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Abstract

The need for energy has increased dramatically throughout the world in recent years.
Renewable energy sources such as wind, solar, geothermal, biomass, etc. play a signifi-
cant role in the sustainable generation of electric power for nations all around the world.
Among the various renewable energy resources, the generation of power from wind en-
ergy is considered to be more friendly to the environment. The forecast for the installed
capacity of the wind energy-based power system for the world is about 839 GW by 2023.
Currently, most of the wind energy system in India and the world uses fixed speed type of
generators. These fixed speed wind energy conversion system has low energy conversion
efficiency when operated under variable wind speed. Moreover, there is a need to have
a wind energy conversion system that can support the grid by supplying reactive power

and actively participate in frequency regulation of the grid.

In order to extract maximum possible energy from the wind, efficient technologies, such
as variable speed constant frequency (VSCF) wind energy conversion system (WECS) are
needed. The commonly used variable speed generators are doubly-fed induction genera-
tor (DFIG), permanent magnet synchronous generator and synchronous reluctance gen-
erator. Among these, the DFIG is the preferred for WECS due to its low maintenance
and installation cost, and robustness. Furthermore, DFIG offers various features such as
four quadrant active and reactive power control, low converter cost, variable speed op-
eration (+33% slip speed variation). The controllers for DFIGs are quite complex, and
accurate estimation of rotor position and speed plays a significant role in improving the

performance of the controller for sensorless operation.

The instantaneous position of the rotor with respect to the stator is required for decoupled

control of active and reactive power. In conventional field oriented control schemes, the
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instantaneous rotor position is estimated by using an absolute encoder fitted to the shaft.
A high-resolution position encoder is very expensive as well as reduces system reliability.
However, in a DFIG based wind turbine system, the mounting of an encoder is not an easy
task. The encoder must be mounted in such a way that the angle between rotor and stator
axis can be accessed directly. Sensorless control strategies are usually used to estimate
the DFIG flux and rotor position using observer design, which reduces the cost, size, and
maintenance of the drive system. Due to the nonlinearity of the wind turbine dynamics
and stochastic behavior of the wind, it is not so simple to estimate the rotor position and
machine flux over a wide variation of slip. Sensorless control techniques use a model
of a DFIG in the synchronous reference frame. Hence, there is a need to transfer the
variables to this reference frame. This requires an accurate estimate of the slip position
of the rotor or rotor angle. Several estimation techniques, such as flux-based observer
and current-based model reference adaptive system (MRAS) observer, high-frequency
injection, etc., have been introduced in literature. They have their own advantages and
limitations. Rotor flux based MRAS observers show with poor performance when oper-
ated close to synchronous speed. This is due to low-level excitation from the rotor side.
Stator flux based MRAS observer, on the other hand, comes with inherent integration

drift problems.

Similarly, stator current based MRAS observers drift to unstable operation when the mag-
nitude of stator current is low. Hence, the accuracy of such observers depends on the load
connected to the system, i.e., it gives a more erroneous estimation of rotor position under
no-load or light load connected to the system. Whereas, the rotor current based MRAS
observer is affected by the variation of parameters, such as stator inductances, and mu-
tual inductances, etc. The present thesis is mainly focused on developing algorithms to

mitigate the above limitations.

The present thesis work is focused on the design and hardware implementation of robust
observers for the slip position and speed of DFIG. The first estimator described in this

thesis is a predictor-corrector based closed-loop rotor slip-position estimator is one of
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the techniques. This method utilizes measured values of the stator voltage, stator current,
rotor current, and rotor speed. Further, an analysis of its stability and the range of gain for
its convergence is discussed. The next proposed estimator is a new closed-loop adaptive
speed and slip position observer (ASSPE) for a standalone DFIG system. This method
uses the measured value of the stator voltages, stator currents and rotor currents. The
proposed ASSPE requires less number of DFIG parameters as compared to the model-
based observers. The turns ratio and stator leakage inductance are considered to improve
the estimation accuracy. This method avoids the stator and rotor flux estimation. Further,
a new robust two-stage observer is proposed to mitigate the effects of sudden changes in
speed and load, parametric uncertainty, and noise. The proposed observer estimates the
rotor slip position and speed of the DFIG accurately. Finally, Extended Kalman Filter
(EKF) based observer is proposed. This estimator uses an augmented state model to

estimate the rotor position and speed accurately for a grid-connected DFIG system.

The aim of the research work presented in this thesis is to model, develop and implement
slip position and speed observers. The developed observers are robust to load and speed
disturbances, parametric uncertainties, model errors, noise interference, and estimation
errors. The performance of these observers are verified through simulation and hardware

implementation.
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1. Introduction

1.1 Introduction

With the start of 21* century, the focus of generation gradually shifts towards the renewable
sources of energy to have a green and sustainable grid. Wind and solar are the two major sources
of renewable energy, and others are like fuel cell, biomass, etc. Among these, wind energy is one
of the fastest growing renewable energy sources. The coastal areas and the offshore grid has a vast
potential of wind energy generation. Among the various renewable energy sources, the technology
associated with the generation of wind energy is considered to be more environmental friendly. Since
2010, there is a rapid expansion of the worldwide installed capacity of wind power. Global Wind
Energy Council (GWEC) [1] and Electric India Magazine [2] reported that the installed capacity of
wind power of the world was about 233 GW in 2011, whereas the present installed capacity of the
world is about 435 GW. India, with its 14550 MW installed capacity stands 5" after China (44733
MW), US (40180MW), Germany (272156) and Spain (20676 MW). The total installed capacity for
wind energy globally is 651 GW in 2019 [1]. India’s 2022 vision is to increase its installed capacity
by 60 GW.

To achieve this target, a more efficient technology such as variable speed constant frequency
(VSCF) wind energy conversion system (WECS) is required. This technique can captures the maxi-
mum possible energy from the wind [3]]. The commonly used variable speed generators are doubly-
fed induction generator (DFIG), permanent magnet synchronous generator, synchronous reluctance
generator, etc. Among these, the DFIG is one of the preferred choices in WECS due to its low mainte-
nance cost, low installation cost, and high efficiency. Furthermore, DFIG offers various features such
as decoupled active and reactive power control, low converter cost, variable speed operation (+33%
slip speed variation) [4]. The controllers of DFIGs are quite complex, and hence, accurate estimation
of rotor position and speed plays a significant role in improving the performance of the controller
for its sensorless operation. The present thesis work is focused towards the design and hardware
implementation of robust observers for rotor or slip position, and speed of DFIG.

The different types of generator configurations and their comparative study is discussed in the
subsequent section. Later, a general overview of the DFIG based WECS, which is followed by the

study of standalone DFIG configuration and literature review.
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1.2 Types of Generator Configurations for WECS

WECS generation systems can be broadly classified into three major categories based on their
operational speed: a) Fixed Speed, b) Limited Speed and c) Full Variable speed. They are also
categorized into five different types based on the types of the generator used in the WECSs. Type 1
comes under Fixed Speed, Type 2 and Type 3 under Limited Speed and Type 4 and Type 5 under Full
Variable Speed. The types of WECS are summarized in Figure[I.1]

‘ Types of Wind Energy System Configurations ‘
'
v v v
Fixed Speed | Limited Speed | Full Speed
|

| ] ! l
pe]

Generator: SCIG
Power Converter: None

Generator: WRIG
Power Converter:

Generator: DFIG
Power Converter:

Generator: Generator: WRSG
SCIG/PMSG/WRSG Power Converter: None

Converter Capacity: 0% Diode+Chopper AC/DC+DC/AC or Power Converter: Converter Capacity: 100%
Speed Range: + 0% Converter Capacity: AC/AC AC/DC+DC/AC or AC/AC Speed Range:0 — 100%
MPPT: Not possible 10% Converter Capacity: 30% or AC/DC+DC/DC+DC/AC MPPT: Not possible
External reactive power Speed Range: + 10% Speed Range: + 30% Converter Capacity: 100% External reactive power

MPPT: Limited
External reactive power
compensation: Needed

compensation: Needed MPPT: Not possible
External reactive power
compensation: Not

Needed

Speed Range:0 —100% compensation: Not Needed
MPPT: Not possible

External reactive power

compensation: Not Needed

Figure 1.1: Types of wind energy system configurations.

The advantages and disadvantages of the different WECS configuration are as follows:

1) Fixed Speed Systems -

(1) In Fixed Speed Systems, construction is reliable and has simple electrical interface. How-
ever, severe stresses come on the mechanical parts which require additional safety consid-

erations during design.

(i) Continuous cut - in and cutoff of capacitors are required to maintain power factor, causing

undesirable transients in line current and voltage.

2) Limited Speed Systems -

(1) Overall converter cost is reduced since it requires to deliver only slip power instead of

complete machine power.
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(i) Rotor side converter allows positive and negative power control. It also enables the oper-

ation of machine in sub - synchronous speed and super-synchronous speed range.

(iii) Reactive power is supplied by DC link capacitors and hence, the power factor control on

stator side is possible.

(iv) Line side converter works as an active filter which allow the unity power factor of the

machine.

(v) Reduced system losses which improves the overall system efficiency.
3) Full Speed Systems -

(1) Mechanical oscillations are absent in the drive train due to direct control of torque using

techniques like Direct Torque Control or Field Oriented Control.
(i1) Gear Box requirement is absent in case of multi - pole synchronous machine.

(ii1) Converter rating must be equal to machine rating, as the total generated power passes

through the converter.
(iv) Filter design for Inverter output and EMI filter is difficult and expensive.

(v) Operation above synchronous speed is not possible at full load torque.

Among the various type of WECS, the present thesis mainly discuss the use of DFIG, which
belongs to Type 3 categories. A brief overview of the DFIG based WECS is given in the following

section.

1.3 DFIG Based Wind Energy Conversion Systems

A generic schematic diagram of DFIG based wind energy conversion system is shown in Figure
[I.2] In this Figure [I.2] the back-to-back converters of DFIG are referred to as rotor side converter
(RSC) and grid side converter (GSC), respectively. The output of the GSC is connected to the utility
grid through the 3 phase grid filter. The RSC provides independent control of generator torque and
stator reactive power. The active and reactive power flows between the converter and the grid are
controlled by GSC by using decoupled control strategy. The flow of active power between the grid

and the rotor side of the machine is controlled by maintaining the constant DC voltage.
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\Wind Turbine

Gear Box

- Utility
Grid

Grid :
Filter |i

-> Control
. system

SP—CCdy Reference Inputs

Measured Variables > Control System S e

Figure 1.2: DFIG based wind energy conversion system

The shaft of the DFIG is connected to the wind turbine through the gear box assembly unit. The
turbine speed is controlled to extract maximum energy from the wind by coordinating the aerody-
namic torque and pitch angle, maintaining the wind turbine speed within rated limits. The speed
encoder, the current and voltage sensor inputs are given as measured variables to the control system.
The voltage and current reference serve as reference inputs. Based on these inputs, the control system
is developed to extract maximum electrical power from the wind. Nowadays, for small scale WECS,
standalone DFIG based system is widely used. In the following section, the standalone DFIG system
configuration and its power flow at different speed ranges are discussed in detail.

1.4 Stand-alone Generators with Doubly-fed Configuration

A stand-alone microgrid with WECS plays an important role towards the electrification of remote
or rural areas. The type of source feeding such systems are like a wind turbine, diesel turbine, etc. For
the energy-efficient operation of these turbines, it is required that these turbines operate at variable
speed. Hence, the control of electrical generator connected to these turbines need to be in such a way
so that terminal voltage and frequency are maintained at the expectable level. DFIG is one of the

generators which could be used to achieve the desired objectives.
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The variable and unpredictable nature of wind turbine speed lead to fluctuations in the output
power of the generator affecting the generated voltage and frequency of the isolated grid system.
Therefore, there is a need for stable, reliable, and robust controllers for DFIG. However, to develop
such systems, there is a need for a better estimator for sensorless control of DFIG. The DFIG config-
uration and its power flow are presented in the following subsection.

1.4.1 DFIG Configuration and Modes of Operation

DFIG uses a wound rotor induction generator (WRIG) with the stator windings directly connected
to the grid and rotor windings connected to the stator terminal through the back-to-back converter.
A transformer is used to match the voltage levels between the grid and grid side converter. The

arrangement of DFIG configuration is shown in Figure[1.3]

| Grid

RSC

GSC

L
T

Transformer

DFIG

| RSC Controller ” GSC Controller |

Figure 1.3: DFIG Configuration.

The DFIG system, as presented in Figure shows enormous flexibility in terms of control of

active and reactive powers. The mode of operations [4], [5] are explained in tabular form as given in

Table[1.1]

Table 1.1: Mode of operations

Slip (s) Speed Operation mode | Torque | Puech | Pswator | Protor
0<s<1]| Sub-Synchronous motor >0 <0 <0 >0
0<s<1| Sub-Synchronous generator <0 >0 >0 <0

s <0 Super-Synchronous motor >0 >0 <0 <0
s <0 Super-Synchronous generator <0 >0 >0 >0

The bi-directional back-to-back power converter is consisting of two conventional pulse width
modulation (PWM) voltage source converters and a common DC bus employing a DC-link capacitor

as shown in Figure [[.3] Back-to-back converters are widely used in DFIG based system for wind
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P; = Input Power from Grid

P, = Output Power to Grid

Pech = Mechanical Power
P; = Stator Power

(P, +PB) 1 B. = Rotor Power
Ps(1+s)

Torque Axis

wr <ws | Wy > ws
s<0
Sub-synchronous Motoring Mode | T, > 0 T,>0

Speed AXis | o < ws | wp > wg
s>0 s<0
(Ps_Pr) 1 Te<0 Te<0 P0=(P5+P7’) T

Figure 1.4: Power flow schematic diagram for all modes of operation of the DFIG system (neglecting losses).

power applications to produce more power output. Depending upon the decoupled control strategy
and complexity, the DFIG can be operated in both sub-synchronous and super-synchronous speed
range (£30% slip). The grid side converter (GSC) is controlled to maintain constant DC-link voltage
and it is responsible also for reactive power control of the DFIG and grid. The rotor side converter
(RSC) control strategy basically takes care about electromagnetic torque control and the rotor ex-
citation currents. The whole control strategy is defined in synchronous reference frame which are
decomposed into d-q components. For the GSC control, d-axis voltage vector represents the DC-link

voltage control and g-axis current is used to control the electromagnetic torque. The control strategy
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maintains the power factor at unity. It is important to ensure that the dynamics of the speed controller
are not extremely fast, else large transients in generator torque may occur. The rating of the con-
verter is around 33% of total generator power. It is dependent on the selected speed range or the slip
power produced. Due to the bi-directional power flow ability of the converter, the DFIG operates as
a generator or motor in both sub-synchronous and super-synchronous speed range which is explained
in Table For the sake of simplicity neglecting all the losses, a detailed power flow diagram is
shown in Figure [[.4] In the Figure [[.4] P, and P, refer to the active power flow at the stator and
rotor terminals respectively. The P; and P, represent input power from grid and output power to grid,
respectively. The mechanical power at the machine shaft is denoted by P,,..;. In the motoring modes,
the power required by the mechanical load at the machine shaft is fed from the utility grid. In gen-
erating modes, the direction of power flow is from the machine shaft towards the utility grid. During
motoring mode, the electromagnetic torque, 7, is positive and negative for generating mode of the
DFIG. The direction of slip, s depends on the rotor electrical speed, w, and the synchronous speed,
wy. In sub-synchronous mode, w, < w, and in super-synchronous mode, w, > w.

1.5 Literature Review

Different types of WECS configuration have been discussed in literature. DFIG based WECS is an
established and popular configuration. For a grid-connected DFIG based WECS, it is possible to have
maximum power point tracking (MPPT) [6], variable speed constant frequency (VSCF) operation
[4], independently active-reactive power regulation [/]. In a WECS, for a partially steady load, the
primary objective is to maximize the turbine aerodynamic efficiency by controlling the turbine rotor
speed. This can be done by manipulating the generator torque and blade pitch angle. The more
difficult task is to design a controller which maximizes conversion efficiency while keeping transient
load minimum. There is a trade-off between maximum conversion efficiency and minimum transient
load. Due to unpredictable variations in the wind speed, it becomes a challenging task to regulate both
DFIG power output and generator speed at their rated value in the presence of severe fluctuations in
the turbine power under full load conditions. These fluctuations in power lead to variations in the
torque and grid power. The cyclic aerodynamic torque [[8] variations also increase the dynamic loads

and voltage flicker. Nonlinearity in system dynamics and continuous variation of the operating point
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make the process of controller designing more challenging.

Sensorless strategies are usually used to estimate the DFIG flux and rotor position [9]]. This
reduces the cost, size, and maintenance of the drive system. Due to the nonlinearity of the wind
turbine dynamics and stochastic behavior of the wind, it is not easy to estimate the rotor position and
machine flux.

