torque Control of a Doubly-Fed Induction
Generator of a Variable Speed Wind Turbine Power Regulation,” in European Wind Energy Conf.,
May 2007, Milan.

R. Datta and V. T. Ranganathan, “Direct Power Control of Grid-Connected Wound Rotor
Induction Machine without Rotor Position Sensors,” IEEE Trans. Power Electronics, vol. 16, no.
3, pp. 390-399, May 2001.

L. Xu, and P. Cartwright, “Direct Active and Reactive Power Control of DFIG for Wind Energy
Generation,” IEEE Trans. Energy Conversion, vol. 21, no. 3, pp. 750-758, Sep. 2006.

D. Zhi and L. Xu, “Direct Power Control of DFIG with Constant Switching Frequency and
Improved Transient Performance,” IEEE Trans. Energy Conversion, vol. 22, no. 1, pp. 110-118,
Mar. 2007.

G. Abad, M. A. Rodriguez, and J. Poza, “Two-Level VSC-Based Predictive Direct Power Control
of the Doubly Fed Induction Machine with Reduced Power Ripple at Low Constant Switching
Frequency,” IEEE Trans. Energy Conversion, vol. 23, no. 2, pp. 570-580, Jun. 2008.

D. Zhi, L. Xu, and B. W. Williams, “Model-Based Predictive Direct Power Control of Doubly
Fed Induction Generators,” IEEE Trans. Power Electronics, vol. 25, no. 2, pp. 341-351, Feb.

15



[31]

(32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

2010.

S. Li, T. A. Haskew, K. A. Williams, and R. P. Swatloski, “Control of DFIG Wind Turbine with
Direct-Current Vector Control Configuration,” IEEE Trans. Sustainable Energy, vol. 3, no. 1, pp.
1-11, Jan. 2012.

L. Xu and W. Cheng, “Torque and reactive power control of a doubly-fed induction machine by
position sensorless scheme,” IEEE Trans. Ind. Appl., vol. 31, no. 3, pp. 636-641, May/Jun. 1995.

M. Abolhassani, P. Niazi, H. Toliyat, and P. Enjeti, “A sensorless integrated Doubly-Fed electric
alternator/active filter (IDEA) for variable speed wind energy system,” in Conf. Rec IEEE IAS
Annu. Meeting, Salt Lake City, UT, 2003, vol. 1, pp. 507-514.

L. Morel, H. Godfroid, A. Mirzaian, and J. M. Kauffmann, “Double-Fed induction machine:
Converter optimisation and field oriented control without position sensor,” Proc. Inst. Electr.
Eng.—Power Appl., vol. 145, no. 4, pp. 360-368, Jul. 1998.

B. Hopfensperger, D. J. Atkinson, and R. A. Lakin, “Stator-flux oriented control of a doubly-fed
induction machine without position encoder,” Proc. Inst. Electr. Eng.—Power Appl., vol. 147, no.
4, pp. 241-250, Jul. 2000.

V. Verma, M. J. Hossain, T. Saha, and C. Chakraborty, “Performance of MRAS Based Speed
Estimators for Grid Connected Doubly Fed Induction Machines During Voltage Dips,” in Proc.
IEEE Power and Energy Society General Meeting, pp. 1-8, Jul. 2012.

I. Benlaloui, S. Drid, L. Chrifi-Alaoui, and M. Ouriagli, “Implementation of a New MRAS Speed
Sensorless Vector Control of Induction Machine,” IEEE Trans. Energy Conversion, vol. 30, no. 2,
pp. 588-595, Jun. 2015.

B. Shen, B. Mwinyiwiwa, Y. Zhang, and B. T. Ooi, “Sensorless Maximum Power Point Tracking
of Wind by DFIG Using Rotor Position Phase Locked Loop (PLL),” IEEE Trans. Power
Electronics, vol. 24, no. 4, pp. 942-951, Apr. 2009

B. Mwinyiwiwa, Y. Zhang, B. Shen, and B. T. Ooi, “Rotor Position Phase-Locked Loop for
Decoupled P-Q Control of DFIG for Wind Power Generation,” IEEE Trans. Energy Conversion,
vol. 24, no. 3, pp. 758-765, Sep. 2009.

D. G. Forchetti, G. O. Garcia, and M. 1. Valla, “Adaptive Observer for Sensorless Control of
Stand-Alone Doubly-Fed Induction Generator,” IEEE Trans. Industrial Electronics, vol. 56, no.
10, pp. 4174-4180, Oct. 20009.

G. Iwanski, M. Szypulski, T. Luszczyk, and P. Pura, “Cross and Dot Product Based MRAS
Observer of the Rotor Position of Doubly Fed Induction Machine,” in Proc. 9th International
Conf. EVRE, Mar. 2014, pp. 1-5.

R. Cardenas, R. Pena, J. Proboste, G. Asher, and J. Clare, “Sensorless Control of a Doubly-Fed
Induction Generator for Stand Alone Operation,” in Proc. 35th Annual IEEE Power Electronics

Specialists Conf., Aachen, Germany, 2004, vol. 5, pp. 3378-3383.

16



[43]

[44]

A. K. Jain and V. T. Ranganathan, “Wound Rotor Induction Generator with Sensorless Control
and Integrated Active Filter for Feeding Nonlinear Loads in a Stand-Alone Grid,” IEEE Trans.
Industrial Electronics, vol. 55, no. 1, pp. 218-228, Jan. 2008.

G. Iwanski and W. Koczara, “Sensorless Stand Alone Variable Speed System for Distributed
Generation,” in Proc. 35th IEEE Power Electronics Specialists Conf., Aachen, Germany, 2004,

vol. 3, pp. 1915-1921.

17



18



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.
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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 (Pamax) 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.
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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 CO, 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 p is the air density and U is the wind speed.

1

Wind speed
(V)

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

The extracted power by the wind turbine is referred to as turbine power (P1) and is
given by (2.2), where Cp is the power coefficient of the wind turbine.

The power coefficient of a wind turbine is a function of the blade pitch angle (5)
and the tip speed ratio (1) which is defined by (2.3), where w is the speed of the turbine
in (rad/s).

wR (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.
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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 (wcut-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 wcut-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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Normalized output power
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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 Uz. 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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Normalized turbine speed (w/wrated)
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.

Synchronous Generator Machine side VSC Grid side VSC
From Grid

Prime Mover J # J

stator grid Transformer
filter filter

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.

Doubly Fed
Induction Machine
Grid

o == (O~

Transtormer

Rotor side VSC Grid side VSC

L F—
K&+ | K¥r=—
T SE————
rotor grid
filter filter

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.

Load 1 Load 2 j—e

Gas Engine

\N
N\N\

N Control 7
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System Grid

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.

__-~"Island Operation

N\

- Grid is recovered J
Stand-Alone Grid-Connected
| Mode Mode
Load Grid outage
“~~.___ shedding % detection

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 dg-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 dg-transformation. The
dg-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 dg-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 dg-transformation is defined by a matrix multiplication as in (2.4), where v is
the zero-sequence component which represents the common mode voltage. The zero-
sequence component is zero for three wire systems.

Vg Vg
<17q> =T(0) (%) (2.4)
Vo Ve

There are different definition of the transformation matrix T; in this work we adopt
the definition of (2.5), where 6§ = wt and w is equal to the voltage angular frequency.

