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Abstract

The world energy demand is growing steadily and to meet this growing demand, it

is required to have renewable energy sources for sustainable grid or micro-grid. There

are many renewable sources like the ocean wave, geothermal, biomass, solar, wind, etc.

Among these, solar and wind are the most widely used renewable energy sources. They

are partly fulfilling the huge energy demands of modern societies by the sustainable gen-

eration of energy. Presently, the energy generation from wind is gaining momentum

worldwide due to the invention of new technologies related to the offshore wind farm

installation.

Till the mid-1990s, squirrel cage induction generator (SCIG)-based fixed speed wind

energy conversion systems (WECS) were the most significant contributor of renewable

energy generation from wind. Presently, it is observed that most of the WECSs are vari-

able speed constant frequency (VSCF) type, which is more efficient than the fixed speed

ones. These VSCF-based WECSs convert the wind energy into electrical energy utilizing

either the double-fed induction generator (DFIG) or the permanent magnet synchronous

generator (PMSG). Among these, DFIG operates with a low-rated power converter (typi-

cally 30% of the DFIG rating) which makes it cost-effective and highly efficient. Further,

decoupled control of active and reactive power can be achieved for DFIG-based WECS.

The effective operation of a typical doubly-fed induction generator (DFIG)-based wind

energy conversion system (WECS) requires efficient control of the two power electronic

converters connected back-to-back. Out of these two converters, one converter is tied to

the grid or the stator of the DFIG and is called active front-end converter or grid side

converter (GSC) or stator side converter (SSC), and another one is tied to the rotor of the
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DFIG and is called rotor side converter (RSC). The present thesis mainly focuses on the

design of controllers and observers for the DFIG.

The efficient control of the GSC depends upon the accurate information on the phase

and frequency of the grid voltage, which can be estimated through a phase-lock-loop

(PLL) system. Hence, a modified synchronous reference frame (SRF)-based PLL tech-

nique is proposed to estimate the phase and frequency of the grid.

The estimated phase from the proposed PLL is utilized to convert the three-phase sinu-

soidal variables in the stationary reference frame (abc) of the grid (voltage and current)

to two-phase stationary DC variables in the synchronously rotating reference frame (dq).

The dynamic model of the GSC in dq-reference frame is utilized here to develop the con-

trollers for the GSC. Two current control algorithms are proposed to control the active

and reactive grid currents of the GSC, and one voltage control algorithm is proposed to

control the DC bus voltage of the GSC. One of the current controllers is based on adaptive

multiple-input multiple-output (MIMO) control, and the other current controller is based

on first-order sliding mode control (FOSMC). The developed voltage controller is based

on an extended state observer (ESO) augmented with an adaptive control technique.

Efficient control of the RSC depends upon the accurate information on the rotor speed

and rotor position/angle, which can be measured directly by a rotary encoder. However,

the failure-prone nature of these encoders makes the system unreliable; hence, reliable so-

lutions in the form of rotor speed and position observers are proposed in this thesis. Two

observers are developed using the αβ dynamic model of the DFIG. The stator current and

rotor flux are used as the states for both the observer models. The first observer is based

on the first-order sliding mode observer (FOSMO), and the second observer is based on

second-order sliding mode observer (SOSMO). The performance of these observers is

also validated in real-time with close loop terminal voltage control of a standalone DFIG

system.
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1. Introduction

1.1 Motivation

The world energy demand is growing steadily and to meet this growing demand it is required to

have renewable energy sources for sustainable grid or micro-grid. From the beginning of the 21st

century, the emphasis of energy research shifts towards renewable sources for having a sustainable

means of energy production. There are many renewable sources like the ocean wave, geothermal,

biomass, solar, wind, etc. Among these, wind and solar [1–4] are the most widely used renewable en-

ergy sources, which are partly fulfilling the huge energy demands of modern societies by sustainable

means. Presently, energy generation from wind is gaining momentum all over the world, and it will

grow further due to the invention of new technologies related to the offshore wind farm installation.