[10] and [11] explain vector control techniques used for the independent control of torque and
excitation current in the synchronous reference frame. [12] describes the decoupled control of active
and reactive powers of the machine. In this method, the reference frame is fixed to the air-gap flux, and
the rotor side is connected to the grid via a cycloconverter. Converter design and control techniques
are described in [13]]. [14] gives the detailed design of a DFIG using back-to-back PWM voltage-
source converters in the rotor circuit and validated the system experimentally.

The instantaneous position of the rotor with respect to the stator is required for the decoupled
control of active and reactive power. In conventional field oriented control schemes, the instantaneous
rotor position is estimated by using an absolute encoder fitted to the shaft. A high-resolution position
encoder is very expensive, and reduces system reliability. Further, in a DFIG based wind turbine
system, the mounting of an encoder is not an easy task. The encoder must be mounted in such a way
that the angle between rotor and stator axis can be accessed directly. [11] describes the sensorless
vector control of the machine. A sensorless position estimator for rotor side field-oriented control
of the machine is implemented in [[15]. [16] uses the model reference adaptive system (MRAS) to
estimate the same. Other techniques have also been proposed to estimate rotor position, rotor currents,
and torque angle [|17,/18]].

Generally, open-loop observers [15]], [17], [18], [19] and [20] are used to estimate the rotor po-
sition. The rotor speed is obtained by differentiating the rotor position. This introduces noise in the
speed estimator. Moreover, open-loop estimators are highly dependent on machine parameters, and
the accuracy of the estimator is not guaranteed.

Closed-loop model reference adaptive system (MRAS) observers [9]], [21] using different output
variables for speed adaptation have been analyzed and compared. MRAS observer models are based

on static flux-current relations. Therefore, they are very sensitive to machine inductance. Another
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drawback is that all adaptive observers are implemented in the stationary reference frame, where the
electrical states are usually sinusoidal functions of time. Since the stator side is directly connected
to the grid and the rotor side is connected via a back-to-back converter, the DFIG becomes very
sensitive to grid faults [22]. A wind turbine must continue to supply power to the grid even when
the grid voltage dips or when a fault (symmetrical/asymmetrical) occurs [22]. In other words, it must
have a fault ride through (FRT) capability [23]].

In literature, FRT with converter protection technology [23]], low voltage ride through [24], voltage-
frequency regulations [25]], uninterrupted power flow operations under balanced or unbalanced grid
faults [26] as well as island operations in the distributed energy generation systems are reported.

During the fault condition, the DC-link voltage must be stable and current fluctuations of the GSC
must be limited. During this operation, DC-link voltage fluctuations might influence the rotor current
control strategy, which is undesirable. DC-Link capacitor sizing has to be optimized for the high
voltage applications because of it being heavy, expensive, and unreliable. Improved control strategies
such as direct capacitor current control and current injection methods are given in [27-29]. However,

these are not effective to get the desired performance.

1.6 Motivation and Objective

Designed controller must also be robust in terms of its stability. Various control strategies have
been proposed to meets these objectives. These include vector control [30], [31]], direct torque control
[32] [33]], direct power control [34] [35]] [36]], and decoupled P-Q control [37], [38]. A controller for
a DFIG based WECS should be extremely robust to parameter variations and changes in operating
points. These strategies are sensitive to the accuracy of the measured or estimated rotor slip position
of the DFIG. Slip position can be obtained from a mechanical encoder or through rotor position
estimation. However, mechanical encoders have several demerits, such as high system cost, wiring
complexity, and reduced robustness and reliability. Alternatively, one can use sensorless rotor/slip
position estimation techniques to avoid these short comings [39] [40] [41].

Reference [42]] proposes a rotor flux based estimator, but the estimator may fail to converge in the
presence of parametric uncertainty and measurement noise [43]]. Further, it shows poor performance

while the machine operates near the synchronous speed [44]. MRAS based observers are widely
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used for rotor speed and position estimation [45]], [46]. An MRAS based observer uses two models,
namely, reference model and adjustable model. The error function used in an MRAS based observer
is usually the cross product of the estimated and actual vector components. This is typically nonlinear
and non-monotonic in nature. This causes an oscillatory transient response during fly start [47]. In [9],
a modified error function using the inverse tangent function is suggested. This, however, results in an
increased computational burden. Various adaptation technique have been used for MRAS observers,
such as PI controller, hysteresis control [48], sliding mode control, and fuzzy logic controller [49].
Rotor flux, stator flux, stator current and rotor current based MRAS observers are widely used in
DFIG systems [16], [SO]. A comparative analysis of these observers is given in [50]. However, the
flux-based MRAS observers are inappropriate for speed and position estimation due to the following

reasons,

(1) The rotor flux MRAS shows poor performance close to synchronous speed as magnetizing

current provided from the rotor side is weak.

(i1) Stator flux-based observers suffer from the integration drift problem. This may lead to integrator

saturation. Further, the integrator is dependent on the initial condition.
The limitations of the current based observers are given below,

(i) Stator current based MRAS observers strictly depend on the minimum load connected to the

DFIG stator terminals. Such observers may become unstable for small stator currents.

(i) Rotor current based MRAS observers are very sensitive to machine parameters, such as change
in stator inductance and mutual inductance. Moreover, it is difficult to get an accurate estimate

of the mutual inductance of the machine.

(iii)) Rotor current based MRAS observers show better performance compared to other MRAS ob-

servers. However, the stability of the observer is ensured only over a small operating range.

This can be inferred that the control of active and reactive power of the machine requires a reliable

and robust control of the rotor side converter. Implementation of a robust control system for the rotor
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side converter needs the transformation of rotor variables to the synchronous reference frame, which
requires an accurate estimation of the rotor slip position.

In view of the limitations of the existing observers, the objective behind the present thesis is to
develop a robust, adaptive, and accurate observer for DFIG slip angle estimation. The observers
developed in the present thesis mainly estimate the rotor slip position and speed. While designing an
observer, it is important to know the range of gain for which the operation of the observer is stable.
Hence, there is a need to provide a stability analysis of the proposed observer. The main criteria

utilized to design the observer in this thesis are:

Stable operation of the observer even when there is wide variation in speed.

Stable operation of the observer near synchronous speed.

The observer must be accurate and robust to parameter variations and changes in operating

points.

Ability to start on the fly.

Furthermore, there is a need to verify the performance of the proposed observers. Hence, a hard-
ware setup is developed in the laboratory, which includes DFIG, synchronous reference phase locked
loop (SRFPLL), and sensors and their interfacing circuit to the DSP processor.

1.7 Thesis Organization

The work carried out in this thesis is organized into six chapters.

Chapter 1 discusses the basic concepts of WECS. It also briefly talks about the various types of
WECS and different modes of operation of DFIG. It briefly describes and then reviews the existing
literature on rotor angle estimation and speed of a DFIG. Finally, it gives the motivation for the work
presented in this thesis.

Chapter 2 presents a predictor-corrector based closed-loop rotor slip-position estimator (PCSPE).
This method uses the measured values of the stator voltage, stator current, and rotor current, and rotor
speed. This chapter provides a stability analysis of the proposed observer and the range of gains for

its stable operation. The proposed algorithm is simulated in PSCAD Software to evaluate its dynamic
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performance. The performance of the algorithm is also demonstrated in a developed laboratory-scale
experimental set up of DFIG.

Chapter 3 has proposed a new closed-loop adaptive speed and slip position observer (ASSPE) for
a standalone DFIG system. This method uses the measured value of the stator voltages, stator currents
and rotor currents. The proposed ASSPE requires less number of DFIG parameters as compared to
the model-based observers available in the literature. This ASSPE considers the turns ratio and stator
leakage inductance, which improves the estimation accuracy. Further, the estimation of stator and
rotor flux is avoided. The measured stator voltage and current are used to calculate the rotor current
in the synchronous reference frame. At a given time instant, the previous estimate of slip speed is used
to calculate an apriori estimate of slip position. This estimated position is then used to transform the
calculated rotor current to the rotor reference frame. The angle of rotor current vector thus estimated
is compared to that of the measured rotor current vector, and the difference between the two is used
to obtain the slip angle estimate. This slip angle estimate is used to convert the measured current
to the slip speed reference frame. The rotor speed estimator estimates the angular frequency of this
current vector (in the slip speed reference frame). The stability of the algorithm is also analyzed in
this chapter. The effectiveness of the proposed algorithm has been simulated in PSCAD software,
which estimates rotor speed and slip position accurately. It also shows good performance during
sudden speed and load variation, and 30% mutual inductance variation. Finally, the estimator has
been implemented and validated in real-time on a hardware setup of DFIG. This work has also been
compared with flux-based slip position estimator described in Chapter 2.

Chapter 4 presents a new robust two-stage observer to mitigate the effects of sudden changes in
speed and load, parametric uncertainty, and noise. The proposed observer estimates the rotor slip
position and speed of the DFIG accurately. It takes stator terminal voltages and currents, and the rotor
currents as inputs. The structure of the proposed observer is divided into two stages. The first stage
is used to estimate the rotor current vector in stator reference frame. This vector is then used in the
second stage to obtain the slip position. The effects of parametric uncertainty, shift in operating point,
noise and other deficiencies are modelled using a disturbance signal. It is assumed that the change in

slip speed is brought about by a signal whose L, gain is finite. The current estimate in the first stage
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is transformed to rotor reference frame using slip angle estimate in second stage. The cross product
of this calculated rotor current vector and measured current rotor vector acts as the error signal for
the second stage. Thus, the algorithm in the second stage is sensitive to sudden changes in current
measurements. This algorithm is made robust by limiting the H,, gain between the error signal and
slip position and speed. The gains of the proposed observer are computed by solving Linear Matrix
Inequalities (LMIs). The working of the proposed observer has been simulated in PSCAD software.
Moreover, the effectiveness of the proposed observer has been verified on a laboratory test bench with
a 2.2 kW standalone DFIG system.

Chapter 5 proposes an Extended Kalman Filter (EKF) based observer, which uses an augmented
state model to estimate the rotor position and speed accurately for a grid-connected DFIG system. We

have compared three types of state models:

e without integral states (non-augmented state model),

e with integral of stator and rotor current (partially augmented state model), and

e with integral of stator and rotor current and integral of square of the stator and rotor currents

(augmented state model).

The performance of the estimators has been analyzed and discussed under various dynamic condi-
tions. The effectiveness of the proposed EKF based observer is simulated in MATLAB Simulink.
Chapter 6 presents the conclusions of the thesis and how the work presented in the thesis could be

extended in the future.
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2. Stator Flux Based Slip Angle Estimation

2.1 Introduction

Doubly fed induction generators (DFIG) are widely used in variable-speed wind energy con-
version systems. The system includes a wound rotor induction machine and a back-to-back power
converter, which is connected between the stator and rotor terminal of the machine. Various control
strategies like vector control, direct torque control etc, require accurate position of the rotor angle.
Earlier, position sensors were used to sense the rotor position, but they have many demerits such as
machine size, drive cost, reliability, mounting, robustness and noise. This necessitates the use of a
sensorless algorithm to accurately estimate the rotor position. Stability and a wide operating range
are key requirements of such an estimator. Further, the estimation process must quickly converge to
the correct position irrespective of the initial condition.

The most prominent rotor position estimation methods reported in literature are open-loop ob-
servers and model reference adaptive system (MRAS) estimators. The performance of open-loop
estimation methods is unsatisfactory in the face of parametric uncertainty or measurement noise due
to unavailability of error correction mechanism [31,51,52]. MRAS based estimator schemes have
been extensively discussed in literature [43.,53H58]]. However, MRAS based estimators have not been
tested for fault conditions.

This chapter discusses a predictor-corrector based closed loop rotor slip position estimator. Fur-
ther, it analyzes the stability of the observer and find the range of gain for which the observer con-

verges. This method uses the measured values of the stator voltage stator current and rotor current.

2.2 Mathematical Model of DFIG

The general symmetrical ac machine is given by the following mathematical model from (2.1]) to

(2.6). The stator and rotor voltage components are given by

. L
(Vi = Rli]" + 7 (2.1)
dly, 1"
[Vr]aﬁ = Rr[ir]aﬁ + dt - jwr['vbr]aﬁ (22)
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The stator and rotor flux components are given by

(W% = Lli]"* + Ly[i, 1% (2.3)
[ ¥ = Lli, ] + Lalis]*” (2.4)
The electromagnetic torque is given by
3p
T, = T(wasiﬂs_wﬁsias) (2.5)
% = %(Te —T; = fuwm) (2.6)

where, the machine stator, rotor, and mutual inductances are denoted by L, L, and L,, respectively.
The stator resistance and rotor resistance are denoted by R, and R, respectively.

The detailed mathematical model of the DFIG derived using the dynamic equations explained
above is given in Appendix

The proposed rotor position estimation (RPE) algorithm and the stability analysis of the same
have been presented in this chapter. The performance of the algorithm is verified on a laboratory
developed DFIG test setup.

2.3 Rotor Slip-position Estimation Technique

In this section, a simple predictor corrector based algorithm to estimate the rotor position is pre-
sented.

The proposed estimation algorithm takes the measured rotor speed, stator current, rotor current
and stator voltages as inputs. The transformation matrix for 3-phase rotor current in rotor reference

frame (ab) is as follows

iAr
I R | 2.7)
= i .
ibr 0 \/7§ _73 Br
lcr

Using the previous estimate of the rotor position 8(k — 1) and the measured rotor speed w, one can
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make the following apriori estimate of the current rotor position (6,,),

Op(k) = 0k —1)+ w.(k—1)At (2.8)

With the help of this angle estimate and the measured values of the rotor current components i,,

and iy, the @ — 8 components of the rotor currents can be evaluated as follows

A

lor = 1 COS O,,(k) = iy, in 0, (k) (2.9)
Ugr = g SinB,,(k) + i cOS 6,,(k). (2.10)

Using the above estimates of ?ar and ?ﬁr, the stator flux components can be calculated as:

&as = Lgigs + Lmliar (2.11)
Ups = Lyigs + Liis,. (2.12)

Now, the stator voltage equations of the machine are given by

d'pas
Vas = Ryigs + 2.13
i 7 (2.13)

dyrgs
Vg = Rsiﬁs+%. (2.14)

For calculating the stator flux, (2.13) and ([2.14) give rise to the following alternative expressions

was f(vozs - Rsias)dt (215)

Yps f (Vgs — Ryigg)dt. (2.16)

The integrations in (2.15) and (2.16)) are implemented using the method explained in [59].

Note that if the rotor angle estimate is accurate, the vectors ‘i’s = [zﬁas 12/ﬁs]T and ¥ = [V x//ﬁs]T
will have the same direction. Consequently, the cross product of ¥, and ¥, will be equal to zero
i.e.‘i’s x ¥, = 0. Hence, an accurate rotor angle estimate implies that &, = ;Z/Mwﬁs - g@ﬁswas =0. &
is therefore used as a measure for the angle estimation error. The apriori rotor angle estimate is now

adjusted by an amount proportional to &,, resulting in the following expression for the posteriori angle
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2.4 Stability Analysis

estimate 6(k)

O(k) = 6O4(k) + Gep(k) (2.17)

where, G is the adjustment gain. The procedure described above can be summarized in the following

algorithm which is implemented once every sampling interval. Rotor angle estimation algorithm is

summarized as follows

e Step 1: Calculation of stator flux linkage

Yas

f(vas - Rsias)dt

l/’ﬁs f(vﬁs - Rsiﬁs)dt

Step 2: Apriori estimation of rotor angle

Oap(k) = Ok — 1) + w,(k — 1)Ar

Step 3: Alternative estimation of stator flux linkage

'j’as = Lsias(k) + Lm(iar Ccos Hap(k) — U sin eap(k))
&,Bs

Lyigg(k) + Ly, (iar sin 6,,(k) + iy, cos 0,,(k))

Step 4: Error calculation

g (k) = 'ﬁwswﬁs_lzﬂswas

Step 5: Error correction

(k) = 6,,(k) + Ge (k).

2.4 Stability Analysis

In this section, we analyze the stability of the algorithm described in the previous section and find

the range of gain G, for which the algorithm converges.
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2. Stator Flux Based Slip Angle Estimation

The error signal, ,(k) can be expressed as follows
k) = ¥y x ¥ =¥¥,|sin (k) (2.18)

where 0,4(k) is the angle between the two estimated stator flux vectors. For small values of 6,4(k), Eq.

(2.18)) can be approximated as
k) = ¥ I¥l60 (k). (2.19)

Since during the operation of the machine the stator flux is maintained at a constant magnitude, the
product, I¥,||¥,| can be assumed to be a constant denoted by p. Therefore, d4(k) = %. From (2.8))

and (2.17), the value of 8(k + 1) can be written as:
Oupk +1) = 6,,(k) + w.(k)At + Ge, (k) (2.20)
Therefore,
Abyp(k) = Ge (k) + w(k)At (2.21)

Let 6,,,(k + 1) and 64(k + 1) be the angles of ‘i’s and ¥y, respectively. Therefore, 6,,(k + 1) =

(1 = $)8,,s(k + 1), where, s denotes the slip of the machine. Hence, Eq. @) can be rewritten as
(1 = )Ab,ps(k) = Geu(k) + w,(k)At (2.22)
where A@aps(k) is the angle error between ¥ and P,. Further,
Ortk+1) = 0p(k) + w,(k)At (2.23)

as a result,

Opk+1)—0;(k) = w (k)AL

= AfOp(k) = wy(k)At

— a0 = 2By
1—s
= (1- )Mk = w, ()AL (2.24)
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2.5 Simulation Results

Subtracting (2.22) from (2.24), we get

(1 = $)[AGs(k) — AB,,()] = —Ge, (k)
= (1 = 9)A6k) = —-Geg. (k)
— (1—s)A‘9;(k) = —Ge,(h) (2.25)

Therefore, €,(k) = 0 is an equilibrium point of the error dynamics.