/ cos(60) cos (9 - 2?7[) cos (9 + 2?7[) \

T(6) = %' —sin(@) —sin (9—2?") — sin (9+2§) I (2.5)
1 1 1
V2 V2 V2

Since three-wire system is adopted in this work, the zero-sequence component is
always zero and is dropped; thus, the dg-transformation matrix is redefined by (2.6).
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(2.6)

@) - \/g cos(60) cos (9 — Z?H) cos (9 + 2;)

21 21
—sin(f) —sin (6 — ?) —sin (0 + ?>

By using a balanced three-phase voltage which is given by (2.7), the dg-
transformation is given by (2.8), where ¢ = wt + po, Where ¢q is the initial voltage angle.

cos(cp)2 \

Va

(1) =v|l0=5))] @
ve kcos ((p + Z?R) /

3 _
()=v feems) o

The dg-transformation can also be represented in the complex plane using the
vector diagram of Fig. 2.12.

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.

2 . . 3 . 2.9
U= \/;(va + vpe 23 4y el?M/3 ) = V\/;e‘”’ @9
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The vector representation of (2.9) in the dg-frame is given by (2.10)

3 .
(Daq = V\/; el(@—0) (2.10)

Consequently, using the vector representation, the dg-transformation is defined by
(2.11), where the star superscript (*) represents the complex conjugate.

(Paq = /07" (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 wm, and the angular frequency of the generated voltage, which is the
synchronous angular frequency, is denoted as ws. The mechanical speed is related to the
DFIG’s rotor speed wrotor DY the number of poles (p) of the DFIG as in (2.12).

p
Wy = Ewrotor (2-12)

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

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 6n 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.

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.

( ., ady
Vsq = —Rgigq + d;‘a
d
{vg = —Rsigy + Dsp (2.13)
dt
. dy
Lvsc = —Rgis + d:C
( R
Vrq = Rplpg + d;a
d
< Urp = Rrirb + lpr (214)
dt
. dy
kvrc = Rylyc + dtrc

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.

d e d
B, = —RI, + C;/:f (2.15)
L. dY
B, =R + d_tr (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 wm, the rotor
current can be expressed in the stationary reference frame, which is denoted by an S
subscript, using (2.17).

(i)r)s = e_jgmzr (2-17)

Using (2.17), the stator and rotor flux linkage are given by (2.18) and (2.19)
respectively, where L, is the stator leakage inductance, L, is the rotor leakage
inductance, L is the mutual inductance, and Lm = N¢/Ns Ls = Ns/Nr L.

Ws = —(Ls + Lgs)is + L (@) (2.18)
(JJ)T)S = _Lmi)s + (Lr + Lar)(i)r)s (219)

The dg-transformation of a rotor quantity is defined by (2.20), where ~ is the
complex conjugate.

(B)aq = e/, (2.20)

Consequently, the mathematical model of the DFIG in the synchronous reference
frame is obtained by applying the dg-transformation to (2.15)-(2.19), and it is given by
(2.21)-(2.24).

(ﬁs)dq = _RS(Ts)dq + di dq +jws(l/_js)dq (221)
(U)ag = Rr(T)aq + drt dq + j(ws — wm)(‘/jr)dq (2.22)
(¥s) gy = ~Ls + L) @aq + Lm (@ )ag (2.23)
(¥r) g = ~Lm(aq + Lr + Ler) (G )ag (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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Jos (Ws)dq Jor (Wr)dq

Fig. 2.15: Equivalent circuit of the DFIG in the dg-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 = Vsa isa + Usp isb + Use isc (2.25)
1 . . .
4 =7 [(Vsp — Vse)isq + (Ve — Vsa)isp + (Vsq — Vsp)ise] (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 dg-frame by (2.29) and (2.30).

ps = Re{?;" - T} (2.27)
qs = Im{?;" - Ts} (2.28)
ps = Re{(¥s)ag - (T)aq '} (2.29)
qs = Im{(Fs)aq - ((5)aq ) (2.30)

The electromagnetic torque in the stationary reference frame is given by (2.31) and
(2.32).

1
g = [(Wre = Vrp)ira + Wra — Yrdiry + @Wrp — Praire] (2.31)

T, =
p - - *
T, = Elm{tpr -7} (2.32)

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

- LN 2.33
T, = glm{(lpr)dq ) (lr)dq} ( )
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Finally, the mechanical dynamics is approximated by (2.34), where J is mechanical
inertia and Tq is the prime mover torque (driving torque).

d
]E(‘)rotor =Tq— T, (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 dg-transformation.

S P
DFIG _ . " ¢
R LI’SC

= Cuc

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 + irp + 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.

4 Viri Ura Urb Urc
\ \f' / ¥ /'| \ R ] / )\ ¥ A
\ /\ i ' / ] ' 3 \ r\ r
/ \
; j’ll ::\ a\ ;/ i ,'f i ; \ /l\ f‘\ >
IR
I I
I I
I I
frh
A @
I I
a1l
4 I I
I |
€dc
(b)
VBN
€dc
(©)

Vag = Van — VBN
A
Hin Fundamental
A/component of Vag edi

(d)
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)

1 if S,=0n
Up = {_1 i]]: Si — off for k=1{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).

.
Vap = Van — Vpn = 5 (Urg — Urp)eqc

1
) Upe = Upn — Ven = E (urb - urc)edc (236)

kvca =VeNy — VUgn = E (urc - ura)edc

On the other hand, the line (line-to-neutral) voltages of the RSC are given by
(2.37).

( 1
€rq = § (zvab + vbc)

1
) €rq = § (vac + vca) (2-37)

1
kerc = § (zvca + vab)

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 ed 2 —1 —1 ura
<erb> = ?C -1 2 —1) <urb> (2.38)
eT'C _1 _1 2 uTC

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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(

Urq = _Lrsc E ira - Rrscira + €ra
d
\Vrp = _Lrsca lrp — Rysclyp + €1p (2-39)
d .
kvrc = _Lrsc E lye — Rrsclrc + €rc

Vra d [tra lrq €ra
VUrp | = =Ly E lrb | = Rpsc | brp | + | €rb (2-40)
Urc irc irc €rc

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 dg-frame, we need to apply the dg-transformation to
(2.20) to (2.38) and (2.40). This requires the following definitions, where 6 is the slip
angle which is equal to 05— Om:

era
(e =16 <Zﬁ> 241)
(ZrZ) =T(6,) <Z:Z> (2.42)
uTC

Then, the mathematical model of the RSC circuit model in the dg-frame is given
by the following equations:

€ra\ _ €dc (Ura
(erq) - 7 <urd) (243)
UT‘d _ d ird ird _irq erd
(Urq) - _Lrsca (irq) — Rysc (irq) — WLy ( iy > + (erq) (244)

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.

Vga

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 ed 2 —1 —1 uga
€gb =?C -1 2 —=1][uew (2.45)
egc —1 —1 2 ugc

Uga d ita ita ega
vgb = LgSC a itb + RgSC itb + | €gb (246)
ng itc itc egC

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

d 1
atc =2 c,,

. . . €q
(Ugaiea + Ugpice + Ugeliee) — = CC‘ (2.47)
dc%dc

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

e

€qd ga
(epe) =70 <2§?> (248)
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(ugd) — 7)) <Zga>
=T(6,) | Uop (2.49)

u
9q Uge

Moreover, with simple mathematical manipulation, (2.50) is derived.
ugaita + ugbitc + ugcitc = UQditd + ugqitq (250)

Then, the mathematical model of the GSC circuit in the synchronous reference
frame is given by (2.51)-(2.53).