Speedy growth in terms of the new installation of wind farms is observed since 2010. According to

the Global Wind Energy Council (GWEC) report of 2019, a total of 591 GW of wind energy plant has

been installed around the world up to 2018. In the year of 2018, 51.3 GW of new wind energy plant

is installed. Since 2014, the annual installation has touched 50 GW mark each year [3]. According

to the report published in January 2020 from the Ministry of New and Renewable Energy (MNRE)

India, India has a total installed capacity of 37.5 GW, which places India in the fourth position for

wind energy generation [4]. This report also publishes that the goal is to enhance India’s installed

capacity of wind energy generation to 60 GW within 2022 [4].

Till the mid-1990s, squirrel cage induction generator (SCIG)-based fixed speed wind energy con-

version systems (WECS) were the most significant contributor of renewable energy generation from

wind. Presently, it is observed that most of the WECSs are variable speed constant frequency (VSCF)

type, which is more efficient than the fixed speed ones. These VSCF-based WECSs convert the wind

energy into electrical energy utilizing either the double-fed induction generator (DFIG) or the perma-

nent magnet synchronous generator (PMSG). Among these, DFIG operates with a low-rated power

converter which makes it cost-effective, and highly efficient.

Further, decoupled control of active and reactive power can be achieved for DFIG-based WECS.

These salient features motivate this present work to develop robust and efficient control strategies for

smoother operation of DFIG-based WECS. An overview of a DFIG-based WECS is presented in the
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1.2 Configuration of a WECS with DFIG

next section.

1.2 Configuration of a WECS with DFIG

The schematic diagram of a typical DFIG-based WECS is shown in Figure 1.1. The shaft of the

wind turbine is connected with the generator shaft utilizing a gearbox unit. The crucial electrical

subsystems of a typical DFIG-based WECS consists of two back-to-back, bidirectional three-phase

power converters and a DFIG. The DFIG has two main parts- stator, and rotor; the three-phase stator

terminals are directly connected to the grid. The three-phase rotor terminals are connected to a three-

phase converter called the rotor side converter (RSC). The DC side of the RSC is connected with

another three-phase converter called the grid side converter (GSC) or the stator side converter (SSC).

One DC link capacitor is placed between the connection of the two converters. The three-phase

terminals of the GSC are connected with the grid utilizing a three-phase grid filter. These converters

are bidirectional in nature, and they ensure the bidirectional energy transfer between the grid and the

DFIG rotor. The control structure of a DFIG-based WECS is discussed in the following paragraph.

DFIG

Electric

Grid

RSC GSC

Electrical Subsystems

Gearbox

Grid Filter

Wind

Wind Turbine

Figure 1.1: Schematic diagram of a DFIG-based wind energy conversion system (WECS)

In Figure 1.2, the control structure of a typical DFIG-based WECS is presented. Since mechanical

dynamics are much slower than the electrical dynamics of a WECS, a hierarchical control structure

3
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DFIG
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Grid

RSC GSC

Electrical Subsystems

Gearbox Grid Filter

Wind

Wind Turbine

WECS

Optimization

Turbine

Controller

ωm
* Pwtg

*

β* Tg
* Qs

*
Vdc

*Qr
*

Control Structure

vr
* vg

*

RSC

Controller

GSC

Controller

Generator Controller

Figure 1.2: Control system hierarchy of a DFIG-based WECS

can be implemented in the case of a DFIG-based WECS (Figure 1.2) [5]. Three control levels are

generally used, such as WECS optimization level, turbine control level, and generator control level.