Consider the function V[e,(k)] = {&,(k)}*. Clearly V[&,(k)] is positive definite and is continuous as
a function of g,(k). Also, V[g, (k)] = 0 if and only if €,(k) = 0. Therefore, as a direct consequence of
the Lyapunov stability theorem for discrete systems [60], the error signal, £,(k) asymptotically goes
to zero if AV]e (k)] < O Vk.

Now,

Aekk)y = ek+1)-ekk)

{gr(k + 1) + Sr(k)}{gr(k + 1) - Sr(k)}

{er(k + 1) + &(k)}Ag, (k)

Further, ,.(k + 1) = Ag,.(k) + &,.(k).
So, Ag%(k) = {Ae, (k) + 2&,(k)}Ae, (k)
Hence, using

A&} (k)

0*G? {1_2(1—5)

2
157 e }{8r(k)} (2.26)

1 — 20=9)

G } <0ie G < @. For our analysis, the

Thus, the error asymptotically goes to zero, if {
range of slip s is assumed to be +30%.
The real-time implementation of the closed loop proposed predictor-corrector based observer

schematic diagram is shown in Figure [2.1]

2.5 Simulation Results

The proposed algorithm has been tested on a developed model of DFIG in PSCAD software. The

parameters of the DFIG model are given in Appendix [A] The behaviour of the system has been tested
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2. Stator Flux Based Slip Angle Estimation

* m
Mgy ) ir
m* MT (65> Mar

ar my,

Vsrer(50HZ)

Predictor-Corrector
Observer [ye]*E f ([Vs]*F — Ry[1]%F) dt | a :8
J* Transformation
1t b5 SREPLL |« Vel Pl '
Wy \_ Y,
p
2
TMS320F28335

Figure 2.1: Block diagram of the DFIG system with closed loop proposed predictor-corrector based observer

for the following conditions:

(1) Step changes in the speed reference.

(i1) Load variation at the stator terminal.

The system was simulated with the following profile:

e The speed reference was set at electrical 293 rad/s (1400 rpm) and system was to settle at that

speed.

e Attimet=8 stot=09s, the resistive load is varied at the stator terminal.

o Attime t=9stot=12s, the reference is changed from electrical 293 rad/s to electrical 345

rad/s (1400 rpm to 1648 rpm) and electrical 345 rad/s to electrical 300 rad/s (1648 rpm to 1433

rpm).

The speed profile of the machine is shown in Figure [2.2]
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2.5 Simulation Results
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Time (s)
Figure 2.2: Speed profile of DFIG

Initial Phase of the Algorithm:

In response to a speed reference of 293 rad/s, the rotor speed starting from zero, reached the
desired value as shown in Figure[2.2] The slip position is estimated from the difference of stator angle
6, and estimated rotor position 8,. The angle 6, is obtained using SRFPLL as given in Appendix
The rotor position is estimated using the proposed predictor - corrector based observer. The estimation
algorithm is started at time t = 5 s. The resultant slip position is given in Figure In this case,
at starting, the rotor speed is 1400 rpm where slip is 0.067. At this rotor speed, it takes 0.0214 s to
complete one revolution. The corresponding estimation error of the rotor position 6, is given in Figure
It is observed from the Figure [2.3(b)] that the observer algorithm converges within 0.025 s.
2.5.1 Case 1: Speed Change Response

Initially, the rotor speed is maintained at 1400 rpm as shown in Window -1 of Figure 2.4] At
time t = 9 s the speed reference was changed from 293 rad/s to 345 rad/s. At this transition, the
rotor speed changes from 1400 rpm to 1648 rpm, where the slip variation is from 0.067 to -0.099.
At 1648 rpm, the rotor takes 0.018 s to complete one revolution. The response of the rotor speed is
shown in Window -2 of Figure The estimated slip position is shown in Figure Similarly,
at t = 12 s, the rotor speed deviates from 1648 rpm to 1433 rpm. During this change, the slip varies
from -0.099 to 0.045. At 1433 rpm, the rotor takes 0.021 s to complete one revolution. The rotor
speed response is given in Window -3 of Figure Figure shows the slip angle variation

with the rotor speed deviation from super- synchronous to sub-synchronous starting at t = 12 s. The
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2. Stator Flux Based Slip Angle Estimation
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Figure 2.3: Starting response of the algorithm: (a) Estimated rotor slip position, (b) Slip position estimation
error plot during starting at 1400 RPM.
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Figure 2.4: Speed reference changes from sub synchronous to super synchronous range
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2.5 Simulation Results
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Figure 2.5: Speed change: (a) Slip position during sub synchronous to super synchronous speed variation, (b)
The estimation error plot for speed change to supersynchronous from subsynchronous.
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2. Stator Flux Based Slip Angle Estimation
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Figure 2.6: Speed change: (a) Slip position during super synchronous to sub synchronous speed variation, (b)
The estimation error plot for speed change to subsynchronous from supersynchronous.
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2.6 Experimental Results:

corresponding estimation errors of the rotor position d,, are plotted in Figures and|[2.6(b). Here, it

is observed that in both cases, the observer algorithm converges within 0.05 s.

-4
x10
1 F o T
During load change from 200 Qto 150 1)
Py At time, t=8 s
o
2]
Nak
w 0 MN\MN@-_/\W—\’J\/\M/\N\/\)
Q
&~
~ Speed 1400 rpm
K
_1 s r r
7 8 9 10
Time (s)

Figure 2.7: The estimation error plot during load change

2.5.2 Case 2: Load Change Response

A three phase resistive load is connected to the stator terminal of the machine to verify the effec-
tiveness of the observer. In this case, machine is running at 1400 rpm and at t = 8 s, resistive load is
changed from 200 Q to 150 Q. The corresponding error during load change operation is plotted in
Figure The estimation error converges at less than 0.05 s.

It is observed that in all the given test conditions, the estimation error of the rotor position estima-
tion algorithm is within the range of 5 x 107 rad.

2.6 Experimental Results:

The suggested observer algorithm is realized with the help of TMS320F28335 DSP having a PC
interface. LEM Hall-effect current sensors are utilized to sense the real time stator and rotor side
currents of the DFIG. The stator voltage and dc link voltage are also measured by employing Hall-
effect voltage sensor. The PWM converter is made of IGBTs (IPM) driven by optocoupler based gate
driver. The necessary hardware details of the sensors circuits and related signal-conditioning circuits
and the parameters of the machine are given in Appendix [Al The oscilloscope data are stored in the

PC. In order to test the effectiveness of the estimator, it has been tested under the following conditions:
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2. Stator Flux Based Slip Angle Estimation
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Figure 2.8: Experimental results for operation at rotor speed of 1351 rpm
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2.7 Conclusion

(1) DFIG operation with constant rotor speeds of 1351 rpm.
(2) A Step change of DFIG speed from 1470 rpm to 1430 rpm.

(3) A sudden load change from 300 Q to 150 Q.

2.6.1 Case 1: Constant Rotor Speed Operation

The rotor slip position and rotor phase current at steady state with constant speed operation of

DFIG is shown in Figure 2.8(a)| and [2.8(b), respectively. The obtained rotor mechanical speed is

1351rpm.
2.6.2 Case 2: Step Change in Speed Reference

A step change of speed is applied to the rotor shaft by changing the DC motor shaft speed to verify
the effectiveness of the algorithm. Figure presents the rotor slip position with respect to the
rotor speed. The corresponding rotor current waveform is given in Figure The results show
a stable operation during step change of the speed and also near to the synchronous speed. In both
the Figures, Window -1 and Window -2 represents the operating speed of 1470 rpm and 1430 rpm,
respectively.
2.6.3 Case 3: Sudden Change in Load Connected to the Stator Terminal

A load change is applied from 300 Q to 150 Q. During load change, the slip position and rotor
phase current is shown in Figure 2.10(a) and 2.10(b)| respectively. In the given figures, Window -1

represents the operation at 300 Q load and Window -2 represents the operation at 150 Q load.

2.7 Conclusion

In this chapter a stator flux based slip position estimation algorithm is introduced. A detailed
stability analysis of the above mentioned algorithm has been done and the permissible range of es-
timator gain is calculated. The working of the proposed estimator has been simulated in PSCAD
Software. The proposed estimator shows a good response when the rotor speed is within + 30 % of
the synchronous speed. Further, the response of the algorithm appears to be stable under a sudden
change of speed reference. The response of the estimator has also been simulated for the case where
the load varies at the stator terminals of the machine. The performance of the estimator is found to be

satisfactory therein.
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2. Stator Flux Based Slip Angle Estimation
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Figure 2.9: Experimental results for speed change from 1470 rpm to 1430 rpm.

(b)

TH-2434_ 10610217

30




2.7 Conclusion

I Window -1
1470 rpm

I Window -2
1430 rpm

Load Chanée

.

6
=
&
F 4
<
2 j
O 1 |
-0.5 0 0.5 1 1.5
Time (s)
(a)
5 | Load Chai | |
1.24A rms pac Lhange 1.64A rms
1470 rpm 1430 rpm
Zoof
~
Window -1 Window -2
5 | . . . .
-0.5 0 0.5 1 1.5
Time (s)

(b)

Figure 2.10: Experimental results for load change from 300 Q to 150 Q
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2. Stator Flux Based Slip Angle Estimation

The work includes the practical implementation and testing of the proposed algorithm on an actual

DFIG system.
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3. Robust Slip Angle Speed Estimation Technique Using the Measurement of Rotor Current

3.1 Introduction

Chapter 2 discussed a stator flux-based rotor slip-position estimator. Though the method has
less complexity, it depends on the encoder feedback. Moreover, the accuracy of the estimated slip
position is less and varies with the change in speed of rotor. To overcome the above problems, this
chapter proposes rotor current based an adaptive speed and slip position estimator (ASSPE) for a
DFIG system.

In this chapter, a new closed loop speed and slip position observer for both standalone and grid
connected DFIG system, is proposed. Unlike other schemes discussed in literature, the proposed
observer does not include integration of flux and voltage. This method uses the measured values of
the stator and rotor currents, and stator voltages. Moreover, the proposed method only requires the
stator inductance parameter which can be easily measured from the machine. The stability of the
observer is also analyzed. In order to test the proposed method, a laboratory based setup is used. The
hardware details of the setup is given in Appendix [A] The estimation algorithm is implemented in
TMS320F28335-floating point digital signal processor. The stator voltage oriented reference frame is
explained in next section.

3.2 Stator Voltage Oriented Reference Frame

The stator voltage oriented control is achieved by aligning the d-axis of the synchronous reference
frame with the stator voltage vector ¥,. The resultant d- and g-axis stator voltages are v, = V,, and
vgs = 0. In general, the grid voltage vector angle 6, is calculated from the PLL which is used to
transform the generated 3-phase stator voltage and current into the dg frame. The rotor position angle
0, 1s measured by an encoder mounted on the shaft of the machine and the slip angle is obtained by
0y = 6, — 6,. The encoder has many limitations such as reliability, mounting, robustness and noise
which necessitates the use of a sensorless algorithm to accurately estimate the rotor/slip position.
Figure [3.1] shows the synchronous reference frame (dg) rotates at synchronous speed, w; with respect
to the stationary reference frame (@) and the rotor reference frame (ab) rotates at the angular velocity,

Wy

TH-2434 10610217 34



3.3 Proposed Estimation Method

Figure 3.1: Angular relations of current and voltage vectors for DFIG.

3.3 Proposed Estimation Method

In this section, a closed-loop slip angle estimator is presented. The proposed estimation algorithm
takes the stator voltages, currents, and rotor currents as inputs. The observer consists of two stages.
The first stage estimates the slip position. Further, it uses the estimated slip position to transform the
rotor current components into the xy reference frame from ab frame shown in Figure [3.1] Note that
the xy frame rotates at slip speed and frequency of the rotor current is w, in xy reference frame.

The second stage takes the rotor current components (xy— reference frame) generated by the first
stage and estimates its frequency. This is taken as an estimate of rotor speed.

3.3.1 Rotor Slip Angle Estimation

The first stage is implemented using the stator voltage orientated reference frame. Here, the d-axis
is aligned with the stator voltage V,. The grid voltage vector angle is calculated using the Synchronous
Reference Frame-Phase Locked Loop (SRFPLL) which is used to transform the generated 3-phase
stator voltage and current into the dg frame. Once the generator is synchronized with the grid, the
stator voltage vector angle 6, and the grid voltage vector angle will be the same. Figure [3.1] shows
the synchronous reference frame (dg), which rotate at synchronous speed (w;) with respect to the o8

reference frame. The rotor reference frame, ab rotates at the speed of w,.
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3. Robust Slip Angle Speed Estimation Technique Using the Measurement of Rotor Current

In practice, DFIG has a turns ratio, (n) and it should be included in the dynamic equations of the
machine. The equivalent circuit of DFIG is shown in Appendix |B| From the equivalent circuit, the

stator flux-linkages in d-g axis are given by

wds anids + Lmidr (31)

NLyigs + Lyiyy. (3.2)

Yys

From (3.1) and (3.2), the d-q axis stator currents are calculated by

. wds - Lmidr

_ape =T 33
i nlL, (3:3)
, Was — Liniy,s

g = — 3.4
‘a nL, 34

From the equivalent circuit, at steady state, the stator voltage vector of the machine is represented as
= 2 . -

Vs = R+ jwgs. 3.5

Equation (3.5) in d-g axis can be written as

Vds + qus = {Rsids I wsqu} + j{Rsiqs + wswds}- (36)

Therefore, from (3.6)), the steady-state d-g axis flux linkages are

V, s Rsl s
Yos = —— 3.7
Wy
V. s Rs ] s
qu = _d—ld- (3.8)
Wy
The generated stator active and reactive power can be calculated by
3. . :
P, = E{Vdslds + Vqslqs} (39)
3 . :
Qs = E{Vqslds - Vdslqs} (310)

Applying the stator voltage oriented control [V, = V,, (peak voltage of the phase), V,; = 0], @])
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3.3 Proposed Estimation Method

and (3.10)) can be simplified to

Finally, from (3.1)) to (3.12), the dg-axis rotor current components are derived as follows:

idr

P,

Qs

3

2
3

2

= A Vdslds

Vdslqs

2 nLs Riyq
T3Vyly ' wL,
2 nLs Vs Rgiy
gm . w,L,, 7 w,L,,

ASSPE

to, 16

TMS320F28335

Vsrer(50H2)

AR
dq - ‘:
Transformation a ﬁ :V;
oA Transformation
" [Vsrer]*# : “
LR ILL TR R ———
4

(3.11)

(3.12)

(3.13)

(3.14)

Figure 3.2: Schematic block diagram of ASSP Estimator (Adaptive Speed a Slip Position Estimator)

Neglecting the stator resistance R, in (3.13)) and (3.14)), we have

idr

lgr

2 nLs
—— P,
3Vl
2 nLs V,,
3VdsLm * wsLm

(3.15)

(3.16)

Negative sign of the P, and Q, in (3.17) and (3.18)), signifies the direction of power flow from the
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3. Robust Slip Angle Speed Estimation Technique Using the Measurement of Rotor Current
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Figure 3.3: Schematic block diagram of slip position estimator
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3.3 Proposed Estimation Method

stator to grid. Therefore, equations (3.13) and (3.16) are rewritten as,

2
nlLs
gy = —% —P;
ld 3VdsLm( )
) nlLs 3
= —z—1—=V S. s
3V,L, | 2 @
nlLs
= —iy 3.17
L, ld ( )
. 2 nLs -0.) Vs
lgy = 3 —Us) —
4 3VdsLm wsLm
2 nLs |3 Vs
= = =V, Y. s
3V, |2 “' (T oL,
nlLs Vis
= ] (3.18)

_l s —_— —
Lm ! wsLm

The dg-axis rotor current components (iyi,) are transformed into the rotor reference frame (ab)

using inverse Park transformation. The rotor current components (ii;,) in ab frame are given by

Substituting iy and i,, into (3.19) gives

Lar

lpr

Lo cosfy; —sinéby gy
= (3.19)
Ipr sinf;; cosfy Igr
nLs nLs Vs
L—mlds COS 951 - L—mqu — m S 851 (320)
nLs nLs Vs
L—mlds S1n Hsl + L—mlqs - m COS 931 (321)

Thus, the rotor current components are determined in (3.20) and (3.21]) depend on the measured stator

voltage and current.