€ga\ _ €ac (Ugd
(egq) T2 (ugq) (2.51)
Vgay _ d (itq ltd —ltq €gd
(ng) = Lgsc%(&q) + Rgsc <itq> + wSLgsc( iy ) + (egq) (252)
d 1 : . €dac
aedc = 2. Cdc (ugdltd + Uqutq) - m (253)
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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.

dc - gsc
+ Grid

Gl

Control System J

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 dg-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 dg-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 dg-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 g-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 dg-frame, which requires performing the
dg-transformation on the grid voltage of (3.1), where ¢g = wgt + go.

cos(¢,)
Vga 21
() vy | s (00 -7) @
Vgc 21
cos ((pg + ?>

Using the dg-transformation defined by (2.6), we get (3.2) where 63 = wgt + 6o is
the transformation angle.

v 3 cos -0
(o) = [ (St ) 2)
94 2 9\sin(p, — 6,)
To align the d-axis with the grid voltage, the g-component must become zero.

When the g-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 g-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 g-voltage is divided by the grid voltage amplitude.

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

Vga v,
o o LPF 15>
Vg—>abc—>dq y o (16
‘o] > LPF 12 + b PI1 B
A *
2 2
Vgs + Vg ®o

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 dg-frame and suggested solutions to them [8], which are adopted in
this work.

In [8], low pass filters (LPF) for the grid d- and g-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 (wo = 2xfo). 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 K, and the integral gain Kj, 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.

LPF 1 Pl1

Y sine ot o KeS*+Ki | Do) 1 O
Q Tis+1 s s

Fig. 3.3: Control model of the PLL circuit.

A4
\4

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).

Hg N KpS + Ki

¢g_eg~ s?

(3.3)

To simplify the selection of the PI controller’s parameters, we propose introducing
new parameters which are related to the Pl parameters as in (3.4).

K; = w)?
{K,, Zak (3.4)
Substituting (3.4) into (3.3), the transfer function is written as in (3.5).
0 2
9 Pk (ai + 1) (3.5)
pg—0, s Wy

By normalizing the frequency (s) to wk, the different performance criteria, such as
the rise time and the overshoot, becomes functions of « only. In this work, we have
chosen the bandwidth of (3.5), which is referred to as www, and the output’s overshoot as
design criteria. The bandwidth should be large to have fast response, but small to
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attenuate harmonics of the grid voltage. The first harmonic occurs in the dg-frame at the
grid frequency; thus the bandwidth should around ten times smaller than the wy.

The variation of the normalized bandwidth and the overshoot are depicted in Fig.
3.4 as functions of a.

e e -5

___________________________________________________ Normalized
20 \ bandwidth ~ |

80 1
70 -
60 -
50 1
40 -
30 -
20 ~
10 -
0 . . 1 1 . 0

0 1 2 3 4 5 6

Overshoot %

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

Using the desired overshoot, the value of « and the normalized bandwidth are
determined from Fig. 3.4. Then, using the desired bandwidth, the value of wx is obtained.
Using the values of a and wx, the P1 parameters are selected.

In this work, the overshoot was selected around 8% only, which corresponds to «
equal to 3.5 and a normalized bandwidth equal to around 2.8. The bandwidth wpw is
selected around nine times small than wg (wow = 40).

Finally, the cut-off frequency of the low pass filter was selected (500 rad/s) slightly
more than ten times higher than the wnw 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 N»/N1 = 0.5, is inserted between
the grid and the GSC, as shown in Fig. 3.5.
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GSC

A

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 ar = N2 / N.

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 edc 2 _1 _1 uga
(%n) = ?<—1 2 —1) <ugb> (3.6)
egC —1 _1 2 ugC
Uga d ita ita ega
ar (%b) = Lgsc T (itb> + Rysc <itb> + <egb> (3.7)
UQC itc itc egC

d 1
atc =2 c,,

. . . €q
(Ugaica + Ugpice + Ugeliee) — R Cc‘d (3.8)
Cc Cc

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

egd _ @ ugd
(epa) =% () (39
Vgay _ d (ig lta —ltq €gd
ar (vgq) = Lgsc %(itq) + Rgsc (itq) + wsLgsc ( . > + (egq) (3.10)
d 1 ‘ _ eqc
Eedc = —2 - Cdc (ugdltd + ugqltq) - m (3_']_1)

In steady-state, the derivative terms in (3.10) are zero, and the PLL circuit forces
Vgq t0 zero. In addition, the Rgsc can be ignored compared to wslgsc; thus (3.10) becomes:
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ar (Ugd) ~ wsLgsc (_.ifq) + (egd) (3.12)

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

v
. . gad .
Ugalta + Ugqleq = ZaTe—ltd (3.13)
dc

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

1 d 2 edcz .
5 Cac ac (eac”) + R_dc = ArVgqleq (3.14)

Since (3.14) in nonlinear, small variation model is considered to obtain a linear
model, which is given by (3.15).

Aedc N RdC ) aTvgd ) 1

Aitd ~ 2 edC* RdCZCdCS +1 (315)

From (3.15), the voltage of the dc-link can be controlled using the GSC’s d-current.
The GSC’s g-current is used to control the reactive power exchanged with the grid using
(3.16).

Q = _aTvgditq (316)

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

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

(itd) _ -1 (egd — arVgq — wngscitq)
L

[ ; 3.17
ttq gsc S+ Rgsc €gq — ArVgq + WsLgsclita ( )

In the (3.17), there are additional terms that need to be fed-forward to generate the
reference terminal d- and g-voltage of the GSC.

B. Controller Design

Since the simplified model in (3.15) is linear, a Pl 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 g-current. Based on the previous study, the control circuit of the GSC is
depicted in Fig. 3.6.

g I—gscitq ar Vou
€dc It €gd Ugd
@ PI2 4»@ PI3 +
. ¥ Yoz,
€dc It €dc U
2 dg—abc Ly PWM GTSOC
nggscitd ar Voq uQC;
Q[ 1 |ig %egq* Ugq 3
—> arVyg —H: H P13 - eg
. $
g €dc
2

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.

Inner Loop

e‘d@_’Pm#—»(lm :)—>PI369d |
x ! LgscS + Rosc | |
|
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Q[ -1 | €9 1 | Itq

—» ﬂ—ﬂ: > P13 > re—>
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| |
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» RgcCycS + 1
2

| R @

v

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 Pl 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 P1 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 dg-frame, where the active and
reactive power are given by (3.18).

{Ps = Vsqlsa + Vsqlsq
Qs = VUsq lsq — vsdisq

(3.18)

Since the PLL circuit of Fig. 3.2 forces the stator g-voltage to zero, the active and
reactive power become decoupled, and they are given by (3.19).

Qs = _vsdisq

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 g-current from the active
and reactive power respectively.

The reference rotor d- and g-current are calculated from the reference stator d- and
g-current using the equivalent circuit of the DFIG in the dg-frame, Fig. 3.8.

Re (i)
‘gt(‘//r)dq (Vr)—d)q
A &)
— —
Jas (’//s)dq Jor (V/r)dq

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

- . - . - d(i) )d
(vs)dq = _(Rs +]ws(Ls + Las))(ls)dq +]wsLm(lr)dq - (Ls + Las)%
41, Ha (3.20)

dt

In steady-state the derivative terms are zero, and the stator voltage is given by
(3.21).

(ﬁs)dq = _(Rs +jws(Ls + Las))(?s)dq +jwsLm(?r)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 g-current can be calculated from the stator d-
and g-current using (3.22).

. Ng XCAP
(lr)dq ~ N_i(ls)dq ) (L):L‘r:

(3.22)

Thus, the block diagram of the conventional decoupled P-Q control is depicted in
Fig. 3.9.

Ps isg Estimation irg
@» Pl > —»
e NV
PS Iy :N_Isd + L
r a)S m
Qs Pl isq | * —&I *_ Vsd irq
» rq sq —>
Nr a)sLm
Q f f
Vgd Vsq=0

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 g-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 g-currents are calculated from
the active and reactive power using (3.23) which does not involve any approximation or
require any DFIG parameter.