WECS optimization level drives the WECS to track the optimal operating trajectory by implementing

a maximum power point tracking (MPPT) algorithm. This level computes the reference rotor speed

ω∗m and reference power P∗wtg for the turbine controller. The turbine controller controls the turbine

speed and mechanical power input to the generator by manipulating the pitch angle set-point β∗ of

the turbine blade and the generated torque set-point T ∗g . The generator controller consists of two

controllers, namely RSC and GSC controllers. Essentially, the RSC controller is used to control the

supply of active power and regulate the reactive power Q∗s exchange between the grid and the stator

of the DFIG. The primary task of the GSC controller is to maintain the desired value of the DC bus

voltage V∗dc and to ensure the desired flow of active power P∗r between the grid and the rotor. Another

task of the GSC controller is to regulate the reactive power Q∗r exchange between the grid and the

GSC. This thesis work intends to improve the generator controller by improving the RSC and GSC

4
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1.3 Overview on standalone DFIG-based WECS

controllers. It also includes the development and implementation of the robust observers for better

control of the RSC and GSC/SSC controllers. The thesis mainly focuses on the standalone DFIG-

based WECSs, which are extensively used to extract wind energy for small scale applications. An

overview of standalone DFIG-based WECS is presented in the following section.

1.3 Overview on standalone DFIG-based WECS

Remote areas of India like Ladakh, parts of Sikkim and Arunachal Pradesh, and other several

remote areas of different north-east states of India are not connected with the electric grid. A similar

type of scenario can also be observed for other remote areas of the world. Hence, an off-grid solution

like standalone DFIG-based WECS may play a major role in the form of a sustainable means to

mitigate the energy demand of the remote places of the world.

The standalone configuration differs a little bit from the grid-connected configuration for the

DFIG-based WECS. Single DFIG-based WECS is not reliable to supply stable and steady power

to the load. Figure 1.3 shows a typical standalone system with DFIG, solar and a battery energy

storage. In standalone mode, the DFIG stator is connected with a three-phase load, and the GSC is

connected with the stator through a passive filter. A filtering capacitor can be placed in the stator to

reduce the high-frequency harmonics generated due to the RSC and GSC operation. In standalone

mode, the control task of the GSC remains the same as the grid-connected mode; however, there is

a change in the control task of the RSC in standalone mode. The primary control task of the RSC

in standalone mode is to maintain the desired voltage and frequency at the stator terminal under the

variable speeds of the wind turbine. The control of the RSC and GSC involves complex subsystems;

thus, there is a need to develop better controllers and observers for standalone DFIG-based WECS.

The present thesis is mainly dedicated towards the design and implementation of robust controllers

and observers for RSC and GSC converters for a standalone DFIG-based WECS.

1.4 Literature review

The generator controller consists of GSC and RSC controllers (Figure 1.2). The phase-lock-loop

(PLL) system is one of the important subsystem, which plays a significant role in the performance of

5
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Cbf Ccf

DFIG
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Figure 1.3: Schematic diagram of a typical standalone system with DFIG, solar and a battery energy storage

a GSC controller [6]. Moreover, the RSC controller’s performance depends on the accuracy of the

measurement of the rotor speed [6]. The following subsections present the literature related to the

PLL, GSC and RSC controllers.

1.4.1 Literature survey on GSC controller

The GSC control system typically consists of two cascaded control loops and a PLL system. The

outer loop controls the DC link voltage, whereas the inner loop regulates the grid currents. Usually,

vector control techniques are applied to control the active and reactive component of the three-phase

grid current to regulate the active and reactive power exchange with the grid/stator [6, 7]. The esti-

mated phase from the PLL is utilized to convert the three-phase sinusoidal variables in the stationary

reference frame (abc) of the grid (voltage and current) to two-phase stationary DC variables in the

synchronously rotating reference frame (dq). In this process, the output voltage of the front-end con-

verter is synchronized with the grid automatically by the PLL [8–11]. Thus PLL plays a critical role

in controlling the front-end converter and synchronizing it with the grid/stator [12, 13]. The detailed
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1.4 Literature review

literature review on PLL systems and the control loops are presented below.