Further, based on the measured actual rotor current and using Clark transformation, the rotor
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3. Robust Slip Angle Speed Estimation Technique Using the Measurement of Rotor Current

current components in rotor reference frame are given by

Ly, (3.22)
1
V3

Given an estimated slip angle equations (3.20) and (3.21)) can be used to estimate the rotor current

l(l}“

(IAr + 2IBr) (323)

lpr

components. If the slip angle estimate is accurate then the estimated rotor current vector ir = [iar 11"
and the measured rotor current vector i, = [i,, i,]” will have the same direction. Consequently, the
cross product of ir and i, will be equal to zero, i.e. ir X i, = 0. Therefore, ¢ = ir X i, 18 used as a

measure for the angle estimation error. Further, e can be written as follows,

e = lglpr — lprlar (3.24)

ir |Ir| Sin(esl - 9sl) (325)

The slip angle is estimated using a predictor-corrector scheme. At time instant k, the predicted
and corrected values of slip angle are denoted by 9Slp(k) and 8, (k) respectively. The estimated slip
and rotor velocities are denoted by @y (k) and &, .(k), respectively. Using the estimates of the slip

angle and velocity at the previous time instant, the predicted value of slip angle is given as
Bap(k) = Ok — 1) + g0k — DAL (3.26)

where At is the sampling time. This predicted slip angle is used to estimate the rotor current in the ab

reference frame.

A nlLs ~ nlLs Vs | N
lg(k) = L_mlds cos(bgp(k)) — {L_mlqs . m} sin(fg,(k)) (3.27)
A nLs, . . nlLs Vs N
(k) = L_mlds sin(fg,(k)) + {L—mlqs - E} cos(by,(k)) (3.28)

An error signal is then generated by taking a cross product of the estimated and measured rotor current

vectors.

e(k) = i(K) X ip(k) (3.29)
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3.3 Proposed Estimation Method

This error is used to correct the predicted slip angle and generate the slip angle estimate at that time

instant. The corrected value of slip angle is given by:
Ou(k) = Ogp(k) + Kope(h) (3.30)

where K, is the correction gain.

The proposed predictor-corrector algorithm can be summarized as follows:

Algorithm

Op(k) = Bk — 1)+ Dy.e(k — DAL

laR) = 2y cos(Byp(k)) — {22y, — 22 sin(@y, (k)
k) = 2y sin(@p(R)) + {1y, — 4=} cos(y, (k)
ek) = (k) Xix(k)

Buk) = By,(k) + Kpe(k)

3.3.2 Rotor Speed Estimation

In this section, we present a closed loop rotor speed estimation technique. This technique uses the
estimated slip position, 6 and the measured rotor current components as inputs. The estimated silp

position,  is used to generate the rotor position estimate, 6, as follows,
b, =06, -0,. (3.31)

The structure of the proposed estimation technique is shown in Figure The measured rotor cur-

rents are transformed to rotor rotating frame using 8,,as follows,

iy = i cOS0Oy + iy sinfy (3.32)
igp = —igrsinfy + iy cos by (3.33)
iy = igcOSO, — igr SIN 0, (3.34)
igr = lgrSIN 0, + Igr COS 0, (3.35)
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The rotor current components in rotor electrical speed reference frame can be computed as follows,

~.

inrcOS Oy + ig, Sin 0y (3.36)

" = —igsinfy + ig cos by (3.37)

From Figure [3.4] we get the following space-state equations for rotor speed estimator:

X1 =~k ex) — O %) + kO, oty (3.38)
Xy = X (3.39)
X3 =~k x3 — O x4 + k) ot (3.40)
X4 = X3 3.41)
yi = X (3.42)
2 = Wrexs (3.43)
Y3 = X3 (3.44)
Vi = DreXs (3.45)
where x; = 7/, and x3 = ?;, are the estimates of input #; and u, respectively. The inputs u; = i,

and u, = iy, respectively. Equations (3.38)-(3.45) describe the dynamic behaviour of the rotor speed

yr>

estimator. The errors can be written as

ey = U —X; (3.46)

U — Xs. (347)

eyr

In steady-state, from (3.38]) and (3.40)), the errors can be written as

(X1 + @2 ,x7) (3.48)

€xr U —x1 =

ko,
(%3 + D7 ,xy). (3.49)

eyr = Uy — X3 =

ko, .

The x; and x; are sinusoidal at the frequency &, (&, # @,.), from (3.38) and (3.40) the state
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3.3 Proposed Estimation Method

variables can be written as

fC] = —(?)EXZ
fC3 = —d)rX4

(3.50)

(3.51)

Substituting (3.50) and (3.57) into (3.48)) and (3.49), respectively, the phase error e, and e,, can be

written as

Therefore,

X2 .2 o)
€xr = ~ w,, —w )
ko, ., ree r
X4 A 2
Eyr ~ (e w,
kb, .
2
X
% .
Y2l = — (W, — wr)
k
2
X4, .0 a2
Yalyr = ? W, . — wr)'

where, y, = x,®, . and y, = x4@,_.. The average frequency error signal can be calculated as

Yo€xr +y4eyr
& = —2

From Figure the &, is given by,

= _Kagt
Ka(xg + xi i >
— (W, , - b
zk r-e r)
Ka(x% + X%)(Az AZ)

w w
2%k w%,e re r

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)

If @, is sufficiently close to @,, then (®? , — ®?) can be approximated by 2(&,. — &,)&;... Therefore,

A KJ:
Wre = _k(I)z (wr_wr)wr£
re

Kalrz R .
= TIx (wr,e _wr)
ko, .

ko, e
I;

where the gain K, =

(3.58)

G. Therefore, the transfer function of the first-order frequency estimation

TH-2434_ 10610217

43



3. Robust Slip Angle Speed Estimation Technique Using the Measurement of Rotor Current

loop can be written by

= ) 3.59
o, s+G ( )

Thus, if @, is initialized to a value close to @, then @, , will asymptotically approach @, at a
rate which depends on G. This in turn will cause e,, and e,, to asymptotically go to zero (from (3.52)

and ). For a first order closed loop system, the settling time #,, can be set to 4 times of the time
p sy g

constant for practical implementation, as shown in Figure 3.4]

3.4 Stability Analysis

In this section, we analyze the stability of the proposed algorithm. We prove that the convergence
of the rotor velocity algorithm leads to the convergence of the sip position estimation algorithm.

The error signal, e(k) is given by

e(k) = 1K) x ip(k) = |L|IL|sin(05(k)) (3.60)

A k “
where, 05(k) = 0,(k) — 04(k). Therefore, O(k) = %, where A = |[,||I,|. From (3.26]) and (3.30)), the

value of (k) can be written as:

Ouk) = Bk = 1) + Dy (k)AL + Kpe(k) (3.61)

L AOG(k) = Dy (k)AL + K;pe(k) (3.62)

where &y, = w; — ... Let &y be the angular frequency of the signal, 0. Therefore, Aif, =

wya(k)At + O {(At)z}. Equation (3.62) can be rewritten as

DAL+ O{(A1?) = @y k)AL + Kype(k)

(Dutk) = Dy (O} A+ O{(Ar?] = Kpe(h) (3.63)

For sufficiently small Az, the O {(At)z} can be neglected. As a result, equation (3.63)) becomes

Hws(k) — &, (k)} = {w;(k) — o, (k)}]AL K;pe(k) (3.64)

oAt = Kpe(k) (3.65)
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3.4 Stability Analysis

where @, . is the rotor speed error, and w; is the grid frequency (50 Hz). Thus, the slip position error
is proportional to the error in the second stage of the observer. This can be reduced by choosing a
sufficiently high value for G from (3.59). Further, the slip position estimation error can be reduced
by increasing the value of K,. However, as the error signal depends on the amplitude of measured
current, a high value of K, will also amplify any noise in the signal. This trade off should be taken
into account while tuning Kj,.

Second Stage: We now show that if input to the 2" stage is sinusoidal with frequency &,, then
the &, , will converge to @,.

Letu, = ¢, = Asind,t and u; = {, = —Acos&,t, where A is the peak magnitude of the rotor

current. From (3.38),
¥ + k@ oy + O %y = ki, oLy (3.66)
and

b+ kol + 0 = ki L, (3.67)

Subtracting from (3.66), we get,

Xy = by + koy oty — k@, L, + OF 30 — D2l = kO, b — ki L, (3.68)

(3y = £) + ko oty — ) + (D2, — OP)xy + DX (X2 =€) = O (3.69)
Let, x, — {, = e, and x4 — £, = e,, then
Ey + k@2 oy + (O, — ONxy + e, = 0 (3.70)

and similarly,

. A2 . A2 A2 A2
éy + ko, &y + (W;, — W)x4 + e, = 0 (3.71)
Now, multiplying é, with (3.70), and é, with (3.71), we get,
... ... AD . . A2 A2 . . _ _k,\z .20 ) 3.72
eyl + 6,8y + Wy (el + eyéy) + (W), — W) (X8, + X4€y) = w, (é; + ey) (3.72)
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A A2
Adding the term, {M(xm + x3x3)} in both side, we get

kGh, .
A . A2 . . A2 A2 . . (‘Dr,e_(,l\)r)2 . . _ A2 .2 .2
eyey + &,y + Wy (erey + eyéy) + (W, — Wy )(x28y + X4éy) + kG—d)(xlxl + x3%3) = —ko; (&7 + ey) (3.73)
(&)r,e - G)r)z . .
W(Xlxl + X3X3)
Therefore,
A2 .2 I (d)r,e - d)r)z : .
p+tqg = —kwr e(ex + e,) + —A(.X,'l)(f] + x3X3) (374)
- Y kGd, ,
where
P = e+, +0Nek, + eey) (3.75)
d .. .
=" { (€. + (&x)* + wi(e? + eﬁ)}
A2 A2 o g (d)r,e — d)r)z 9 9
qg = (@, —0)(x2é; + x48)) + ————— (X1 X + X343) (3.76)
- kG, ,
1 (@, = 0D + 5D (@re = D) .
= E { 6)%1 + (f[)rie (x1x1 + X3X3)
1 d (@ — &)+ X3
en Bl (@ A) (¥ + x3) (3.77)
kG dt Oy,
Let us consider, the Lyapunov function V is given by
V=vi+wn (378)
where
v o= (@) + (@) + 0 +e)>0 (3.79)
Qr o — 0 (X2 + X2
v, = . A)(l 3)>o. (3.80)
wr,e
The first derivative of the function V, is
V= Vi + V5. (3.81)

If @, value is initialized to value sufficiently near @,, and the value of G is sufficiently high, then
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A A2
M(xm + x3X3) ¢ can be considered negligible as compared to —k&? ,(¢2 + ¢2). Therefore,
kG ghig p re\®x y
Wr e B
Vi + V2 = p + g < 0. This ensures the error asymptotically goes to zero.

3.5 Simulation Results

The performance of the proposed rotor speed and slip angle estimator is validated through simu-
lation using the power system analysis software, PSCAD/EMTDC. The parameters of the machine,
along with the systematic diagram of the simulation setup, are given in Appendix |Al The results ob-
tained from the simulation of the proposed estimator are compared with the actual value to know the
accuracy of the proposed estimator under various test cases such as step change in rotor speed refer-
ence, and step changes in the load connected at the stator terminal. Further, the performance of the
proposed algorithm has been tested with variation of mutual inductance, L, to show its effectiveness.
3.5.1 Case 1: Step Change in Reference Input Speed

Initially, the machine runs at a sub-synchronous speed of 1400 rpm (293 rad/s electrical). A step-
change in the reference speed is applied at t = 6.0 s in reference speed to change the machine speed
from sub-synchronous to super-synchronous i.e., from 1400 rpm (293 rad/s electrical) to 1648 rpm
(345 rad/s electrical). Similarly, at time t = 7.0 s, reference speed of the DFIG is changed from 1648
rpm (345 rad/s electrical) to 1400 rpm (293 rad/s), i.e., from super-synchronous to sub-synchronous.
The reference speed (w,.r), actual speed (w,) and estimated speed (@,) are shown in Figure
The corresponding error in the estimated speed is plotted in Figure[3.5(b)] It is observed that the error
in the estimated speed is less then 3% of the synchronous speed.

During the transition of the speed of DFIG from sub-synchronous to super-synchronous and vice
versa, the estimated rotor slip position is shown in Figure The corresponding error in the
estimated rotor slip position is shown in Figure [3.6(b)] It is observed that the error in the estimated
rotor slip position is not more +0.005 rad.

Further, to validate the accuracy of the proposed estimator, the estimated rotor current is compared
with the actual rotor current in both ab and xy reference frame, and their corresponding plots are

shown in Figures [3.7(a) and [3.7(b)l
It is observed from Figure |3.7(a)|that estimated 1, and 1y, converges to the measured rotor i, and
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Figure 3.5: Plot during step change in reference input speed (a) estimated speed of the DFIG, (b) the corre-
sponding error plot of the estimated speed.
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3.5 Simulation Results

i, respectively, which ensures the correct estimation of the slip position. Note that i,, leads i, in the
super-synchronous mode, but relation reverses in the sub-synchronous mode. This is observed as the
direction of slip speed changes from sub-synchronous to super-synchronous zone or vice-versa.
Further, the comparison of the measured rotor current and the estimated rotor current in xy ref-
erence frame, which is rotating at slip speed is shown in Figure Figure shows the
i

. r r . .
estimated 77, and i}, converging to i}, and i,

s respectively. This demonstrates the effectiveness of the

proposed estimator in estimating the rotor slip position.

From the above simuation, it can be observed that the performance of the proposed estimator is
satisfactory during the transition of the speed of DFIG from sub-synchronous to super-synchronous
and vice-versa. Also, the performance of the estimator is satisfactory near the synchronous speed.
3.5.2 Case 2: Step Changes in the Load Connected at the Stator Terminal

In this case, per phase resistive load with three load setting of 250 €2, 50 Q, 150 Q is connected at
the stator terminal of the machine. Initially, a load of 250 Q is connected, and at # = 8 s, the resistive
load is switched to 50 Q. Then, at # = 9 s, the resistive load is switched to 150 Q. The profile of the
connected resistive load is shown in Figure[3.8]

Figure a) shows the plot of reference rotor speed (w;.r), actual rotor speed (w,), and esti-
mated rotor speed (&,). From Figure, a), a small overshoot and undershoot are noticed in the
estimated speed. The corresponding error plot is shown in Figure [3.9(a)(b). It is observed that the
speed variation higher at time # = 8 s. This is due to the load change being more drastic at observation
seems to be obvious as more change in step load occurs at time t = 8 s.

Figure shows the estimated rotor slip angle (6;). The corresponding error is plotted in
Figure From Figure it is observed that a sudden phase jump accompanies a step
change in load (at both r = 8 s and r = 9 s. Figure shows that the deviation in the rotor slip
position is less than 0.001 rad. Hence, it can be said that the performance of the proposed slip position
estimator is satisfactory.

The estimated and actual rotor current components in ab and xy reference frame are shown in

Figures [3.11(a)| and [3.11(b)| respectively. It is observed from Figure [3.11(a)| and [3.11(b)| that the

T

sudden load variation (80%) brings about an abrupt change in i,, and i;,, and ;. and Iy
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The settling time of the i, and iy, is almost 0.08 s. The estimated 1, and 7, also converges within
0.08 s. Similarly, the estimated f;, and ?;r also converges within 0.08 s. At time t = 9 s, the load
resistance increases from 50 Q to 150 Q. The settling time of actual and estimated rotor current
components is less than 0.02 s. This fast setting time of estimated rotor currents ensures the accurate

estimation of #; and rotor speed @,.
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Figure 3.8: Per phase resistive load variation connected to the stator terminals.
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3.5.3 Case 3: Mutual Inductance Variation

Typically, it is difficult to get an exact estimate of the mutual inductance, L,, of a DFIG. Hence,
there can be error in the value of L, used while designing the slip position estimator. The present
simulation analyzes the effect of variations of L,, on the estimated slip position and rotor speed. To

perform the simulation, the L,, is reduced by 30% of its nominal value.

The estimation of 6, and corresponding speed error are shown in Figure [3.12(a)| and [3.12(b),

respectively. From Figure|3.12(b)], it is clear that the speed estimation error is not effected by the 30%

change of L,,.

The estimated slip position and corresponding error are shown in Figure [3.13(a)| and [3.13(b)|

respectively. In Figure it is seen that the magnitude of phase error is small (less than +0.0005
rad). Therefore, the effect of the L,, variation is negligible in slip position estimation.