I{. — vgdPs + vqus

Vga? + Vgq? (3.23)
. vgqps - vngs .

L M vga? +vgg?

The relation between the stator and the rotor currents is linear as was shown in
(3.22). In (3.22), the stator d- and g-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 g-current can be
controlled independently by the rotor d- and g-current respectively. This equation can be
further simplified if the stator voltage-related term is regarded constant and is dropped
as in (3.24).

- NS -
(lr)dq x N_ (Ls)dq (324)
T
The reference rotor d- and g-current can be generated from the stator d- and

g-current using Pl controllers. Then, the block diagram of the proposed decoupled
control is shown in Fig. 3.10.

* .

Ps Calculation isd irg
—> . . P14 —>
i *_ngps +ngQs
sd 2 2 g
Vgg' + Vg, s
Qs | . *_ngps _ngQs isq irq
g T Pl4 —»
Vgg© Vg,
% 4 isq
Vad Vg

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 g-current by generating the appropriate PWM signals. The RSC’s circuit
is depicted in Fig. 3.11.

RSC

n

= Cdc €dc

Fig. 3.11: RSC circuit.

The mathematical model of the RSC’s circuit is given by (3.25).
Urd _ d ird ird _irq er
(Urq) = _Lrsca (irq) - Rrsc (irq> - errsc ( ird > + (erq) (325)

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 dg-frame, and it can be dropped. Thus, the transfer function
can be given by (3.26).

] 1 €rq + WyLygl
(l.rd) « —( ra @ “”.”’) (3.26)
lrq Lysc*S + Ryge \€rq — Wy Lygclrg

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 g-current and to generate the rotor voltage
references, which generate the PWM signals using (3.27).

(erd) = % () (3.27)

€rq Urg
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.

wrl-rscirq
ird* erd* Urg
H@—} PI5 aé—» +
. 0 Hra,
Ird % u "
) 2 dg—abc s PWM R-I:Q,OC
@rLrscirg UFC‘
irq* erq* Urq *
PI5 - )
'( ; ) ’ X
. 4
Irq %

2

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.

* . Inmertoop  DFIG
Isg Irg } €rd 1 Irg } N, Isg
P14 @ PI5 d LrscS + Risc i - Ws -
[ \
\ /

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.

57



The open loop transfer function of the d-component of the decoupled control is
given by (3.28), where K, and K; are the proportional and integral gains of Pl 4
respectively. The transfer function for the g-component is exactly the same.

(N
i wp (s | @ =3, Ki
— = —p(— + 1) where | p (3.28)
lsa — lsa S \y W, = s
Z
7%,

This transfer function has a pole whose gain is wp and a zero at a frequency w;. The
Bode diagram of the gain of (3.28) is shown in Fig. 3.14.

Gain

A
w,( s
24
s (o,

>
4 (rad/s)

Fig. 3.14: Bode diagram of the open loop transfer function of the decoupled control.

The frequency wp, 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 wp must be smaller than w; to have adequate attenuation at the poorly
damped poles. Consequently, the proportional gain K, must be smaller than the
stator-to-rotor turns ratio, Kp < Ns/Nr. In this work, the frequency wy 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 wp is selected around 12
times smaller than the frequency w.

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 6%, which is
different from the actual slip angle 6 by an error Aér as in (3.29).

0,° =0, + A6, (3.29)

Then, the dg-transformation of the rotor current using this erroneous slip angle,
which is denoted by i%, is related to the correct value by (3.30).

ira®\ _ [ cos(A6,) sin(A6,)\ (ira
(irqe>_<_Sin(A6r) cos(AHr)><irq> (3.30)

Introducing (3.30) into Fig. 3.13, the decoupled control model with slip angle error
is shown in Fig. 3.15.

Inner
., Pl4 , loop . .
Isd |rd Irg Ird Isg
Kp+ﬁ » 1 > > Ny >
S . N
7 . AN
eJAHr S

- PI4 .

Isq g irq irq
4'9—' Ko + K™, 1 > >
S

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

ZlZ
v

The transfer function of the Pl controller, the inner loop, and the DFIG are
combined in one transfer function which is denoted by G = N/Ns P14. Then, the closed
loop transfer function of Fig. 3.15 is given by (3.31).
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(GZ + G cos(A6,) —G sin(A8,) )
(isd) _ G sin(A6,.) G? + G cos(A8,)/ (isq” (3.31)
B G2+ 2G cos(AB,) + 1 )

iSq isq
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).

G*+ 2G cos(AB,)+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.

(K,? + 2aK,, cos(A8,) + a?)s? + 2K;(K, + acos(A6,))s + K> = 0 (3.33)

Applying the Routh-Hurwitz stability criterion on (3.33), provides the following
two conditions for stability:

_(sz + az)

A
cos(A6,) > 2aK,

(3.34)

-K 3.35
cos(A6,) > Tp (3:39)

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™! (_—Kp) < Af, <cos™! <_—Kp) (3:36)
a a
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.
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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 ¢+ and ¢- are the initial
angle of the positive- and negative-sequence currents respectively.

U =Toy + 1. = \/é(lﬁe—j(wstﬂm) + [;_el(@st=0)) (3.37)
Similarly, the stator voltage in the stationary reference frame is given by (3.38).

Do = Dey + By = \/é(vﬁe—j(wstﬂh) + Vp_eJ(@st=9-)) (3.38)
Substituting (3.37) and (3.38) into (2.27) and (2.28), the active and reactive power

are given by (3.39).

P+ Qg = Ugy *Top + Vs Tg_ + Dy - Tom + Vs~ Ty (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 dg-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 dg-transformation with the
opposite angle T(—6s).

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 dg-frame by replacing the
synchronous frequency with the opposite frequency (—ws) 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).

- NS -
(lr—)—dq x N_ (Ls—)—dq (340)
r

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 Pl 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
dg-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

62



command will be fed to the rotor current loop.

. *

0 Ird
::: s/ LPF 2 »é V> P16 > rd st
i—sc> abc—dq Rotation e .
BN > LPF 2 »@» P16 > »@—»

f F .

0, 0 20, i

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).

2
LPF2 = ( ) (3.41)

Tfs+1

The simplified control model of the negative-sequence compensation is depicted in
Fig. 3.17.

'Ir:;er LPF 2
s = pld ?isa
° Kp+|§l—> 1 <, %—»{Tlll e
s S+
s = ird ?isa
% Kp+%—> 1 “ % —>(T1 :J -
s S+

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 kwW
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 Q
Rotor resistance Ry 0.04 Q
Stator leakage inductance L 7.43 mH
Rotor leakage inductance L 0.18 mH
Magnetizing inductance L 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 VRrMs
Frequency 60 Hz
Lrsc mH
Lgsc 6 mH
Cs 30 uF
Cac 2.44 mF
Dc-link voltage 200 \/
Transformer turns ratio 0.5
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Fig. 3.19: Block diagram of the experimental setup.

A

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 Il. 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?) Tt (sec)
LPF 1 0.002
LPF 2 0.08
Pl1l 50 200
Pl 2 0.2 0.5
PI3 20 200
Pl 4 0.5 500
PI5 20 1000
Pl 6 5 20
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Fig. 3.20: Block diagram of the grid-connected control system.
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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 g-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 /
(cwsLm).
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Fig. 3.21: Simulation results for the step response of the active and reactive power with wm = 0.8 pu.
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Fig. 3.22: Simulation results for the step response of the active and reactive power with wm = 1.2 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 Vims to around 220 Vms. 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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Fig. 3.25: Simulation results for the step response with a slip angle error of A9: = 90 degrees

and wm = 0.8 pu.
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the DFIG’s core and with wm = 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
g-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 g-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.
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02 |/

0 i i i i ; ‘
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Magnetizing voltage (pu)

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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Fig. 3.29: Simulation results for the effect of the grid voltage amplitude variation with saturation of the
DFIG’s core and with wm = 1.3 pu.