1.4.1.1 Literature survey on PLL systems

There are various strategies associated with the design and implementation of a PLL. A PLL typi-

cally consists of three fundamental building blocks, i.e., a voltage-controlled oscillator (VCO), a loop

filter (LF: generally is a PI controller), and a phase detector (PD). It is observed from the available

literature, that the LF and VCO are not considered much for further study. Various studies on the

improvement of PD technique are widely available in the literature. One of the most popular PD

technique is the synchronous reference frame (SRF) transformation technique [14–17]. The SRF-

PLL works fine when the grid-voltages are balanced, stable, and free from harmonics. However, with

the presence of harmonics, unbalance, and grid disturbances, the performance of SRF-PLL degrades

sharply, i.e., there is an error in the estimated phase and frequency of the grid voltage, which sig-

nificantly affects the control of power converters [18]. Some improvements in terms of disturbance

rejection capability can be achieved by reducing the bandwidth of the LF [19] but at the cost of poor

dynamic response.

Different types of enhanced filter-based algorithms such as multiple reference frame (MRF), mul-

tiple second-order generalized integrator (MSOGI), multiple complex coefficient filter (MCCF), and

delayed signal cancellation (DSC) based methods are suggested by different researchers [13, 19–23]

for improving the robustness and accuracy of the estimated phase and frequency by the PLL. In [19],

a systematic approach is proposed to design several enhanced filter-based SRF-PLLs. The paper

presents LPF, MRF, MSOGI, and MCCF based PLLs and discusses a step by step procedure to de-

sign the controller (LF) parameters. The small-signal model is similar for the MRF, MSOGI, and

MCCF based PLLs, and the same design approach can be employed for the LF design. The current

controller based on reduced order generalized integrator (ROGI) has been proposed in [21], which can

be compared with the traditional SOGI technique with a lesser computational complexity. However,

the realization of this technique is not easy. MRF theory-based PLL is designed in [13, 20] and it is

capable of reducing the harmonics but are computationally very expensive as compared to the con-

ventional SRF-PLL. In [22], a complex vector filtering based method (CVFM) is proposed to get rid
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of the harmonics and all other grid abnormalities during the calculation of phase angle and frequency.

However, this method utilizes a complex theory and has higher computational complexity. MCCF-

based PLL technique [23] is presented for the estimation of the grid phase angle and frequency. It

does not require any rotating frame transformations to extract the fundamental frequency positive

sequence (FFPS), and fundamental frequency negative sequence (FFNS). However, it is not easy to

implement and have computational complexity similar to that of the MRF method [19]. In-loop DSC

based PLL is presented in [24, 25], which works fine and has good disturbance rejection capability at

the cost of slow dynamic performance [10]. SOGI based PLL is designed for a single-phase system

in [26], which can also be used with the three-phase system. From the viewpoint of control, the two

PLL systems- MRF and MSOGI are very similar, and their computational complexity is comparable

to each other [19]. An orthogonal signal generator (OSG) based SOGI-PLL is proposed in [27] for

a single-phase system to reject disturbance in phase angle and frequency estimation due to the offset

in the input voltage, which is similar to the work proposed in [26]. In [28], an adaptive approach is

proposed to compensate for the effect of phase jump in grid-voltage. This technique is constructed

based on adaptive regulation of the gain of the frequency observation loop for reducing the transients

in frequency during startup and phase jump. This strategy can be used with enhanced-PLL (EPLL)

or normal SRF-PLL or with SOGI based PLL technique. However, the focus of the work in [28] only

concentrates on the startup of PLL and phase jump. In general, the startup problem of PLL will not

greatly influence the operation of the grid-tied converter, and it can be appropriately countered by

implementing the right control sequence for the incoming power converter.

Steady-state linear Kalman filter (SSLKF) based PLL is implemented in [29–31]. SSLKF and Dis-

crete Fourier transformation (DFT) based PLL technique is implemented and compared [31], which

can work in flexible supply frequency, in general, between 360 Hz to 900 Hz. These algorithms are

sophisticated but very complex to realize, and the computational complexity is more than the other

well-known algorithms [10].