It is observed from Figure that there is a magnitude deviation in rotor current components
i, and i,,. The rotor current components in the xy frame are given in Figure@}

All the simulation results shows that the proposed estimator is robust to speed variation, load
changes and L,, variation. Thus the proposed estimator fulfill two major requirements: a) ability to

accurately track slip position and speed on the fly, and b) stability near the synchronous speed.
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Figure 3.14: During L,, variation, (a) estimated and actual rotor current components in ab reference frame and
(b) estimated and actual rotor current components in xy reference frame.
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3. Robust Slip Angle Speed Estimation Technique Using the Measurement of Rotor Current

3.6 Experimental Results

The performance of the estimator has been tested under operation of the DFIG in following con-
ditions: 1) sub-synchronous speed of 1384 rpm, 2) transition from super-synchronous speed of 1535
rpm to sub-synchronous speed of 1490 rpm and back to super-synchronous speed, and 3) a sudden
change of load connected at the stator terminal of the DFIG from 300 € to 150 Q (per-phase values).
The starting procedure of the experimental setup for algorithm testing is explained in Appendix
3.6.1 Case 1: Sub-synchronous Operation Response

Sub-synchronous operation of DFIG at 1380 rpm constant rotor speed is shown in Figure[3.15(a)|
The performance of the proposed observer i.e., adaptive speed and slip position estimator (ASSPE)
is compared with the stator flux based observer discussed in chapter 2 i.e., a predictor corrector
based slip position estimator (PCSPE). It can be observed from Figure that the estimated slip
position obtained by ASSPE, is more accurate than that obtained by the PCSPE observer. Moreover,
the estimated slip position by PCSPE has large oscillation. The corresponding stator voltage and
stator current is captured in Figure The slip position estimation error of ASSPE and PCSPE
are plotted in Figure [3.16] It is observed from Figure [3.16] that the error for PCSPE (represented in
dotted line) has more oscillation in comparison to the error in ASSPE (represented in solid line). The

peak to peak error magnitudes are 0.047 rad and 0.057 rad for ASSPE and PCSPE, respectively.

TH-2434 10610217 60



3.6 Experimental Results

Tek )l [F] Ready M Pos: 0,000s

4 ASSPE
1&// V’)

oF

< CRO Trigger

44 +

yRotor Current

PCSPE

CH1 200mY CH2 5.004 M 100ms R
CH3 200mY CH4 5.00%

(a)
Tek AL ® 4cq Complete M Pos: 0,000s
+

Stator Current

DV

Stator Voltage

AN

<+—CRO Trigger

B e b

CH1 1.004 CH2 100% M 25.0ms
CH4 5.00v

(b)

Figure 3.15: Experiment results of ASSPE and stator flux based PCSPE when DFIG is operating with speed
1384 rpm. (a) Comparison between ASSPE and PCSPE (b) Corresponding stator voltage and current.
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Figure 3.16: The slip position error at constant speed operation at 1384 rpm

3.6.2 Case 2: Speed Change Operation Response

The performance of the proposed ASSPE at super-synchronous speed of 1535 rpm is shown in
Figure The performance is compared with that of the flux based observer at a low operating
slip of 0.023. It is observed in Figure that the slip position estimation is more accurate than
that of the flux based observer when the machine operates close to synchronous speed. Figure[3.17(b)]
shows the corresponding stator voltage and current. At ¢ = 3.2 s, the speed reference is changed from
1535 rpm (super-synchronous speed) to 1490 rpm (sub-synchronous speed), and again at r = 7.1 s, the
speed command is changed to 1535 rpm from 1490 rpm. The slip position estimation error of ASSPE
and PCSPE are plotted in Figure [3.18] It is observed from Figure [3.18] at super-synchronous speed
ranges, the peak to peak error magnitudes are 0.028 rad (0 s to 3.2 s) and 0.039 rad (7.1 to 10 s) for
ASSPE, respectively. The peak to peak error magnitudes are 0.081 rad (0 s to 3.2 s) and 0.077 rad (7.1
s to 10 s) for PCSPE, respectively. At sub-synchronous speed range (3.2 s to 7.1 s), the peak to peak
error magnitudes are 0.018 rad and 0.068 rad for ASSPE and PCSPE, respectively. An oscillation is

also observed in the error plot for the PCSPE.
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Figure 3.17: Experiment results of ASSPE and stator flux based PCSPE during speed change. (a) Compar-
ison between ASSPE and PCSPE at supersynchronous to subsynchronous speed transition and vice-versa,(b)
Corresponding Stator voltage and current.
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Figure 3.18: The slip position error during speed change from super-synchronous to sub-synchronous speed
operation and vice-versa.

3.6.3 Case 3: Load Change Operation Response

A per phase resistive load (300 Q) is connected to the stator terminal of the machine. The resistive
load is subjected to a sudden reduction from 300 Q to 150 Q. Figure shows the comparative
performance of the proposed ASSPE and the PCSPE (discussed in the Chapter 2). The generated
stator voltage and current is shown in Figure[3.19(b)| The frequency of the stator voltage and current
is 50 Hz. The corresponding slip position error plot is shown in Figure [3.20] A sudden load change
occurred at t = 2 s. It can be seen from Figure [3.20] that the peak to peak magnitudes of the slip
position errors are 0.024 rad and 0.043 rad for ASSPE and PCSPE, respectively. During sudden load
variation, it is observed from the rotor current plot that there is a small speed deviation (40 rpm).
This is due to the change in the shaft of the coupled DC motor. The performance of the proposed slip

position estimator is found to be robust during load transitions, as given Figure [3.19]
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Figure 3.19: Experimental results of ASSPE and stator flux based PCSPE during load change. (a) Comparison
between flux based observer, (b) Corresponding stator voltage and current.
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Figure 3.20: The slip position error during load change.
3.7 Conclusion

A new slip angle and rotor speed estimator for a standalone variable speed DFIG system has
been presented in this chapter. The proposed estimator requires a fewer number of DFIG parameters
as compared to the model-based estimators available in the literature. Further, the estimator takes
into account the stator leakage inductance and turn ratio, which improves the estimation accuracy.
Moreover, the proposed scheme does not need a stator flux estimation. The working of the proposed
estimator has been simulated in PSCAD software under various test conditions. The simulation results
were found to be satisfactory. The estimator has also been implemented and validated on a hardware
setup of the DFIG system. The performance of the scheme has been compared to that of a flux-based

slip position estimator.
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4. Robust Slip Angle and Speed Observer for Sensorless Operation of a DFIG: An LMI Approach

4.1 Introduction

In this Chapter, we aim to design an observer which is robust to sudden load and speed changes,
noise and parametric uncertainty. For achieving the objective, we have designed a two-stage slip
position and speed estimator. The corresponding observer gains are calculated by solving Linear
Matrix Inequality (LMI). This LMI is solved using the MATLAB LMI toolbox. The working of
the proposed observer is simulated in MATLAB Simulink. Further, the observer is validated on a

laboratory test bench of the DFIG system.
4.2 Model and Standalone Operation of DFIG

In the synchronous reference frame, the mathematical model of the DFIG is given by the following
set of equations:

The stator and rotor voltage components are given by

dly, 1%

[Vs]dq = R, [is]dq dt + ]ws[ws] (41)
dg _ h dq [l// r]dq dq
[Vr] - Rr[lr] dt + ](ws - wr)[lr//r] (42)
The stator and rotor flux components are given by
[l = L [50f4 + Elli 1 (4.3)
W1 = Ll + L,[i]" (44)
The electromagnetic torque is given by
3 : :
Te = = Wasies — Vusias) (4.5)
dw,, 1
2 - j(Te —T: = fuwm) (4.6)

where [v]% = vas + jvgs, V1% = vap + jvgr, [i1% = igs + Jjigs and [i,]™ = iy, + ji,, are the
stator voltage vector, rotor voltage vector, stator current vector and rotor current vector respectively.
The stator and rotor flux linkage vectors are denoted by [/]% = Yus + jibys and [¥,19 = Ya, + jibyr
respectively. The rotor electrical speed and stator electrical speed are denoted by w, and wy, R, R,

are the stator and rotor resistances, L;, L, are the stator and rotor inductances, L,, is the magnetizing
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4.3 Proposed Estimation Method

inductance, T is the turbine torque, J and f, are the moment of inertia and frictional co-efficient and
wy, 1 the mechanical rotor speed.

During standalone operation, the control system is designed to achieve desired grid voltage mag-
nitude and constant frequency.

An additional load, Z; is connected at the generator terminal. The voltage across the load at the

stator terminals is given by
v = =Z[i]" = =R + jw, L)l 4.7)

where R; and L; are the load resistance and load inductance respectively.

At steady state condition, the voltage equation in dq reference frame is given by
] = Ry + josL)[is) + jo,L[i ", (4.8)

Substituting into (4.8), the steady state model of DFIG obtained is given by

ja)sLmZL[ir]dq
R, + jw,Lg +Z;

[v,]% (4.9)

The stator voltage magnitude and angle are independently controlled by regulating the rotor current
and angle respectively as obtained in (4.9). From (4.7)-(4.9), it is clear that the stator current [i,]% is

susceptible to disturbances caused by changes in load.

4.3 Proposed Estimation Method

In order to make slip position and velocity estimation robust to changes in operating point and
parametric variations, an H,, based observer is proposed. The inputs to the proposed observer are the
stator terminal voltages and currents, and the rotor currents. The observer consists of two parts (a)
Rotor current observer and (b) Slip speed and position observer. The rotor current observer estimates
the rotor current in the o frame using the measured stator voltages and currents. The slip speed and
position observer uses this estimated rotor current along with the measured value of rotor current,
which is in the rotor reference frame, to estimate the slip speed and position. The cross product of the
measured rotor current vector with the estimated rotor current vector transformed to the rotor refer-

ence, is used as a measure of the slip estimation error. The complete structure of the proposed scheme
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Figure 4.1: Schematic diagram of H, based slip position and slip speed observer for DFIG system.

is shown in Figure 4.1} To test the proposed estimation algorithm, PI based rotor current controller
is implemented, as shown in Figure d.2] This controller regulates the output frequency (at 50 Hz)
of the generated stator voltage and current. Discrepancies such as parametric uncertainties, noise
and changes in the operating point are modeled by means of a ‘disturbance’ signal. The estimation
process is made robust by limiting the H,, gain between this ‘disturbance’ and the estimation error.
The structure of the proposed robust observer system is given in the Figure where the estimated
rotor current components are used to estimate the slip position and speed of the DFIG system.

The details of a) rotor current, and b) slip speed and position observers is given in the subsection
below.
4.3.1 Rotor Current Observer

The measured rotor current vector is transformed to the stationary (af) reference frame using the

following equation:

[i, ] = [i,]*’ exp(-j6,) (4.10)

where [i,]% = iy, + jig, and [i,]*” = iy, + jip. Taking derivative on both sides of (4.10), we get

diy, .
= —wyis 4.11
dt @tp “.11)
di,
slar 4.12
7 Wyl 4.12)
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Figure 4.2: (a) Structure of the observer with closed loop control of rotor side converter DFIG
. (b) Structure of the SRFPLL system.

TH-2434 10610217 71



4. Robust Slip Angle and Speed Observer for Sensorless Operation of a DFIG: An LMI Approach

u(t)
Input Stator Voltage

Components
A A A~ 5&1' 5&2
() = AR(E) + (By + LD )u(t) + La(GR(1) = ¥ (1))

5231 554-
© i [ Transformation |
g liars ipr] T(01) ’

Measured Stator
Current Components Measured Rotor
Current Components

i i
£ = [.ar] x Qbr
lpr lar
&

A 4

(i)\sl [k1 k2_ [&’\sl] [ks]
. = ~ |+ £
[ésl] ks kal|bg ke

Figure 4.3: The proposed structure of the observer for the estimation of slip position and slip speed.

The stator flux in the stationary reference frame is given by
[lps]aﬁ = Ls[is]aﬁ + Lm[ir]aﬁ

Now, the stator voltage vector in the stationary reference frame is given by

dly,]”

o _ R.Ti aﬁ+
[v] slis] o

where [is]aﬁ = ias + jiﬁs’ [is]ab — ias + jibs’ [Vs]aﬂ = Va5 t jvﬁs and [ws]aﬂ = war + jwﬁr-

From @.T1)), ¢.12)), (B.27)) and (@.14), we get the following

dcl;;s — Lis (Vas - Rsias + mesiﬁr)
dig, 1 ‘ |
;’; = L_ (Vﬁs - Rslﬁs - Lma)szm)

N

(4.13)

(4.14)

(4.15)

(4.16)
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Equations (.11)), @.12), (4.15) and (.16) give rise to the following state space representation:

i(}’S i(l’S
d | igs Igs
d_ p = A p + B,
M s far
i i | i igr |
and,
iO,’S
ias iﬁs
(1) = =C,
iﬁs iar
o
where
R;
-1 0 0
R; Lyws
h S 2
0 0 0
0 0 W,
L .
I 0
0o L
B, = =
0O O
0 O
1 000
C, =
0100

Vﬁs

4.17)

Clearly, any change in system parameters will effect the matrices A and B;. In order to account for

these variations, we consider A; and B to be equal to (A + AA) and (B; + AB)), respectively. Here,

A and B, are the mean values of A and By while AA and AB, represent the corresponding deviations.
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Thus equation (4.17)) can be written as

x(t) = (A+ AA)x(t) + (By + ABy)u(t)
= Ax(?) + Biu(t) + (AAx(t) + AByu(t)) (4.18)
0 = Cix@)
i(IS
Ips
where x(t) = g € R* and y(r) € R? are the state vector and the measured output vector respectively.
iar
ig

We add a signal wy(f) (w(?) € R*) in the state transition equation to account for AAx + +AB;u and
any other disturbance. Further, in order to account for the measurement noise, we introduce a signal

wa(f) (W (2) € R?). The modified state space equations are as follows

x(t) = Ax(@) + Biu(t) + wi(?)
(4.19)
¥ = Cix() +wy(r)
Equation (4.19) can be rewritten in terms of w(z) as follows:
x(t) = Ax(?) + Biu(t) + Bow(r)
(4.20)
¥ = Cx(n) + Dw(r)
4x6 2%6 w1 (@) 6
whereBzz[] O]ERXandD:[o []ERX,andw(t): e R®.
wo(1)

In order to estimate the states of the system described by (4.20), we employ an observer having

the following dynamic equation
x(t) = AX(t) + Biu(t) + L,(C1%(t) — y) (4.21)

where %(f) € R* is the estimated state vector and L;, € R¥? is the observer gain. The dynamics of the

state estimation error e(t) = x(t) — X(¢) given by the following state space equations

é(t)
(1)

(A + L,Cye(t) + (By + LyD)w(t) (4.22)

e.
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Therefore, the transfer function matrix between the error vector e(¢) and the disturbance vector

w(t) is given by
G:,(S)=(1-A-L,C))""(B, + L,D).

The impact of w(f) on the error dynamics can be limited by limiting the H,, gain of G3,(S) below a
predefined attenuation level y,. The H,, gain of G;,(S) is a measure of the impact of w(¢) on the error
dynamics. Thus, by limiting this gain below a predefined attenuation level y,, the observer can be
made robust to disturbances.

Thus, the problem of observer design reduces to finding a gain matrix L, such that
Gz (Sl < 71 (4.23)

One can find such an L, satisfying the above inequality if and only if there exist a matrix W € R>*

and a symmetric positive definite matrix P € R** such that

ATP+CIW' + PA+WC, PB,+WD I
BIPT + D"WT -l 0 <0 (4.24)

I 0 —yid

Further, if a pair of matrices W and P satisfy the above linear matrix inequality [61]], the gain matrix

L, = WP™! satisfies Inequality (4.23).
4.3.2 Slip Position and Slip Speed Observer

This observer uses the rotor current estimates generated in the rotor current observer along with
the measured rotor current values to estimate the slip position and slip speed of the system.

As we have seen in the previous subsection, the rotor current observer estimates the rotor current
components in the stationary reference frame viz. 1., and fﬁr. Let 8,; be the estimated slip angle. Using

N

0, the estimated rotor current is transformed to the rotor reference frame as follows:

/iar COS(HS - ésl) - Sin(es - ésl) ?ar

?br Sil’l(@s - écl) COS(es - 95‘1) liﬁr

where 6; is the angle of the stator voltage vector which is estimated using a synchronous reference
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frame PLL (SRF PLL) as shown in Figure 4.2

The cross product of the estimated and measured rotor current values is given as

E = lglpr — lpplar (425)

li,|li,| sin(@y — By) (4.26)

where 6 is the actual slip position. When the magnitudes of estimated and actual rotor currents are
constant the value of & is approximately proportional to the slip position estimation error (For low
values of error magnitude). Moreover, £ goes to zero when the slip position estimation error is zero.
¢ is therefore used as a measure of slip position estimation error.

In order to model slip dynamics, we assume the rate of change of velocity is equal to a disturbance

signal d,. Under this assumption, the slip dynamics are given as follows

Wy = d, (4.27)

951 = Wy. (428)
The proposed slip speed and position observer dynamics are as follows

é\)sl kl k2 d)sl kS
_ + e (4.29)

A A

O ky ky|| 0y ke

where 8, and &, are the estimated values of slip angle and velocity respectively. Note that £ depends
on the measured current. Therefore, any sudden change in this measurement (either due to noise or
change in operating conditions) will be reflected in €. Therefore, we limit the H., gain between &£ and
the estimated speed and position. While doing this we need to ensure that no instability is introduced
in the system. Let the error in slip position estimation be denoted by 8, = 6, — 0. For small values

of by, &~ |i,r||?,|9sl. Therefore, equation 1| can be rewritten as follows

(:.Z)s[ k1 k2 (Dsl k5|lr||;r| ~
e . b (4.30)

031 k3 k4 gsl k6|lr| |’l\r|

Equation (4.30) can be represented by the block diagram given in Figure 4.4
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s, |ir||ir|[ﬂ - o 1 ‘(TA)SI]
6 S _esl
A ki k
o, [ 1 2] H
ks ky

Figure 4.4: Block Diagram of the Proposed Observer

The constants in (4.29) must be chosen such that
(i) The observer is robust to changes in i,.
(i) The observer system shown in Figure [4.4]is stable.
(iii) The slip position and velocity errors are within acceptable limits.