78



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 g-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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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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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 g-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.

Reference |Y
Measured |7 Model

voltages
and A
currents | _| Adjustable | ¥
Model
A
Adaptation |
Mechanism |

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

92



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 Pl 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.

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).

d el
B, = —R,1, + d—li (4.2)

Rewriting (4.1), the stator flux linkage can be estimated using (4.2).
s = f (U5 + Rsis)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).

l/_js =—(Ls + LUS)TS + Lme_jem?r (4.3)
Rewriting (4.3), the rotor current can be estimated in the rotor reference frame

using (4.4).

L (LE + Los)is (4.4)
m
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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).

i xt
£ = - Zr (4.5)
(|

Based on the previous study, the block diagram of the rotor current MRAS is
depicted in Fig. 4.3.

Reference
Adjustable model
o -
|
VQ»@ J ﬁ@» 1
: =
|
i QS l:S+A0'S
1 ?
FS

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 (dg-frame). The transformer-equivalent circuit of the DFIG in this
reference frame is shown in Fig. 4.4.

(ideq Rs  Los L Re (iD

(V_s))dq %(Ws)dq il %('//r)dq (Vr)_d)q
N[ [N,
3 o
N <
Jas (‘//s)dq Jor (Wr)dq

Fig. 4.4: Equivalent circuit of the DFIG in the dg-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).

—

; d(s)
(‘Es)dq = _RS(TS)dq +j(1)s(l/js)dq + o dq (46)

(B)aq = —Rs@ag +jws(¥s),,, (4.7)
The stator flux linkage in the dg-frame is given by (4.8).
(J;S)dq = _(Ls + Las)(is)dq + Lm(?r)dq (48)

Substituting (4.8) into (4.7), we get (4.9) which can be used to estimate the rotor
current in the dg-frame. This estimation does not require any knowledge of the DFIG’s

rotor current or the DFIG’s rotor position.

(i)r)dq — (ﬁs)dq + (Rs +'j(‘)s(Ls + Las))(?s)dq (49)
](‘)sLm

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 dg-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.

X=k ()aq (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 = wglpy, (4.11)

Substituting (4.11) and (4.10) into (4.9), the vector X is estimated using (4.12),
which requires two parameters.

X = (_jﬁs + ws(i’s + Z\’US)) (55)aq = (Vs)aq (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).

X = ws(Ls + Log) @) ag — J (Bs)ag (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 dg-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 Jr is the slip angle error or, in other words, the
difference between the reference slip angle and the estimated slip angle.

X (&%), = IX1I-

o = V[, since (419
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The error function is defined as the normalized cross product as in (4.15).

X x (3%
& = L da sin(6,) (4.15)

1211 |G, |

When the error & is fed to a properly tuned Pl controller, it will generate an
estimation of the slip angular frequency &, which will generate an estimation of the
slip angle 8, when fed to an integrator. The block diagram of the proposed slip angle
estimator is shown in Fig. 4.5.

) Reference model
Adjustable model -

oL | e
N ira” | X Estimation Veg |
| IE» abc—d i } A <|_ i
i irc g ! Xg = ws(':s"":as)isd + Vgq & !
| — | Xq = wS(LS‘l‘Lgs)iSqusd <ISL |
I | !
N
. ) XLl
O 1 | Wy
< [ Pl Py

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.

Pl

O; Or . er | Kys + K | 1 |6
4>Q—> sine —» == M S

Fig. 4.6: Control model of the proposed estimator.

A
A
\4

For small variation around the reference angle, the sine function can be
approximated by a unity gain as in (4.16).

&, = sin(6,) = 6, (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).

_ KpS+Ki

_ (4.17)
S

S

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)

K; = w?
{Kp Zak (4.18)
Ar_wkz( s +1) (4.19)
67‘ B s? a(l)k .

The frequency in (4.19) is normalized to wx, and the different performance criteria,
such as the rise time, becomes function of a only. The variation of the normalized
bandwidth and the overshoot are depicted in Fig. 4.7 as functions of a.

e e -5

o0 N Normalized _
bandwidth

80 1
70 -
60 -
50 1
40 -
30 -
20 ~
10 -
0 . . 1 1 . 0

0 1 2 3 4 5 6

Overshoot %

Fig. 4.7: The overshoot and the normalized bandwidth of the proposed estimator.

Using the desired overshoot, the value of « and the normalized bandwidth are
determined from Fig. 4.7. Then, using the desired bandwidth, the value of wx is obtained.
Using the values of a and wx, 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 «
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 wk is 22.5 rad/s. Then, the Pl parameters are Kp = 50 and K = 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 ALs, 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)

ALy = (Lg+ Lys) — (Ls + Los) (4.20)
AZ; = wALg (4.21)

Substituting (4.21) and (4.9) into (4.13), the vector X is given by (4.22), where Zn
is the mutual impedance Zm = ws L.

X= Zm(i)r)dq +sz(?s)dq - AZS(?s)dq (4.22)

The ignored stator winding resistance and the stator inductance inaccuracy produce
an estimation error A@r which is defined by (4.23).
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A6, =6, — 8, (4.23)

The output of the adjustable model, which is the dg-transformation of the measured
rotor current using the erroneously estimated slip angle, is related to the correct value of
the rotor current in the dg-frame by (4.24).

i)re)dq = ejAer(?r)dq (4.24)
Substituting (4.24) into (4.22), the vector X is given by (4.25).
)_() = Zme—jAQr(fre)dq +sz(?s)dq - AZS(?s)dq (425)

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 Ois
is the angle of the stator current in the dg-frame and 6;° is the angle of the output of the
adjustable model.

Z %112 sin(A6,) — RslIT- N ITs1l cos(0:-° — ;)

I . (4.26)
— AZ||T [T sin(8;." — 8;5) = 0
Equation (4.26) can be written as in (4.27).
R. |7 AZ |7
sin(A8,) = —Su cos(0;,° — 0;5) + JH sin(0;,.¢ — ;) (4.27)
Z 1Tl Zm T

In (4.27), the estimation error is independent of the stator inductance inaccuracy, if
the angle of the rotor current ;° is equal to the angle of the stator current ;s 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 6i° implicitly contains the estimation error as can
be seen when referring to (4.24). Equation (4.27) can be written as in (4.28).

. A AZg [Tl
sin(A8,) — Z—S ”;” cos(6; — 05 + AB,) — Z—S ”;” sin(8;, — 0;s + A8,) =0 (4.28)
m T m T
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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).

sin (Hir - eis)

Rl cosgq, — gy + B2 ]
ro — e | _Zn T o T
" A YA
1+—=250sin(f.. —0;.) — =3
Zon 1 50O = 01) =7
R %]l A7, 1)

n = 0ifsign<1+—

Zi 1Tl

1 otherwise

sin(0; — 0;5) —

Zy 1T

+nm (4.29)

cos(0; — O;s)

cos(0; — 9is)> =0 (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 ALs
is zero. The effect of stator winding resistance on the estimation error is investigated for
different rotor d- and g-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 kwW
Stator line-to-line voltage 210 VRMs
Frequency 60 Hz
Number of poles 6

Stator resistance Rs 0.475 Q
Rotor resistance Ry 0.04 Q
Stator leakage inductance L, 7.43 mH
Rotor leakage inductance L, 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 g-currents are shown in Fig. 4.8.
A6, (degree)

30 T T =0A2pu T
0 %% v ?.eg
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A4
-150 .
iq=0pu—"
180 il
-0.12 —0.06 0 0.06 0.12
ird (pU)
(@) ig<0
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120 7\
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60 0.12 pu-
30
0 =é&4
-0.12 —0.06 0 0.06 0.12
ird (pU)
(b) ig>0

Fig. 4.8: The estimation error for different rotor currents with ALs =0 and Rs = 0.5 Q.