8
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1.4.1.2 Literature survey on cascaded control loops of GSC/SSC

The GSC controller consists typically of two cascade control loops. The inner control loop is the

current control loop that regulates the active and reactive component of the grid currents, whereas the

outer control loop regulates the DC bus voltage. The outer loop generates the reference signal (the

active component of the grid current) for the inner current control loop. The active component of the

current decides the amount of active power exchange with the grid, whereas the reactive component of

the current decides the amount of reactive power exchange with the grid. Thus, the control objective

of a GSC controller is to maintain constant DC link voltage across the DC bus capacitor with a user-

defined power factor [7, 32, 33].

A variety of control techniques to control the grid current is presented in the literature to achieve

the aforementioned control objectives. The prevalent technique is the utilization of linear PI regula-

tors for controlling the active and reactive current components [7, 32, 34]. However, this technique

suffers from the slow dynamic response. Deadbeat control is used in [35] to control the grid currents,

and a swift dynamic performance can be realized. However, this method suffers from parametric

uncertainties associated with the plant parameter. In addition to that, large-signal disturbances affect

the stability of the system due to the presence of nonlinearities in the power converters.

Various nonlinear control techniques are proposed to realize the control objectives for these power

converters, such as model predictive control [36–38], nonlinear adaptive control [39], model-reference

adaptive control [40], passivity-based control [41], input-output linearization [42], fuzzy logic based

control [43, 44], artificial neural network (ANN) based control [45, 46], sliding-mode control (SMC)

[47–50] and second-order sliding mode (SOSM) control [51–53].

Among these, SMC and adaptive control techniques are more effective in handling the nonlinear-

ities of the plant and uncertainties associated with the plant parameters. The crucial asset of SMC

is that it has switching property that occurs at infinitely high frequency to remove fluctuation from

sliding manifold. However, from a real-world perspective, the practically available device cannot

switch at very high frequency. Hence, for practical purposes, the SMC is constrained to work at lower

frequencies, which leads to chattering problems [54, 55]. Different methods have been presented to

9
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decrease the chattering problem such as the implementation of the saturation function as an alternative

to the signum function, or the use of low pass filter (LPF) at the output [56, 57].

SMC-based techniques require a priori idea about the bounds on the uncertain or time-varying

parameters. The SMC control law does not change for the changes in the plant parameters. Adap-

tive control changes its control law itself to control the plant subjected to uncertain or time-varying

parameters.

Different control techniques to control the DC bus voltage are available in the literature. The most

common technique is the use of a linear PI regulator to regulate the DC link voltage. However, this

technique suffers from slow dynamic performance, and an additional increase in bandwidth affects the

disturbance rejection capability. In [51], an extended state observer (ESO) augmented H∞ controller is

proposed to tackle this problem, where the DC side load resistance is estimated by the ESO technique.

However, experimental validation is not provided for the same. A second-order sliding mode (SOSM)

controller augmented with an ESO is designed in [52] to control the DC bus voltage. It can be

observed from [51], and [52] that, fast and seamless tracking of the reference DC bus voltage is

possible with these ESO-based techniques.

1.4.2 Literature survey on RSC controller

The RSC controller has a similar structure like the GSC controller for a DFIG-based WECS

system. Vector control techniques are typically utilized to fulfil the control objectives of the RSC

controller. The objective of the RSC controller in a grid-connected mode is to control active and

reactive power supplied by the stator of the DFIG. In standalone mode, the objective of the RSC is to

maintain a constant voltage and frequency at the stator terminal under varying load and wind speed

variations. The three-phase machine (DFIG) variables like rotor current are transformed to two-phase

DC variables for implementing the vector control techniques. The transformation uses the information

of the rotor position/angle (θr) and the grid-voltage phase-angle (θg) for a grid-connected system or

the stator voltage phase angle (θs) for a standalone system. Thus, the accurate information of the

rotor speed and rotor angle is the most crucial information for the working of the RSC controller.