The effect of variation in rotor current is contained by ensuring that the H,, gain between the vector

ksliilli|| - Wy
= 6, and the estimated state vector "| is below a suitable value v,. Stability is guaranteed

k6|lr”lr| 951
by choosing constants such that the system shown in Figure {.4]is passive. From the set of values
which satisfy the above mentioned stability and H,, gain conditions, the gains in equation (4.30) are

tuned to achieve acceptable estimation errors.

In order to find a set of constants which satisfy the H., gain condition mentioned above, we rewrite

equation (#.30) as follows
é)sl a)sl
= (F + Ky) Rk d (4.31)
Hxl esl_
00 ki ke ksli,lli 1|
where F = , K = and d = A 6,. There exists a matrix K, such that the
10 ki—1 ky keli, i, |

H,, gain between d and | “|is less than v, if and only there are positive definite matrices P, and W

A

Hsl
which satisfy the following LMI (from Theorem 9.3 in [|61]])

(FPs+ W)l + FP+ W, 1 PT
I —nl 0 |<0,. (4.32)
Ps 0 —’}/21
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Further, if P, and W are solutions to the above LMI, then choosing K; = W‘YPgl ensures that the H,

Wy
gain between d and | | is less than . The choice of K determines the values of k, k, k3 and k4.

A

951
Using standard block diagram reduction techniques, Figure can be reduced to the block dia-

gram shown in Figure [4.5]
k5$ —(k5k4—k2k6)
65[ 5% —(kq+ky)s+(kiky—k2k3) &)\sl
lir 12| a)
951
kes —(k1ke—k3ks)
n s2 —(kq+ka)s+(kiks—kyk3)
Qsl

Figure 4.5: Reduced block Diagram of the Proposed Observer

2

max*

If the maximum possible amplitude of i, is |i,|,u4, then li,|li,| varies from O to |i,] Hence, the
block with gain |i,|[i,| is passive and takes values in a sector of the first quadrant. The system shown

in Figure 4.5|1s passive if the following transfer functions are passive

kss — (ksks — kaoke)

G =
1() 2 — (kg + ka)s + (kika — koks)
Gas) = — 1 . kes — (kike — k3ks)
0,2, 87— (ki + kg)s + (kiky — koks)

Therefore, the gains are chosen such that the Nyquist plots of G;(s) and G,(s) are completely
contained in the right half of the complex plane (this is equivalent to passivity.) Once the constants
ki, ky, k3 and k4 are determined by solving the LMI (4.32), ks and k¢ are adjusted to ensure the
passivity of G;(s) and G,(s). Further, ks and k¢ are chosen as high as possible in order to reduce the
estimation error.

Note 1. The term # is added in G,(s) to compensate for the fact that the variable gain li,|li,| does

not occupy the whole of the first quadrant. This is similar to what is commonly done in the analysis
of systems with sector non-linearities.

The process of tuning the gains of the observer can be summarised as follows:

(i) Solve the LMI given in equation (4.32). Choose a feasable point of the LMI and calculate the

matrix K. The choice must be such that values of k3 — 1 and k4 are considerably smaller than 1.
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(i) Corresponding to the matrix K calculated in the previous step, choose ks and k¢ such that the

transfer functions G(s) and G,(s) are passive.

(111) Simulate the system with an observer having the above calculated gains and check if the es-
timation errors are within acceptable limits. If not then repeat the procedure with a different

feasible point of the LMI.
4.4 Results and Discussion

The performance of proposed robust slip angle and speed observer are simulation and experimen-

tally verified. The machine parameters are given in the Appendix [Al

LMIs (#.24) and (.32) have been solved using the LMI toolbox in MATLAB. The calculated

values of the matrices L, and K are as given below:

=5.7150 0.0139
-0.0139 -5.7150

L, =
48206  0.4365
~0.4365  4.8206
~1.0297 —0.0013

K, =

-0.0004 -0.1030

The values of ks and k¢ are chosen as 1 and 10, respectively, so as to ensure passivity and reduction
in estimation error. These calculated gain values are used in both simulation and experiment.
4.4.1 Simulation Results

In order to test the robustness of the proposed observer, the DFIG system has been simulated in the
power system CAD software, PSCAD/EMTDC. A change in the mode of operation of the machine
from sub-synchronous to super-synchronous speed ranges has been simulated. Further, a sudden load
change has also been simulated.
4.4.1.1 Case 1: Step Change in Reference Input Speed

Initially, the machine runs in the sub-synchronous generating mode where the rotor circuit is

excited with RSC. At t = 6.0 s, speed reference is changed from 1404.5 rpm to 1643.2 rpm. Again,
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Figure 4.6: (a) Nyquist plot of G{(s) (b) Nyquist plot of G»(s).
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at t = 7.0 s, a step command applied to change the rotor shaft speed from 1643.2 rpm to 1404.5
rpm. The corresponding slip changes from to 20 rad/s to -30 rad/s and vice-versa. The Figure [4.7]
shows the actual and estimated slip speed during speed variation of the rotor shaft. The estimated
slip speed error is plotted is Figure 4.8] It is observed from the Figure [4.8] that the magnitude of the
error is 0.11 rad/s. A small overshoot of +2.5 rad/s is also present in the slip speed error during speed
variations. The estimated slip position during rotor shaft speed transition is given in Figure[d.9] Here,
Window 1 and Window 2 represent the sub-synchronous to super-synchronous speed transition and
super-synchronous to sub-synchronous speed transition respectively. The corresponding slip position
estimation error is given in Figure The magnitude of the slip position error is less than 0.5 X103

rad during the same transition in speed. It is observed that estimated 1, and 7, are converged to the
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Figure 4.7: Estimated slip speed
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Figure 4.8: Estimated slip speed error
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measured i, and i,, respectively as shown in Figure @, which ensures the correct estimation of the
slip position. It is also noted that i, lags i,, in the sub-synchronous mode, but relation reverses in the
super-synchronous mode. This is due to the change in the slip direction while speed changes from
sub-synchronous to super-synchronous speed range and vice-versa.

The above simulation results show a stable performance of the proposed algorithm during speed
transition of sub-synchronous to super-synchronous range and vice-versa. The proposed H,, based
algorithm shows better performance near the synchronous speed.
4.4.1.2 Case 2: Step Changes in the Load

In this case, the per phase resistive load (250 €2) is connected in the stator terminal of the machine.
The resistive load is suddenly decreased to 50 Q from 250 Q at t = 8.0 s for a time period of 1.0 s.
Again, a step change in resistive load from 50 Q to 150 Q is applied at time t = 9.0 s. The resistive
load variation profile is given in Figure [4.12] The corresponding estimated slip speed and actual slip
speed is shown in Figure f.13] The corresponding slip speed estimation error magnitude is plotted
in Figure The slip speed error magnitude is 0.08 rad/s during load variation. The estimated
slip speed converged within 0.10 s. The estimated slip position is shown in Figure and the
corresponding error is plotted in Figure [d.16] The estimated rotor current and actual rotor current is
given in Figure The estimated rotor current components and actual rotor current components
is shown in Figure The estimated rotor current components, 1, and 1, are converged to the
corresponding measured values within 0.1 s. This ensures the accurate estimation of slip position.
The estimation error is plotted in Figure 4.15| The proposed algorithm tracks the actual rotor slip
position within an error band of 0.9x107° rad. The peak overshoot is less than +£0.5x107> rad.

4.4.2 Experimental Results

The performance of the proposed estimator is experimentally verified on a laboratory setup. Fur-
ther, an MRAS based observer (as given in [62]]) has also been implemented on the same setup and
the performance of the two estimators have been compared. The experimental setup consists of a DC
motor coupled with DFIG. Here, the DC motor acts as a prime mover for emulating the wind turbine.
The parameter of DFIG used in the experimental are same as in the simulation, i.e., as given in Table

[Adl A floating point DSP (TMS320F28335) and TL084 wide band opamp based signal condition
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Figure 4.18: Laboratory Experimental setup for DFIG system

circuit is used to implement the proposed algorithm. In the implementation of algorithms, the PWM
switching frequency is set at 2 kHz and the sampling time (Ts) of the ADC is set as 500 us, respec-
tively. The estimated slip angle, by the proposed and MRAS estimators are converted to analog value
using 12 bit four channel PWM DAC, and is displayed in the CRO along with other measurements
obtained from voltage, current and speed sensor. For implementing inverter, Integrated Power Module
(IPM) is used in the experimental setup.

As the DFIG is running in stand along mode, the grid is simulated as 3-¢, 50 Hz voltage source
inside the DSP processor, and the voltage signal are given to SRF-PLL to provide w; and 6.

The performance of the estimator has been tested under the following conditions : 1) DFIG with
constant rotor speeds of 1350 rpm and 1185 rpm 2) Change of the operating mode of the system from
super-synchronous to sub-synchronous, and 3) A sudden load change from 300 Q to 150 Q.
4.4.2.1 Case 1: Constant Rotor Speed Operation

Figure[d.19)shows the slip angle estimated by the proposed and the MRAS based observer at 1350
rpm. The corresponding error plots are shown in Figure To show the time correspondence

between the two plots i.e., Figure 4. 19/ and Figure[d.20] the field current plot is shown in both Figures.
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Figure 4.20: Error between H,, and MRAS observer at a speed of 1350 rpm

It can be observed from Figure [4.20] the deviation in the error for the MRAS estimator is higher
than that of the proposed estimator. The maximum error for the MRAS estimator is 0.0421 rad at time
t =0.3555 s, whereas for the proposed estimator it is 0.002 rad at time ¢ = 0.525 s. Thus the maximum
error for the proposed estimator is approximately 20 times less than that for the MRAS estimator.

The slip angles estimated by the proposed and MRAS based observer at a speed of 1185 rpm are
shown in [4.21] The corresponding error plots are given in Figure [4.22] The maximum error for the

MRAS estimator is 0.04884 rad at time 7 = 0.0244 s, whereas for the proposed estimator it is 0.01339
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rad at time # = 0.46 s. Thus the maximum error for the proposed estimator is approximately 4 times

less than that for the MRAS observer.

4.4.2.2 Case 2: Change of the Operating Mode of the System from Super-synchronous to Sub-
synchronous

Figure 4.23] shows the slip angles estimated by the proposed and the MRAS based observers
(along with the rotor current) when the speed changes from 1550 rpm (super-synchronous) to 1485
rpm (sub-synchronous). The corresponding error plots are given in Figure 4.24] It can be observed
that the error for the proposed estimator increases during the transition. However, this is significantly

less than the corresponding error for the MRAS estimator. Hence, the proposed estimator is quite
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Figure 4.21: Performance of the proposed Hs based observer relative to MRAS based observer at a speed of
1185 rpm
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effective when the machine shifts from the super-synchronous to the sub-synchronous mode.
4.4.2.3 Case 3: Operation in Sudden Load Change

Figure 4.25] shows the slip angles estimated by the proposed observer and the MRAS based ob-
server (along with the rotor current), when there is a step change of resistive load from 300 € to 150
Q. From the error plot given in Figure[4.26] it can be observed that in the immediate aftermath of the
change of load at t = 1.15sec, the error for the MRAS estimator increases to around 0.047rad. On
the other hand, the corresponding error for the proposed estimator is much lower. Thus, the proposed

estimator is more accurate than the MRAS estimator during a sudden load variation.
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Figure 4.23: Relative performance of the proposed H., based observer at close to synchronous speed with
respect to MRAS based observer and the rotor phase current.
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Figure 4.26: Error between H,, and MRAS observer during sudden load variation

4.5 Conclusion

This Chapter has proposed a robust slip angle and speed observer for variable speed constant
frequency DFIG system. The effectiveness of the observer has been tested on a laboratory 3 Hp DFIG
system. The proposed observer provides an accurate estimate of the slip position and speed of the
rotor, which is robust to load disturbance and speed changes.

In addition, the paper also provides an tuning procedure of the gain values of the observer.
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5. State Estimation of DFIG using an Extended Kalman Filter with an Augmented State Model

5.1 Introduction

The stochastic behavior of wind flow and the nonlinearity of wind turbine model gives rise to
various challenges in design and control of WECS [4]]. Field oriented control (FOC) is commonly
used to control the dynamics of DFIG which enables decoupled control of active and reactive power.
The performance of FOC strategy depends on the accurate information of rotor position. Usually,
both rotor position and rotor speed can be acquired using encoders. Due to various limitations in
rotor position sensing using mechanical encoders, a sensorless approach is considered. A predictor-
corrector based closed loop rotor slip-position estimator is discussed in chapter 2. The proposed
slip-position estimator algorithm is mainly based on the stator flux based estimation technique.

However, the speed estimation of DFIG is not dealt with in chapter 2. Several literature on the
research area of rotor position and speed estimation are presented. Open loop speed and position
estimators have been dealt with in [31,52]. The use of closed loop observers have been discussed
in [43,54,55/58]. They are mainly based on the model reference adaptive systems (MRAS). The
performance of an MRAS based observer is highly sensitive to the inductance value [53]]. Another
possible way of estimating the dynamic states of a DFIG is by the use of recursive methods like the
Extended Kalman Filter [63]].

In this chapter, an Extended Kalman Filter based method is proposed that uses an augmented state
model in order to dynamically obtain an accurate estimate of rotor position and speed. The dynamic
model of a DFIG system is discussed in details in APPENDIX Bl The proposed augmented state
model for the Extended Kalman Filter (EKF) is presented in this chapter. The effectiveness of the

proposed EKF model is demonstrated through simulation results.

5.2 Extended Kalman Filter

Extended Kalman Filter is widely used for estimating unmeasured states in a nonlinear process.

Consider a nonlinear system with the following state space equations,

x(k) fAx(k—1D,uk -1} +wk-1) 5.1

z(k)

h{x(k)} + v(k) (5.2)
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where, x(k) and z(K) be the process state vector and measurement output vector respectively. w and
v are assumed zero mean normal distributed noise perturbations. These perturbations could be model
uncertainties or external disturbances. The process and measurement noise covariance matrices are

given by:

cov(w)

[
b
s
=

—
[
(=

I
t
<
<
-
[
=

cov(V)

The Extended Kalman Filter is a two step algorithm. The first step involves the prediction, and the

second one is the correction step. For the Extended-Kalman Filter, the predictor step is given by,

k)~ = Ax(k-1),uk -1}

Pr(k)~ F(k - DP(k — DF'(k — 1) + Q(Kk)

where, the Jacobians are defined as,

F = FxW (5.3)
ox x(k=1),u(k—1)

Hk = 2 (5.4)
OX  |yk-1)

X(k)~ and Py (k)™ are apriori states, and the corrector step is given by,

Ke(k) = Pk H' (k) {H(k)Pk(k)_HT(k)
+R(k))™
k) = (K~ + K,(K)fzk) - h{x(k)"}}
Pik) = {I-Ky(OHK)}Py(k)"

In the above equations Py (K) is an estimate of the covariance of the measurement error and Ky(Kk)
is called the Kalman gain. After both the prediction and correction steps have been performed then
X(Kk) is the current estimate of the states and Z(K) can be calculated directly from it. Both X(k) and

Py (K) are stored and used in the predictor step of the next time period.
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5.3 Augmented State Model of DFIG

The dynamic model of DFIG is a set of continuous-time nonlinear differential equations as ex-
pressed by Eq. (B.27)-(B.42). Based on the nonlinear dynamic model of DFIG, the following process

state vector and measurement output vector can be defined [|63]]:

X = [i(ls; l,BM ia/r; l,6’r» Wy, Qr]
= x5 x5 X35 X435 X535 Xe] (5.5)
. . . . T
7z = [las Igs lar lﬁr] (5.6)

By using the state vector in Eq. (5.5), the steady state error is persistent while estimating the rotor
position in presence of transient dynamics. To mitigate the steady state error we partially augmented

the state vector with integral of currents as given by:

X = [ias; lﬁs, la/ra lﬁr, Wy; 0,«, fiasdt; flﬁsdta
fiozrdt; fiﬂrdt]

= [X15 X2 X35 Xa5 X5 Xe; X75 Xg3 Xo; Xi0] (5.7)

To further mitigate the steady state error, we augment the state vector with integral of square of

currents which is as given below:

X = [im‘; iﬁs; i(yr; iﬁr; Wy, gr; fl.asdl; fiﬁsdt;
3 . ; 5 7 5 2 .
flmdl‘, flﬁrdt, flmdt, flﬁsdt,
f i2.dt; f i[%,dt}

= [Xx15 X2; X35 X453 Xs55 X6y X735 X85 Xoj X103
X115 X125 X135 X14] (5.8)
Eq. (5.9), (5.7) and are denoted as EKF, EKF normal and EKF improvement. The EKF

normal is a modification of EKF with addition of integral of currents. The EKF improvement is an

modification of EKF normal with addition of square of integral of currents. The addition of integral
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states by augmenting the state equations will reduce the steady-state error.