In Fig. 4.8, the rotor current is displayed in per unit (pu), where the base value is
19.3 Arwms and, in the dg-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 g-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 Q, and the results are shown in Fig. 4.9.
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Fig. 4.9: The estimation error for different rotor currents with ALs =0 and Rs = 0.2 Q.

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 ALs

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 g-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
g-current on the estimation error is investigated. The stator inductance inaccuracy is
fixed to 0.2 of the inductance value, ALs = 0.2 Ls. In this case, the estimation error as a
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function of the rotor d- and g-current is shown in Fig. 4.10.
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Fig. 4.10: The estimation error for different rotor currents with ALs / Ls = 0.2.

We observer that, when the rotor g-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 g-current

ird (pU)
(b) ig>0

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 g-current increases from
zero. Then, it is almost unaffected by the increase of the rotor g-current between 0.03 pu
to 0.33 pu; beyond this interval, the estimation error decreases as the rotor g-current

increases.
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Next, the stator inductance inaccuracy is fixed to —0.2 of the inductance value, ALs
=—0.2 Ls, and the estimation error, in this case, is shown in Fig. 4.11.
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Fig. 4.11: The estimation error for different rotor currents with ALs/ 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 g-current are reversed. In this case, the estimation error
is within the stable region of the decoupled control when the rotor g-current is positive,
but not zero.

The effect of a larger stator inductance inaccuracy, ALs = 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 g-current. The estimation error is still
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within the stable region of the decoupled control when the rotor g-current is negative.
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Fig. 4.12: The estimation error for different rotor currents with ALs / Ls = 0.4.

For positive rotor g-current, with larger stator inductance inaccuracy, the region
where the estimation error is almost unaffected by the increasing rotor g-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 g-currents.

The results in Fig. 4.13, demonstrate that when the stator inductance inaccuracy is
in opposite sign with the rotor g-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 g-current increases.
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Fig. 4.13: The estimation error as a function of the stator inductance inaccuracy with irg = 0.

Finally, the rotor g-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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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 Pl parameters of the proposed slip angle estimator are K, = 50 and K =
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.

S

m

A

S

m

Grid

T

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 g-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 g-current of irs® = 0 Aand irg® = —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 6i° — 6is 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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Fig. 4.16: Simulation results for starting on the fly with Ps" = 0 W, Qs" =—1300 VAR, and wmn = 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 g-current of ir® =0 Aand ir® =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 6i° — 6is 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 g-current of irs® =4 Aand ir® =0 A
respectively. The results of this test are shown in Fig. 4.18.

In this case, the angle 6i° — 0is 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 g-current of i¢® =22 A and irg® =
—12 A respectively. The results for this test are shown in Fig. 4.19.

Since the rotor d- and g-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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Fig. 4.18: Simulation results for starting on the fly with Ps" = 100 W, Qs" =—1340 VAR,
and wm = 1.1 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 g-currents vary. Since the estimation error is affected by the stator and
the rotor d- and g-currents, the estimation error also varies. Moreover, at 1.4 sec, the
rotor d- and g-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 (i = 0 A), while the rotor
g-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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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 g-current equal to zero (iq = 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 g-voltage to zero, the active and
reactive power are proportional to the stator d- and g-current respectively as in (3.19).
Thus, instead of the stator active and reactive power, the stator d- and g-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 g-current references are fixed at
0 Aand 7 Arespectively. This produces rotor d- and g-current of ir¢® = 0 A and ir® = —4
A respectively. The results for this test are shown in Fig. 4.24.
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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 g-current references are fixed
to 3 Aand 6 A respectively. This produces relatively large rotor d- and g-current of ix® =
22 A and irg® = —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 g-current references are fixed at 2 Aand 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 g-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 g-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 g-currents vary. Since the estimation error
is well inside the stable region, the performance of the system is not affected.
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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, ALs / 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 g-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 g-current of irs® =0 A
and irg® = 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 i — 6is is equal to O 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 g-current of ire®* = 8 Aand irq® = 5.2 A respectively. Since the angle 6i,° — 6is 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
g-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 g-currents that need to be explained.
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Fig. 4.30: Experimental results for steady-state response
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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 g-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 g-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 K; = 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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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.

T
Ci T T, |-I-| VQT
V, SSC Lgso Load
T | 4. Grid

i

[ Control System j

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 Z_ includes the local load, the filtering capacitor, and the GSC. The
GSC can be included in the load Z, because it is drawing sinusoidal currents, and it can
be regarded as a linear load in parallel with the local load.

. — . —,
Jos (‘//s)dq Jor (V/r)dq

Fig. 5.2: Equivalent circuit of the DFIG in the dg-frame during stand-alone operation.
The voltage across the DFIG’s stator, during steady-state, is given by (5.1).
(1_7)5)dq = _(Rs +j(‘)s(Ls + Las))(fs)dq +jwsLm(?r)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).
(ﬁs)dq = ZL (?s)dq (52)

The mathematical model of the stand-alone operation is obtained by substituting
(5.2) into (5.1), and it is given (5.3).

ja)sLm "z,
Rs + jws(Ls + Lgs) + Z,,

(ﬁs)dq = (?r)dq (5.3)

By introducing an equivalent load Z. as in (5.4), the model is given by (5.5).

jwsLm "z,
Loy = - 54
a Rs + jws(Ls + Lgs) + Z), (5.4)
(ﬁs)dq = Zeq ) (?r)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 g-voltage.

On the other hand, if the polar coordinates are used, we get (5.6).

{Il(ﬁs)aqll = [1Zeqll - 1 G aq| (5.6)

L(as)dq =Ll + L(i)r)dq

Since the relation between the amplitude of the stator voltage and that of the rotor
current is linear, a Pl 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 g-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* = ” (i)r)dq

5.7
0 57)

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 6:°. 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 dg-transformation in a similar manner to the PLL
circuit of Fig. 3.2

A
Im
X
P4
(o
r Re
»
\\ —0s
\ (vssdq*
\\
\
\
v
\\ ()]
q y ¢

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.

| - |
I - | I
1)l ?» PI7 [ |
| |
| N |
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| |
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Control

| |
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) j * ‘
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: Control |

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.
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The rotor current in the dg-frame and in the xy-frame are related by a rotation as in
(5.8).

(?r)dq = e/t (?r)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).

Hre =0, + v (5-9)

The angle yr, which is referred to as the rotor current angle, represents the angle
between the dg-frame and the xy-frame, and it depends on the DFIG parameters and the
load as shown in (5.10).

jwel,, 72
JWsLy L ) (5.10)

=—zZ,, = —L< -
s e R +jws(Ls + Lgs) + Z;,

Using the parameters of the DFIG which are listed in Table 5.1, the variations of
the angle yr is are plotted in Fig. 5.5, where the local load is a series-resistive-reactive
load; the Ry is the resistive component and X is the reactive component.

Table 5.1: DFIG’s parameters and rated values.

Parameter Value Unit
Power Rating 1.1 kwW
Stator line-to-line voltage 210 VRMs
Frequency 60 Hz
Number of poles 6

Stator resistance Rs 0.475 Q
Rotor resistance Ry 0.04 Q
Stator leakage inductance L 7.43 mH
Rotor leakage inductance L, 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.