The rotor angle can be calibrated by the rotary encoder; however, encoders come with hardware
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complexity; they are prone to failure, and are costly. These issues make encoders less reliable for

the RSC controller implementation. Hence, an encoder/sensor-less operation is preferred for a DFIG-

based WECS. A rigorous investigation has been conducted on the speed sensorless operation of DFIG-

based WECS in [58] to enhance the reliability issue related to the speed and position information.

A literature survey reveals that essentially there are two categories of speed sensorless control

technique employed for the DFIG-based WECS. The first one is the saliency-based techniques, and

the other one is the model-based techniques. The saliency-based methods are mostly centered on

signal injection technique [59–61]. However, saliency-based methods are sensitive to grid impedance.

Different model-based approaches for the speed estimation of DFIG systems are widely found in

literature, such as flux observers, model reference adaptive system (MRAS), extended Kalman filters

(EKF), and sliding mode observers (SMO) [62–68].

The simple flux-based observer is proposed in [62], where slip speed is calculated by implement-

ing an inverse tangent function on stator fluxes and rotor currents. However, the estimated states

may be sensitive towards input disturbances and parametric uncertainties. MRAS-based observers

are quite common for sensorless control technique [63–65]. This technique uses one reference model

and one adjustable model for calculating the same signal to drive the adaptive mechanism. Generally,

either the stator or rotor flux or the rotor or stator current is considered as the regulating signal [64].

However, these techniques require an accurate estimate of the machine parameters. To mitigate this,

many researchers have proposed different techniques augmented with the MRAS observers [69, 70].

However, augmenting these techniques further increases the complexity. In [69], adaptive tuning of

the stator inductance is presented to compensate the effect of parametric uncertainties on the rotor

current based MRAS observer. Recursive least square (RLS) augmented minimum variance con-

troller (MVC) based speed estimation technique is proposed in [70]. The small-signal model of the

MVC-based estimator has a similar structure as the MRAS-based observer, where the PI controller of

the MRAS observer is replaced by RLS augmented MVC controller. EKF based speed estimators are

designed for the DFIG system in [66]. However, these techniques are very sophisticated and compu-

tationally complex than the other observers. In addition to that, the work [66] does not include the
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hardware verification of this technique on the DFIG-based test system.

The speed estimation algorithm based on sliding mode observer (SMO) is robust to parametric

uncertainties, easy to realize, and less sensitive towards the change in load. In [68], SMO is applied

to estimate the stator currents. The inverse tangent function is applied to determine the rotor position.

However, this technique may be affected by input noise due to the implementation of the inverse

tangent function. In addition to that, it does not provide a systematic design procedure to find sliding

gains. Sensorless direct power control (DPC) of DFIG based on SMO is presented in [71]. The stator

flux is used as the tuning signal for the observer. The error of the stator flux components is directly

computed and passed through the sign function, and the rotor position is estimated by implementing

an inverse tangent function. However, the design procedure of the sliding gains is not provided.

Moreover, the paper does not include a hardware verification of the observer. A higher-order SMO

(HSMO) is designed in [72] to estimate the rotor speed. However, a systematic design procedure,

dynamic performance analysis during step change, and hardware verification are not provided.

A recent study regarding slip-speed and slip-angle/position estimation for sensorless control of

the rotor-tied DFIG system is presented in [73, 74]. The estimator is designed based on the PLL-

augmented SMO. Stator current and the back electromotive force are considered as the state variables

for this PLL-based SMO. In [74], a comparison is made between the PLL-augmented higher-order

and second-order SMO techniques for the estimation of slip-speed and position of a rotor-tied DFIG-

based WECS. However, these techniques are proposed for the rotor-tied DFIG systems, and this

topology is different from the stator-tied DFIG systems.

Different other control strategies for the RSC controller have been proposed to fulfil the control

objectives, for instances, direct torque control [75, 76], direct power control [77–79], and decoupled

P − Q control [80, 81]. However, the successful operation of all these strategies depends on the

accurate measurement or estimation of the rotor speed and angle.