For implementation of Extended Kalman Filter, the DFIG model should be discretized. Using

backward Euler’s method,

dx(t) _ x(k) — x(k—1)

dt

i (k= DAt <t < kAt,
Ar ( )

we can get discrete form of machine state equations are as follows:

x1(k)

x2(k)

x3(k)

x4(k)

xs5(k)

x6(K)

where,K, = %EPL,,,. The discrete time integral states are defined using bilinear transform as:

Xir6(K)

Xiv10(k)

d
Xk = 1)+ Ar &L

- dt |
dX2
= —1 At —
x(k )+ At ar .
dX3
k—1)+ At —
x3( i di b
dX4
— 1)+ Ar —2
x4(k )+ At ar
K.P
x5k — 1) + At{ (0
K.P
1 (R)xak) - jn}

xe(k — 1) + Atxs(k)

= Xk —1)
+At{xi(k) + x;(k — 1)}
2
= Xipok— 1)
2 201
+At{xi (k) + )2ci (k 1)}

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

where, At is the sampling time and i varies from 1 to 4. The derivatives used in Eq. (5.9) - (5.12)

correspond to the Eq. (B.37) - (B.42).
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The input and measurement state vectors are as follows:

u = [Vao Vi Var V| (5.17)

2 = ing i i ipe] (5.18)

In this work, the values of Q and R are determined with extensive simulation to achieve satisfac-
tory results. Note that the initial value of Py(# 0) is chosen to converge the Extended Kalman Filter.
The Q, R and Py are given as follows:

Q =diag([1.51515151e—-41e—-6 10e — 10 10e — 10 10e — 10 10e — 10 10e — 10 10e —
10 10e — 10 10e — 10]);

R = diag([10e — 2 10e — 2 10e — 2 10e — 2]);

Py(initial) = diag(([1 111111111111 1]);

5.4 Simulation Results

The effectiveness of proposed estimator using Extended Kalaman Filter is validated by simulation
using MAT LAB/S imulink. For simulating the proposed algorithm, DFIG parameters used are given

in Appendix A. The proposed algorithm is tested under the following test conditions,
1) Initial operation at constant speed reference of 325 rad/s.
2) Step change of Speed reference from 325 rad/s to 360 rad/s.
3) Short Circuit of Stator terminals.
4) Step change of Speed reference from 360 rad/s to 310 rad/s.

5) Step reduction of turbine torque reference by 50%.

5.4.1 Case 1: Operation at Constant Speed Reference

At initial phase, the rotor speed reference is maintained at 325 rad/s. The rotor speed correspond-
ing to this reference is 1553 rpm. The rotor completes one revolution in a duration of 0.0193 s. The
rotor speed response is given in Window-1 of Figure [5.1] It is observed that the proposed observer
converges to the given reference in 2.5 s. The estimated rotor speed is shown in Window-1 of Figure

[5.2] The turbine torque and the DFIG torque are plotted in Window-1 of Figure[5.3]
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Figure 5.1: Speed profile of DFIG.
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5.4.2 Case 2: Step Change of Speed Reference in Super-synchronous Mode

In simulation, a step command is applied from 325 rad/s to 360 rad/s to achieve the speed control
response, at time ¢ = 8 s. At 360 rad/s, the rotor speed is at 1720 rpm. One complete revolution of
rotor is completed in 0.0174 s. In Window-2 of Figure and Figure the rotor speed response
and the estimated rotor speed are given respectively. The Window-2 of Figure [5.3| shows the plot of

the turbine torque and the DFIG torque.

S wy(EKF Improved)
400k§ o a)r(EKF normal)
| e wn(EKP)
: ,,/"“ } —— w,(Actual)
£
o i i
< : :
Na)
-
O
= B 0 T “
2 3 = P B B B
= o i O PO @) o
€ 1o 2 ] E
o 250 Rt
~ = = = = =
200 I I | : T HEl I H i )
4 6 8 10 12 14 16 18 20
Time (s)

Figure 5.2: Estimated and actual rotor speeds of DFIG.

5.4.3 Case 3: Short Circuit of Stator Terminals at Super-synchronous Speed

At time ¢ = 10.8s, the stator terminal was short circuited. It is observed that after 200m.s, the ma-
chine retrieved it’s rated voltage. The rotor speed response during this condition is given in Window-3
of Figure [5.1] and the turbine torque and the DFIG torque are given in Window-3 of Figure [5.3] The

output of the proposed estimator is given in Window-3 of Figure

5.4.4 Case 4: Step Change of Speed Reference from Super-synchronous to Sub-synchronous
Mode

A step change in speed reference is applied from supersynchronous speed of 360 rad/s to subsyn-
chronous speed of 310 rad/s at time ¢ = 15 s. Under above simulation scenario, the speed response of

the DFIG is shown in Window-4 of Figure The turbine torque and DFIG torque of the system are
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5.4 Simulation Results

given in Window-4 of Figure [5.3] The estimator response is shown in Window-4 of Figure [5.2]
5.4.5 Case 5: Step Reduction of Turbine Torque Reference

A step reduction in the turbine torque by 50% is set at time 7 = 18 s. Window-5 of Figure[5.3|shows
the torque response of the turbine. In this case small amount of white gaussian noise ~ N(0, 0?) is
added to get turbine torque dynamics. The actual speed response of the rotor and the estimator

response during this condition are shown in Window-5 of Figure [5.1] and Figure[5.2] respectively.
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Figure 5.3: Turbine torque (7;) and DFIG Torque (7,) responses.

The simulation stop time is fixed at 20 s with sampling time, A7 = 0.0005 s. Continuously predic-
tion and correction steps are iterated which allows the on-line estimation of the DFIG state vector.

The estimated and actual rotor speeds are shown in the Figure[5.2] It is observed that a small error

is present in the estimated speed.
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Figure 5.4: Estimated and actual rotor positions during starting of DFIG.
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Figure 5.5: Estimated and actual rotor positions during step change of DFIG rotor speed.

The estimated and actual rotor positions are shown in Figures [5.4]-[5.8] It was observed that the
proposed state model achieves less error with introduction of both both integral of stator and rotor

current vectors and integral of square of the stator and rotor current vectors as defined in the (5.8).
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Figure 5.6: Estimated and actual rotor positions during short circuit of stator terminals.
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Figure 5.7: Estimated and actual rotor positions during rotor speed almost equal to the synchronous speed.
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Figure 5.8: Estimated and actual rotor positions during step change of turbine torque.

5.5 Conclusion

In this chapter, we have proposed an Extended Kalman Filter based rotor speed and position es-
timator using an augmented state model. A comparative analysis of the performance of an Extended
Kalman Filter was done for the following three types of state model: (a) without integral states (non-
augmented state model) (b) with integral of stator and rotor current (partially augmented state model),
and (c) with integral of stator and rotor current and integral of square of the stator and rotor currents
(augmented state model). The performance of the estimators have been analyzed under various dy-

namic conditions. For the cases simulated, the proposed augmented state estimator showed the best

performance.

TH-2434_ 10610217

102



Conclusion and Future Works

Contents
6.1 Gemeral . ... .. ...t e e e e e e e e 104
6.2 Summary of ImportantFindings . . . . . ... ... ... ... 0. 104
6.3 Scope of Future ResearchWork . ......................... 106

TH-2434 10610217 103



6. Conclusion and Future Works

6.1 General

DFIG is an attractive solution for a variable speed constant frequency drive system. Since the
power converter is connected to the rotor circuit, an accurate rotor position estimate is critical to the
performance of the control strategy for the rotor side converter. Further, to avoid the drawbacks of
a mechanical encoder, sensorless operation is preferred. However, to develop a sensorless control
system, transformation from the synchronous reference frame to the rotor reference frame is manda-
tory. This needs an accurate estimation of the slip position. The main contribution of this thesis is
the design and development of robust slip position and speed estimation methods for a standalone
DFIG system. The estimation schemes are validated and analyzed using a simulation study. Further,
these schemes have been tested on a real-time hardware setup of a standalone DFIG system in the
laboratory. The estimation algorithms are implemented on a TMS320F28335 DSP kit. The sampling
and PWM switching frequencies are set at 2 kHz.

6.2 Summary of Important Findings

Chapter 2 proposes a simple predictor-corrector based rotor slip position estimator. This PCSPE
algorithm is based on the estimation of stator flux and measured speed. The main conclusions of the

work, in this chapter, are as follows:

e For the stable operation of the PCSPE algorithm, a permissible range of the gain is designed.

The stability analysis for the proposed observer is done to set the feasible gains.

e A DFIG system is modeled in PSCAD to evaluate the dynamic performance of the proposed
observer. From the simulation results, it is observed that the proposed estimator shows a good
dynamic response within + 30% of the synchronous speed range. Further, the proposed estima-
tor shows stable performance under a sudden variation of speed reference and load variation of

the machine.

e The performance of the proposed estimator is also verified on the developed laboratory-scale

experimental setup of DFIG. The results were satisfactory.

e The performance of the scheme is limited by the estimation of flux, which is affected by integral
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6.2 Summary of Important Findings

drift.

In Chapter 3, a new two stage adaptive slip position estimator for a standalone variable speed
DFIG system is presented. This estimator requires a minimal number of machine parameters. The

main conclusions of this proposed work are as follows:

The proposed ASSPE includes stator leakage inductance and turns ratio, which improves the

estimation accuracy.

e This ASSPE does not depend on the estimation of the stator or rotor flux. This makes the
algorithm immune to integral drift. The algorithm is suitable for the variable speed operation

of the DFIG.

e Stability of convergence of the algorithm has been analyzed.

e [t is observed from the simulation and hardware results that the performance and accuracy of

the proposed ASSPE is better than the flux-based estimator discussed in Chapter 2.

In Chapter 4, a new robust two-stage observer is proposed to eliminate the effects of sudden changes

in speed and load, parametric uncertainty, and noise. The main conclusions are summarized as:

In this work, a new estimation scheme is proposed to estimate the slip position and speed of a
standalone DFIG system. The proposed estimator has two stages. In both the stages, the effects
of noise parameter uncertainties and change in operating point are modeled using disturbance

signal. Robustness is achieved by limiting the H,, gainof these signals.

e The observer gain values are obtained by solving LMIs. For the second stage, the gain values

are selected such that the observer system is passive.

e The tuning procedure of the gain values for the proposed estimator is also provided in this

Chapter.

e The working of the proposed observer is simulated in PSCAD to validate its performance. It

is observed that the estimator shows good performances under different operating conditions.
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6. Conclusion and Future Works

The effectiveness of the proposed observer has been verified on a laboratory test bench with
a 2.2 kW standalone DFIG system, and compared with the model-based adaptive scheme. In
both cases, the proposed estimator provides an accurate estimate of the slip position and speed
of the rotor, which is robust to load disturbance and speed changes. The performance of this

scheme is found to be superior to that of the model-based adaptive scheme.

Chapter 5 has proposed an Extended Kalman Filter based rotor speed and position estimator using

an augmented state model. The main conclusions of the work are as follows:

e An EKF has been designed for three different statespace model: (a) without integral states (non-
augmented state model) (b) with integral of stator and rotor current (partially augmented state
model), and (c) with integral of stator and rotor current and integral of square of the stator and

rotor currents (augmented state model). A comparative analysis is done for these models.

e The performance of the estimators have been analyzed under various dynamic conditions, such

as a sudden change in speed, load, turbine torque, and short circuit of the stator terminals.

e From the simulation results, it is seen that the augmented state model showed the best perfor-

mance as compared to the non-augmented state model and partially augmented state model.

e This algorithm is useful for estimating all states of the grid-connected DFIG system.
6.3 Scope of Future Research Work

In this thesis, the design and development of different types of slip position and speed estimation
algorithm for the standalone DFIG system are discussed. The work done in this thesis can be extended

along with the following lines:

e The present work is focused on developing the observers. The work can be extended by devel-

oping the controllers based on these observers.

e The present work proposes an EKF based state estimation, which uses augmented state models.
The proposed algorithm is validated through simulation study. The work can be extended by

evaluating its performance through real-time implementation.
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6.3 Scope of Future Research Work

e The present work can be extended for developing a robust controller, which can work efficiently

during grid disturbances.

e Further, the impact of harmonics on developing the controllers could be studied.
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A. Power Circuit Components and Specifications

APPENDIX A
A.1 Specification of Slip Ring Induction Machine

Machine specification: 3-phase, 3 Hp, 415V, 4 pole 50 Hz.
Make: BENN Electricals
Stator: 415 V Y-connected 4.7 A.

Rotor: 200 V Y-connected 7.8 A.

A.2 DFIG Parameters

The DFIG parameters are given in Table[A.T]

Table A.1
Stator Voltage 415V
Stator Current 4.7 A
Rotor Voltage 200 V
Rotor Current 7.8 A
Number of poles 4
R 10.26 Q
R, 1.46 Q
Ly 10.11 mH
L, 10.11 mH
L 365.0 mH

3

A.3 Power Converters
A.3.1 Power Device:

IPM (IGBT based)
Specifications: 1200 V 25 A

Make: Mitsubishi

A.3.2 Driver:

Optocoupler
Specifications: HCPL4503, High speed: 1 Mb/s

Make: Broadcom
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A.4 Sensors and Signal Conditioning

A.3.3 DC-link Capacitor:

5 X 470uF, Electrolytic, 450 V
1 X 0.47uF 2500 V, Snubber capacitor.

A.4 Sensors and Signal Conditioning

A.4.1 Current Sensor:
LAS55P

Specification: Hall effect, Closed loop 50 A, 100 kHz bandwidth

Make: LEM

A.4.2 Voltage Sensor:

LV25P
Specification: Hall effect, Closed loop 500 V, 100 kHz bandwidth

Make: LEM

A.4.3 Signal Conditioning & Sensor Interface Circuit:

TL084 Opamp based

Input: £3.3'V

output:0-3.3 V range

Specification: Wide Common-Mode and Differential voltage ranges High Slew Rate(13 V/us Typi-
cal) Output Short-Circuit Protection

Make: Texas Instruments

A.5 Microcontroller:

DSP processor: TMS320F28335
Specification: Floating point, 32-bit, 150 MHz

Make: Texas Instruments
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A. Power Circuit Components and Specifications

A.6 Grid Filter:

3 X 10 mH, 15 A, Iron core

A.7 DC Motor:

Separately excited DC motor
3hp, 220V, 15 A, 1500 RPM
Field: 220V, 1 A

A.8 Starting Procedure for PSCAD/EMTDC Software Based Developed DFIG
System

In simulation, the machine runs at the speed control mode for a given speed reference. Initially,
the rotor side converter is in off-mode until machine reaches to the reference speed. Then, the DC

bus switch is ON to charge the DC-link capacitor. At time t = 3.5 s, the RSC is turned on with a fixed

DC-bus ON Rotor siclile curr(eiznt
to charge the DC RSC contro e; anc )
Link Capacitor Turned ON eStlmath:l ft gorithm
stai

Speed command to
DFIG

At3.5s At5s
DC bus switch is turned ON 1 pj controller based rotor
with a constant modulation ' current controller is

Index and 2 kHz SPWM. : activated .

Start Wait for (0.5 s)

1
1
! At15s
Simulation : machine reach to
1
1
1

1
1

1

DC bus switch is turned ON. :

its desired speed. 1
1

1

Figure A.1: Starting procedure of the DFIG system (simulation) for estimator algorithm testing.

modulation index, m; = —0.25 and m;, = 0. Att=5.0s, the rotor current controller is turned on
along with the proposed estimator to control the rotor side converter for achieving the desired stator
voltage. Figure shows the starting procedure of the DFIG system in PSCAD software for testing
of the estimator algorithm.

A.9 Starting Procedure for Laboratory Based Developed DFIG System

A laboratory based hardware setup for DFIG system is developed. Figure[A.2]shows the starting

sequence of the DFIG system in the laboratory. In practice, the following steps are required to start
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A.9 Starting Procedure for Laboratory Based Developed DFIG System

@ 3-Ph Starting Procedure of DFIG
Speed Change Resistive Load For Estimator Testing
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Figure A.2: Starting procedure of the DFIG system (hardware) for estimator algorithm testing.

the standalone DFIG setup for estimation algorithm testing,

A. Initially turn on the DC bus control and slowly increase the dc voltage up to 185V, which

provides the DC power supply for the DC motor starting.

B. To avoid large starting current, the DC motor is started by using a 3-point starter. The ro-
tor side and grid side converters are in off-mode till the shaft speed reaches at reference sub-

synchronous speed range (1400 RPM).