7r (degree) Capacitive Inductive
88 RL =0Q
60 / 50
40 /7N
20 /100\
0 [/ \)
20 20Q
RN
—40 40 Q k
-60 ~
-80 %/ / \N
_ é:::“!
160

-100 -50 0 50
Load reactance X, (Q2)

Fig. 5.5: Variation of the angle yr with load.

The grid-connected control uses the slip angle while the direct voltage control uses
a different angle which is 6;°. 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).

(ﬁs—)—dq = _(Rs _jws(l's + Las))(i)s—)—dq _jwsLm(?r—)—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).

(ﬁs—)—dq x _jwsLm(?r—)—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 dg-frame and the negatively
synchronous xy-frame are related as in (5.13).

(i)r—)—dq = el (i)r—)—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 yr
which varies with the load.

(ﬁs—)—dq x _jwsLmejyr(?r—)—xy (5-14)

To solve this issue, the angle yr was assumed constant at 0 degree in [4]; this
corresponds to a limited range of load. Later on, the angle y- was assumed constant at
—90 degrees in [5], which corresponds to a wider range of loads. When the angle yr 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 yr is derived from the concept of the slip angle
estimator introduced in chapter 4.

Using (5.1), the rotor current in the dg-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 dg-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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X= WsLy, (i)r)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 + L.

X) = ws(Ls + Las)(i)s)dq _j(ﬁs)dq (5.16)

The angle of the vector X, which is referred to as yr, 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 dg-frame.

The cross product is used to obtain the angle difference between the two vectors,
(5.17).

)y X X = |Gy || - [1X] sinG" = 7) (5.17)
Similar to the error function of the slip angle estimator, the error function is

defined as the normalized cross product, (5.18).

o =y xX
r N =
Gy [l - [IX]]

= Sin(yr* - Vr) (518)

The error in (5.18) is fed to a Pl 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.

Vs Estimation
q

PI9 —

— Xy = ws(':s"":os)isd + Vg
Isq | Xq = @s(Ls+Los)isg — Vsa

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 g-components. However, since the proposed rotor current angle
estimator obtains an estimation of the angle yr, it can be used to calculate the rotor d-
and g-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.

d X

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* = ”(?r)dq”* COS(?r)

. . R (5.19)
iry = ”(lr)dq” Sll’l()/r)

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).

Hre =0, +V—Vr (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 P1 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

P17

X *
Gl

X *
1)l K K
; S

Inner
loop DFIG LPF3 _,

71 10l
L e s+ 1 >

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 Pl 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.

Inner
Pl 9 loop

« & | Kps + K;
yr"Q_r'ips " 1 > )

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 Kj, 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 P1 9 controller should be designed to achieve adequate attenuation at the
line frequency. This requires the proportional gain to be much smaller than one, K, <<
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 yr as in (5.14). In [5], the angle yr was assumed constant at —90 degrees. In
this case, the DFIG model is given by (5.21) or, in matrix form, by (5.22).

(ﬁs—)—dq x _wsLm(Zr—)—xy (5-21)
Vsa- Lyx—
(227) x ~ sk ( iry_) (5.22)

From (5.22), the stator negative-sequence d-voltage can be controlled by the rotor
negative-sequence Xx-current, and the g-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.

0 irx*
Vgg— i _* irx_total
+LPF4L“>®+ PI 10 o *@—*

Vsa
Vsp .

—»abc—dq . «|Rotation . «
Ve > LPF 4 E@' PI 10 15, ()'ry_total
' ¥, R

—0s 0 200 iy

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 yr, and will become unstable for some loads. The angle yr 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).

(GZ —Gsin(y,) =G cos(y,) )
(vsd—) _\ Geceos(y,) G? — G sin(y,) (vsd—*> (5.23)
B G2 —2Gsin(y,) + 1 Vgq-"

Vsq—
From (5.23), the characteristic equation is given by (5.24).
G?—2Gsin(y,)+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).

(ﬁs—)—dq x _ijLmej(Yr—T’r) (i)r—)—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).

(ﬁs—)—dq x _jwsLm(i)r—)—xy (5-26)

The model in (5.26) is given, in matrix form, by (5.27).
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Vsa- lry— ) - ( lrq— >

(vsq_) & wgl, (—irx_ = sl (7 (5.27)
From (5.27), the stator negative-sequence d-voltage can be controlled by the rotor

negative-sequence g-current, and the g-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.

0 irx*
Vsa Ved_ i " i rx_total
J o LPF 4 PI10 Y *@—>
N abc—dq v i Rotation . "
Ve > LPF 4—55( ) PI10 [ Ngptt

%, +. .

0 0 20" iy

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.

Inner
. P10, loop DFIG
Vsd- K: Iry- Vsd-
AQKNS- o 1 —>a)sLm—>LPF4T

* PI10

Vg T Vg
ﬁ»@»K“%r“ wsLm—>LPF4«fq>

Fig. 5.14: Control model of the negative-sequence compensation with the modified direct

[
2

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).

1
LPF4=—— 5.28
(Tys + 1) (5:28)

The time constant Tt 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
|Ivs|[¥", is defined by (5.30), where the variable u is defined by (5.31), where the
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synchronization mode starts at t; and finishes at t,.
Isll™ = (1 =) [ Bagll + - || (B),, | (5.30)

0 if t<t

t—t
Loif y<t<t (5.31)
tp =t

1 if t>t

u =

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.

[Ive[I"

Stand-alone | Synchronization

i % — *
~ e 1@

i i —>,
e — |l

t
>

Reference amplitude

h h
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.

Amplitude Synchronization
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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 6s' = ws 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 65",
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
m, the grid angle is modified by subtracting or adding 2.

Thus, the reference angle during the synchronization mode, which is referred to as
0", is given by (5.32), where the variable u is given by (5.31).

<m

essyn:{ (1—u) 65" +u-6, if |6, —6s 5.32)

1-w-6+u-(6;,+2n) if n<|0,—6|<2m

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 6" 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, t> — 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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d
wssyn — Eessyn
(6, — 6" du
ws*+u- ( gdt N )_I_(Hg_es*)_a if |9g_es* < (5_33)
) L d(e,-8)) * du *
kws +u at +(0g—95 i2n)-a if n<|9g—95 <21

Assuming that the angle 6s° and the angle of the grid voltage have the same
frequency and substituting (5.31) into (5.33), we get (5.34).

0, -6,
M= 5.34
Wg Wg (Bg _ 95* + 27_[) ‘ . ( )
tz _tl
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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.

T
th—t

| ™™ — wg™| < (5.35)

0.5 (5.36)

22—l

IAES

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.

Vsa Vsd
Ve > LPF 3 [
\/s_> abe—dg Vs os| 1 16°
N HLPF3 = + > 1> PI8 = < [—
S — | I
i 05— o | [1(Vs)aqll
[ (5.28) |
| Oy — |
} 7y !
} u [
e |
|
o |

,,,,,,,,,,,,,,,,,,,,

Angle Synchronization
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 Cs in the
simulation was different from the experiment and was equal to 10 pF. The GSC

consumes a capacitive, reactive power of —600 VAR.

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?) Tt (sec)
LPF 3 0.002
LPF4 0.08
Pl 2 0.2 0.5
PI3 20 200
PI5 20 1000
PI7 0.02 5
P18 80 500
P19 0.085 8.5
P110 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
Q 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 g-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 yr 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 Q and C = 120 pF, which produces an angle yr approximately equal to zero. The
results for this test with the conventional method are shown in Fig. 5.23.
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Fig. 5.21: Simulation results for variable speed operation with the conventional direct voltage control,

where a resistive load of 100 Q is connected at 3.5 sec.
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Fig. 5.23: Simulation results of the conventional direct voltage control for sudden connection of
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From Fig. 5.23, this capacitive load causes a large variation in the angle yr, 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 Pl 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 (Q) C (uF)
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 yr 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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168



Stator d- and g-current (A) Stator voltage amplitude (V)

6,° — 6, (degree)

240
220
200
180
160
140
120
100 . . . . .