C. Once the machine reaches desired sub-synchronous speed range, a 3-Phase supply mains is

turned on which is connected to the input side of the auto-transformer.

D. Then, the auto-transformer is turned on and supply is given to the input of GSC which acts as a

3-Phase rectifier is used to convert AC to DC for charging the DC-link capacitor.

E. At the input of rotor side inverter, the voltage is slowly increased to apply the DC link voltage

at the RSC input.

F. Initialize the control power supply (5V, 15V DC) for the gate driver circuit and sensor interface
circuits to execute the proposed estimation algorithm. In hardware setup, a waiting time of 120

s is introduced to settle the SRFPLL at start, which gives the 6, and w, at 50Hz. After 120 s,
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A. Power Circuit Components and Specifications

the estimator algorithm is started to estimate the rotor slip position and speed of the machine

with a fixed modulation index (), and ny,).

G. Once the machine successfully runs at a constant speed (sub-synchronous), a test load is changed
to validate the algorithm performance and robustness. A speed change mechanism is imple-
mented to emulate the speed variation of the prime mover. The speed change mechanism mainly

works based on the variation of applied voltage in the DC motor terminal.

A.10 Experimental Setup

off o
3-Ph Rectifier i == - %__
and DC-Link : = i

Capacitor

Synchronizing
Panel

5

+/-15V, 5V DC
Power Supply

Voltage
And
Current
Sensors

Sensing and Signal
conditioning Circuit
-

Host PC for MATLAB
Simulink and Code
Composer Studio

Figure A.3: Experimental setup.
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B. DFIG Model in Different Reference Frame

APPENDIX B

B.1 Reference Frame Transformation

The dynamic model of the DFIG is needed for dynamic analysis and control system design. The
DFIG is a time varying high order non linear system. In order to derive the DFIG model, following

assumptions are introduced:

e Three phase coils (120° phase shift between each other in space), both on the stator and rotor

of the machine are symmetrical and balanced.

e The magnetic saturation and iron loss of the stator and rotor core are neglected.

e The resistance of both stator and rotor windings are unchanged with the temperature and fre-

quency variations.

With the above assumptions and generalized machine theory, the DFIG model can be represented as
three static stator coils and three rotor coils rotating with angular frequency w,, as depicted in figure

The 3 phase stator currents are given by the follwing space vector notation,

I, = I,,sin6, (B.1)
2

Ige="' I, sin (ex— ?") (B.2)
2

I, = I, sin(es+?ﬂ) (B.3)

The 3 phase rotor currents are given by the follwing space vector notation,

Iy, = I,sinfy (B4)
2

Ig, = I, sin (Qsl - ?ﬂ-) (B.5)
2

I, = I,sin (95, + ?”) (B.6)

where, I;,, = peak magnitude of the stator phase current and /,,, = peak magnitude of the rotor phase

current.
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B.1 Reference Frame Transformation

Bs
Br
Ar .
S
Rt
0,
As
Stator-Axis
Cs

Cr
Figure B.1: Three phase stator and rotor coils of the DFIG.
The superscript notation is used to denote the space vector in reference to one specific reference

frame. The notation for the three different frames are introduced in the following,

e Stator Reference Frame (a-f): The rotational speed of the reference frame is zero (stationary)
as it is aligned with stator. The space vector rotates at synchronous speed ws with respect to it.

The stator current /; and stator voltage V representation in a-£ frame is given by

I los + Jigs (B.7)

V, = Vag+ jVss (B.8)

e Rotor Reference Frame (a — b): The rotating speed of the reference frame is equal to electric
speed of the rotor ,since it is aligned with the rotor. The space vector rotates at slip speed wslip

referred to it. The rotor current /. representation in a — b frame is given by

L = iy + iy (B.9)
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B. DFIG Model in Different Reference Frame

The transformation of rotor current to a-8 reference frame is given by
[Ir]aﬁ = {ia+ jibr}e_jer' (BIO)

e Synchronous reference frame (d — g): The reference frame rotates at synchronous speed ws.

The space vector is stationary with respect to it.

(1,1 = Ie™ (B.11)
[Vi]“ = Ve (B.12)
[Ir]dq = {iar+jibr}ej(9r6r) :Ireﬁs’- (B.13)
IB-AXiS q;& @4‘\0
%ehb{
O
B g\eé \ﬂ\«\f;\'?‘%&e
NS q\o\‘l"' .
a-Axis

Aligned with phase ‘As’
Stator Ref. Frame

Figure B.2: Space vector representation of the reference frames.

The transformation matrix for 3 phase rotor current in rotor reference frame (ab) and stator sta-

tionary reference (@f) frame are as follows

iAr
& b= - (B.14)
= iBr .
iCr
Loy cos(6,) sin(6,) || lar
= (B.15)
ig —sin(6,) cos(6,) ipr
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B.1 Reference Frame Transformation

The rotor current in synchronous (dq) reference frame is given by

i cos(6)  sin(6;) Lor
4 _ (B.16)
Iyr —sin(fy) cos(by) || is

In order to transform rotor current from dg reference frame to ab reference frame, the inverse rota-

tional transformation is used. The transformation is given as follows,

iar COS(GSZ) r Sin(esl) ia’r
= (B.17)
ibr Sin(@sl) COS(QSZ) iqr

The 3-phase stator voltage and current are transformed into stator stationary (@) frame using the

given transformation matrix,

1 =L _1
T = > (B.18)
0 B _¥3
2 2
The stator voltage and current in @f reference frame are given by the following equations,
IAs
iO’S
= T| I, (B.19)
Igs
ICs
VAS
VG’S
= T| v, (B.20)
Vs
| VCs

The tarnsformation of stator voltage and current to dg reference frame from af frame are given by,

ids ias
= T(,) (B.21)
Igs Igs
Vds as
— T(6,) (B.22)
Vi, Vs

TH-2434 10610217 119



B. DFIG Model in Different Reference Frame

cos(8,) sin(8y)
where, T(6;) =

—sin(f,) cos(b;)
In order to transform the stator quantities to af8 frame from dq reference frame, inverse trans-

formation matrix [T(6)]~" is used. Further, the a8 frame to 3 phase quantities are calculated using
matrix [T]~!, known as inverse Clarke transformation. The stator voltage and current transformation

equations are as follows,

lys ids
= T(6,) (B.23)
iﬁs iqs
Va/s Vds
= T(,) (B.24)
VBS Vqs
1 0
cos(8;) —sin(d)
where, [T(6,)]"" = and [T]"' =| -1 O®

[\)|

1
sin@,)  cos(6,) f
2

<

3)

N‘

B.2 Synchronous Reference Frame Phase Locked Loop (SRFPLL)

Synchronous reference frame phase locked loop (SRFPLL)works by synchronizing the voltage
space vector along d axis. In stand alone operation, the grid voltage space vector is generated as
reference to the SRF PLL system for laboratory implementation. In order to achieve synchronization,

the following transformation matrix is used.

cos(fprr)  sin(@prr)
TOpL) = (B.25)

—sin(@pz;) cos(Bprr)

where 6p;; is the estimated phase angle obtained from SRF PLL. The transformed vector compo-

nents for Voltage vector is obtained as follows

Vds Vm COS(QS - HPLL)
_ . (B.26)

Vqs Vm Sin(es - HPLL)
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B.3 DFIG Model in a-8 Reference Frame

From (B.26)), it can be noted that on synchronization, the 6; = 6p;, and stator voltage is aligned
with the d-axis of the grid voltage reference. The ¢ component of the stator voltage will be zero. In
order to estimate 6y, the error between 6, and 6p;; should be minimized through a PI controller. The
estimated grid frequency is the summation of the PI-output and the reference frequency w,.r (50 Hz).
Figure [B.3]| shows the structure of the SRFPLL. The gain of the PI controller should be set such that
the response has less oscillations and reduced settling time.

3 phase Grid voltage

Reference Vqs = Stator Phase
— Peak voltage
Magnitude vref = lw T
re
3 phase to 2 phase

0s = OpLL

Transformation

(3 to ap)

Figure B.3: Structure of SRFPLL

The SRFPLL has been implemented in TMS320F28335 DSP kit for laboratory setup.
B.3 DFIG Model in a-38 Reference Frame

The equivalent circuit of the machine in @ reference frame is shown in the Figure

ﬂ)ﬁl . "7[/ r [
ias R‘x‘ Lm- [,m. = # & RJA lar
i ; ) -—
: Yy — AT — A ;
¥ ¢ + +
dy,, £ dy,, P
VQ’S df " dr ar
® 0
l/){y R\ Lo’r Lm +A’:ﬁ"_ R’ lﬂl’
————ANA—TTT 50— MNN—
+ + + -
V,Bs' —dwﬂv L dwf”r 4 Br
: dt dt

Figure B.4: o8 Model of the DFIG in stator reference frame.
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B. DFIG Model in Different Reference Frame

The mathematical model of the DFIG is developed using the space vector representation in the
stator reference frame. The flux is created by the current flow through the mutual magnetizing and

leakage inductances. Hence, the stator flux expressions in the stator reference frame are given by

Yas = Lglos + Liplar (B.27)
Yps = Lgips + Lilg, (B.28)
Yar = Loy + Linls (B.29)
Var = Lyig + Lyig, (B.30)

where L, and L, are the stator and rotor inductances. The magnetizing inductance, stator leakage and
rotor leakage inductances are denoted by L, L;; and L;.. The relation among all the inductances are

given by

Ly =L+L, (B.31)

L. =L,+L,. (B.32)

The voltage equations for the stator and rotor coils in stator stationary reference frame (af3) can

be written as

A o
Vs = Rglgs + B.33
i 7 (B.33)
dirg,
Vs = Rgigg + —— B.34
f bps + — (B.34)
Ay or
Vear = Rriar‘i‘%"'wrwﬁr (BSS)
di,
V,Br = Rri,Br+ Ztﬁ — W, (B.36)

where R; is the stator resistance and R, is the rotor resistance. Combining equations (B.27) to (B.36)),
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B.4 DFIG Model in d — g Reference Frame

the statespace model of the machine can be written as

Cll[ = O'Ler (_Rerlas + eril,Bs + Rerlar + (J—)erLrlﬁr + LrVas - Lmvar) (B37)
dig, L wl?i —RLi LLyiar + RoLyig + L.Vss — L,Vs)  (B.38)
= —Wy los — KgLyplgy — Wyl Lyplyy rLmlgr r¥VBs — LmVBr .
diy, 1 . . . :
dll = O'LSLr (RSLmlas - ersLmlﬁs - Rrlea/r - ererl,Br - Lm Va/s + Ls Var) (B39)
dig, 1
dﬁt = oL.L (erSLmias + RsLmiﬁs + ereri(zr - RrLsiﬁr - LmV,B’s + stﬂr)’ (B4O)
where leakage factor, o = 1 - LLgLT The electromagnetic torque and the mechanical motion are given
by
£ .
T, = EELm(larlﬂs - laslﬁr) (B.41)
dw, P
= —(T, — T, neglecting frictional loss B.42
7 77¢ ») neglecting fricti (B.42)

Equations (B.37)-(B.42) have been used to obtain the dynamic model of the DFIG. The active and

reactive powers on the stator side and rotor side are given as follows

P, = %(Vasim+VBsiﬁs) (B.43)
P, = %(Vmiwvﬁriﬂr) (B.44)
0 = 3(Vpsius ~ Vasip) (B.45)
0. = 3Vpiur = Varip). (B.46)

B.4 DFIG Model in d — g Reference Frame

The mathematical model of the DFIG in dq reference frame can be derived using transformation

matrix given above. The dynamic equation of a DFIG machine can be described by the following set
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B. DFIG Model in Different Reference Frame

of equations in a synchronously rotating reference frame.

Vis =

Vdr =

V,,

The electromagnetic torque is given by

T,

Rsids +

Ryigs +

Rridr +

R, +

3

= zp(wdsiqs - quids)

Yas =
d’qs =
Var =
Vo =

dwds
dt

digs

—+ W
dt swds

d'ylldr
dt
g

- wsqu

— T (ws - wr)'ﬁdr

dt

Lsids + Lmidr
Lyiys + Lyis
Lridr + Lmids

Lyigy + Lyig

r (ws - wr)l/’qr

(B.47)

(B.48)

(B.49)

(B.50)

(B.51)

(B.52)
(B.53)
(B.54)

(B.55)

where the stator and rotor voltages are presented in (B.47)-(B.50). From (B.52)-(B.53)) describe

the flux-linkage of the machine.

B.5 Design of Low Pass Filter as an integrator

A low pass filter is used as an integrator instead of the pure integrator. The low pass filter com-

pensates for the phase magnitude and the phase shift of the stator flux estimation. This compensation

depends on the frequency of the stator flux (S0Hz). The transfer function of the pure integrator and
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B.5 Design of Low Pass Filter as an integrator

low pass filter are as follows,

1
G«(S) = 5 (B.56)
1
Gp(S) = S0 (B.57)

Since grid frequency is constant, it is possible to calculate the magnitude and phase angle deviations:

IGi(jw) = £ LGi(jw) = —90°

|G1p(jw)| = \/ﬁ £Gyp(jw) = —arctan 2

From this above, the phase magnitude (P,,,,) and phase angle deviation (P,,,) can be calculated

Gi 2 2 4 w2 2
LoDl R S A
Gip(jw) w w

and

LG(jw) = LGyp(jw) = —90° + arctan — = P,,.
wC

The estimation of stator flux using Low Pass Filter is shown in figure [B.5]

V ]
@S —_ R @s > 1 > e_jPang > Pmag l//m
Vﬂs ' iﬂs S+ @ Ve

Figure B.5: Stator flux estimation using Low Pass Filter
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C. Calculation of DC-Link Capacitor

APPENDIX C
C.1 Calculation of DC-link Capacitor

The required amount of reactive power drawn by the DFIG is supplied by the DC link capacitor.
The DC-link capacitor is used to balance the instantaneous power difference between the input source
and output load, and minimize the voltage ripple in the DC link. The size of the DC link capacitor
determines the magnitude of the voltage switching ripple.

The instantaneous inverter input current can be expressed as
i(t) = I + Ai(t) + low frequency component (C.1H

where I, is the dc current which flows through the inverter. The ripple current Ai(¢) is bypassed
through the DC link capacitor. The low frequency component is zero for the balanced load condition.
Neglecting the inverter’s losses and considering the input-output power balance, the DC current can

be written as
3
1. = Emlp Cos ¢. (C.2)
The ripple current can be calculated as
: : 3
Ai(t) = i(t) — Emlp oS ¢. (C.3)

The voltage ripple can be determined by integrating the Ai(¢) over the switching time interval,
T'sw. Considering Ai(?) constant within the specific time interval, the simplified switching voltage

ripple expression is given by
A ! fT Ai(t)dt ! AIT (C4)
Vpp = = I = — s+ .
Pec s C

In order to trade of between the capacitor size and the switching voltage ripple, the allowable
maximum voltage ripple is 0.125 for a grid connected inverter application. For the unity powerfactor,

the voltage ripple can be written as

Avyp = =—. (C.5)
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C.1 Calculation of DC-link Capacitor

The value of the capacitor should be estimated for the maximum reactive power drawn by the load

at the rated frequency. The condition for the calculated capacitor value is given by

C>c—FF. C.6
8 CfslAvyy, (6)
The rms value of the ripple current can be derived as
Ly = 2 (C.7)
rip \/§ .
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D. Nonlinear Variable Speed Variable Pitch Wind Turbine System

APPENDIX D
D.1 Nonlinear Variable Speed Variable Pitch Wind Turbine System

Variable pitch wind turbine [64]] is used to extract more wind energy within the wide range of
wind speed. Aerodynamic blade pitch angle § is continuously controlled to regulate the turbine rotor
speed w, as well as captured wind energy. The mechanical power P, produced by the wind turbine

is defined as

Precn = Ty, (D.1)
1 Cp(4,B)
IyzzipAR3—ﬁz;——wi (D.2)

Where T;,A,C,(4,5) and p is the turbine aerodynamic torque, rotor swept area, power coefficient

for a variable pitch wind turbine and air density, respectively. The tip speed ratio, 4 = 1% where R

and ¢ stands for turbine rotor radius and wind speed respectively. Using blade element momentum

(BEM) [64,65] theory the pitch angle dynamics can be derived as

B = Kl(wt—wr)(l—%) (D.3)

The turbine rotor position can be expressed by ¢ and the dynamic model [[64] of variable pitch variable

speed wind turbine can be written as

5§ = w (D.4)
W, = ;[—Kré—Brw,+Tt—Te] (D.5)
) _ / (A

B = Ki(w wr)(l Kz) (D.6)

where K, B,, J and T, is the rotor shaft torsion, rotor shaft friction, rotor inertia and electromagnetic
torque respectively. K; and K is integration constant and the gain reduction constant that reduces the
pitch rate at high pitch angles, respectively. The parameters are not precisely known and depending
on several factors such as aerodynamic conditions, in addition introduces uncertainty in the nonlinear

wind turbine dynamics [66,67]].
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