RPORFRPNWRAROUOIOONOWO

100

— vl

— v’

3.4
time (s)

(a) Stator voltage amplitude

90
80
70
60
50
40
30
20
10

S10 L

(e) Estimation error of the slip angle

410
400
390
380
370
360
350
340
330
320

Stator angular frequency (rad/s)

Rotor d- and g-current (A)

gative-sequence
voltage amplitude (V)

Stator ne

3 3.2

3.4
time (s)

36 38 4

(d) Rotor d- and g-currents

(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 Q and C = 120 pF, with wn = 1.2 pu.

169



Stator d- and g-current (A) Stator voltage amplitude (V)

6,° — 6, (degree)

2
2
2
2
1
1
1

— vl —— vl
15
10
05
00
95
90
85 T T T T 1

6 6.1 62 63 64 65
time (s)
(a) Stator voltage amplitude
. R — T
8 USRI
7 USRI
6 e
5 USRI
4 B USSR
3 USRI
2 USRI
1 B U U IR
0 T T T T 1
1 B U U PPN
6 6.1 6.2 6.3 6.4 65
time (s)
(c) Stator d- and g-current
- gre - 9,.
4 e
3 RPN
2 U SR
1 U SR
0 NSAVAL W g Tl w v v
2] A
cD e L
S
S
6 61 62 63 64 65
time (s)

(e) Estimation error of the slip angle

— — g

T 8O0 oveeeoeroeeneceee et e
kS

E 385 oo
2y

|
S ————
g3r5 4 LT
5870
>

D 35
©

§ 360 T T T T 1
& 6 61 62 63 64 65

time (s)

Rotor d- and g-current (A)

egative-sequence
e amplitude (V)

tag

ator n

(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 Q and C = 120 pF, and owm = 1.2 pu.

170



— v’

— vl

0 0 0
L == © = === | © AR ©
| ———— > L == = ” ;
i —— (=] ' —— — | |
! ————— S —— —— ! <
" ——— L 5 o == —— ~ - " F o
! —————— © [ g —— © c i ©
| — [5) ! — == (3] |
1 — —_ i — — —_ i
" e b= 7 , = == = "
, ———— = = = =
m - ™ i — —— ™ ? L ™
i ————— © = —— —— © o = ©
: —— [=)) i —— —— - -
! ———=—— > o i — — > c
" — - © = == - © «~
! = — N Qg & B = =——  ~ 2 3 ]
. — 6 E & T = = S E ° ©
" =— —— = 3 7 = = = 9
i —————— o | — == =
' —— > —-—— —— (5]
m ——— - - = — o ~
" = — S 2 =—— =— = ©
- = =— =—

— © = = == «©
O 1 9O v o |\ o S I
OLOOINOOLO

S BES®H B SooAS—S i (N duwe 36

A) apnijdwe abeyjon
(s/peJ) Aouanbaly seinbue Joye1s () a1una-b pue -p 10104 aousnbas-aAlebau 101e1S
,,,,, __ 0 0 , _ 0

— © —— IHH © ' ©
=—— - —— e !
= ————— = !

——— I s — = < ! <
== © aE———— = © - ©
————+—— <3 | —— > |

— o] ——— — — '

———— S 7 ———— S |

-— = | ——— | L ,

————— — ™ = = ™ = ool ™
= — © g = o 3 < ©
———————— | —— ! i

= — S = —— 8 & © ,

———+—— ~ o = - 5

——— N o o)) e — b PR c N
=~ g 8 Y =——r—~ 1 | I NYE ©
——F——— — = | —— i © = 1

e +— o " ——— , — =
—_— > 7 = =— =

——— — — S e S -
——— — © T == S R fict ©

_—— an — i , © S
————— " I

———— <= —————— S
= ' e '
=== © ~ —————— S ” o

e e e
R0 S1888888L L7 Sowr~©® o
NNNNNNAAAAA DON~OOFTMANAO

(A) apnijdwe abeyjon Jo1e1s (W) auna-b pue -p Jo1R1S (904B3p) ‘9 — 59

time (s)
(f) Stator negative-sequence voltage amplitude

171

time (s)
unbalanced series-resistive-capacitive load of Table 5.3, and wm = 1.2 pu.

(e) Estimation error of the slip angle
Fig. 5.27: Simulation results of the conventional direct voltage control at steady-state with the
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Fig. 5.28: Simulation results of the modified direct voltage control at steady-state with the
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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 (Q) 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 Q 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.

173



Stator d- and g-current (A) Stator voltage amplitude (V)

6,° — 6, (degree)

— vl IVl — s —

210 g 390
205 &
= 385
200 >
195 c 380
190 =)
185 g 375
180 5 370
175 3
170 S 365
165 T T T T 1 § 360 T T T T 1
3 31 32 33 34 35 & 3 31 32 33 34 35
time (s) time (s)
(a) Stator voltage amplitude (b) Stator voltage angular frequency
s e
<
4 15 +—
ot 2
3 T ‘”\H“‘HH“‘IIH ‘ H]}HIHIHH“*H §
2 i AAAAAAAAARRARAA R RAARARA |l|1' I .g
VT =
i e =
S
O T T T T 1 &

3 3.1 3.2 3.3 3.4 3.5

time (s)

(c) Stator d- and g-current

8~

g

>

55

o=

=2

g5

g D

gy

g5

©

7

3 31 32 33 34 35
time (s)
(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 wn = 0.9 pu.

174



Stator d- and g-current (A) Stator voltage amplitude (V)

6,° — 6, (degree)

— vl IV
210 +
205
200
195 4+
190 T T T T 1
65 66 67 68 6.9 7
time (s)
(a) Stator voltage amplitude
e R — A
4 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
3 n” “MIW‘“V”’W‘m”’i“#‘i“
2 ’ul'”m ”Hnmm”,HHIMHNH\ ”|m” I
1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0 T T T T 1
6.5 6.6 6.7 6.8 6.9 7
time (s)
(c) Stator d- and g-current
— 62— 0,
-50 . . . . .
B
B Y e
80 Lo
65 66 67 68 6.9 7
time (s)

(e) Estimation error of the slip angle

390
385
380
375
370
365
360

Rotor d- and g-current (A) Stator angular frequency (rad/s)

Stator negative-sequence
voltage amplitude (V)

(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 wm = 0.9 pu.

175



Stator d- and g-current (A) Stator voltage amplitude (V)

6,° — 6, (degree)

210
205
200
195
190
185
180
175
170
165

N W~ O

[E=Y

— vl IV . — o — o
R 9 390
Ee]
S
2
[
S
8
S
>
S
T T T T 1 § 360 T T T T 1
3 31 32 33 34 35 % 3 31 32 33 34 35
time (s) time (s)
(a) Stator voltage amplitude (b) Stator voltage angular frequency
- isd _Isq

,,,,,,,,,,, T }n W
R

,,,,,,,,,,, AL AARARRAARAARAN H’s ’x it
N

A5 4
-25

—
Rotor d- and g-current (A)

S35

guence

ative-se

voltage%mplitude V)

Stator ne

(e) Estimation error of the slip angle (f) Stator negative-sequence voltage amplitude
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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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Second, the connection to the grid with a balanced series R-L load, which is R =
150 Q 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
Q and C = 60 pF, is considered. This load produces an angle yr 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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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 Q 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
Q 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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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 yr 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 (Q) 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 yr 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 Q) C (uF)
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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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 P1 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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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 dg-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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