1.5 Scope and objectives

Based on the literature survey discussed in the previous section, the present thesis work focuses

on developing efficient, robust, reliable, and cost-effective solutions for the generator control of a
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standalone DFIG-based WECS. The important subsystems like the PLL, rotor speed observer are

developed here to make the RSC and GSC controllers more robust and cost-effective. The thesis

objectives are summarized as follows.

• Literature review on PLL systems reveals that several techniques have been proposed to es-

timate phase angle and magnitude of the grid-voltage. Among these, there are several en-

hanced filter-based algorithms which provide high performance under different grid abnormal-

ities. However, these methods have high computational complexity. Hence, there is a need

for a reliable, simple, yet robust PLL to estimate the grid voltage’s frequency and phase angle

accurately in the presence of different grid abnormalities.

• It has been observed from the literature that several control strategies have been proposed to

fulfil the control objective of the GSC/SSC controller. However, due to the nonlinearities and

parameter uncertainties associated with the GSC, the GSC controller must be insensitive to-

wards any parametric variations, stable against large-signal disturbances, and work seamlessly

under different operating points while fulfilling the various performance criteria like fast conver-

gence, high accuracy and low overshoot. Hence a robust, efficient, and cost-effective solution

is required to fulfil the control objective of the GSC.

• From the literature survey on different RSC controllers, it can be observed that the successful

operation of the RSC controller depends on the accuracy of the measured or estimated rotor

speed and angle. Thus, a reliable, robust, and cost-effective solution is required for estimating

the rotor speed and position. Furthermore, the speed estimation scheme needs to be robust to

any parametric variations of the machine, and it must work accurately for different operating

points while satisfying the various performance criteria.

• Finally, a speed sensor-less voltage control scheme using the developed speed observer is re-

quired to implement for controlling the stator voltage and frequency of the standalone DFIG

system. This sensorless scheme must regulate the desired stator voltage magnitude under a

load change at the DFIG stator terminal and a speed change of the rotor.

13
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1.6 Thesis organization

Rest of the thesis is organized as follows:

• Chapter 2 presents the work on the PLL system. Here, a robust PLL is developed using two

in-loop notch filters and one low pass filter (LPF). The LPF, along with notch filter, has good

filtering capability but has a poor transient performance. Hence, the proposed algorithm tries to

improve the performance by including the derivative gain in the loop filter. The PLL algorithm

is implemented in hardware test system developed in the laboratory. The performance of the

proposed algorithm is comparable and involves less-complexity than some of the widely used

methods such as MRF-PLL.

• Chapter 3 presents the design and development of the adaptive multiple-input multiple-output

(MIMO) controller to control the active and reactive grid currents for the front-end converter.

In addition to that, an extended state observer (ESO) augmented adaptive control law is derived

for the DC bus voltage control. Lyapunov stability criteria are used to derive both the control

laws while ensuring stability and performance. Further, the control algorithms are implemented

on a hardware prototype to validate their performance.

• Chapter 4 presents a smooth, robust controller in the form of a first-order sliding mode con-

troller (FOSMC) to control the active and reactive components of the grid currents for the

front-end converter. Lyapunov stability criteria are used to derive the sliding gains for the

FOSMC, which makes the control law stable. Further, the control algorithm is implemented on

a hardware test-bed to validate its performance.

• Chapter 5 presents the design and development of an efficient, robust observer in the form

of a first-order sliding mode observer (FOSMO) to estimate the rotor speed and position of

the DFIG. Lyapunov stability criteria are utilized to design the sliding gains for the developed

observer. The observer is implemented in a hardware test setup, and the dynamic performance

is evaluated in different test conditions. To explore the efficacy of the FOSMO algorithm,
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a sensorless voltage control scheme is implemented in hardware test-bed for the standalone

DFIG-based WECS.

• In Chapter 6, a second-order sliding mode observer (SOSMO) is developed for estimating the

rotor speed and tested in the hardware test-bed. In reality, the performance of the two observers

is comparable; however, the SOSMO tries to mitigate the phenomena of chattering due to low-

speed sampling.

• Finally, Chapter 7, draws the conclusions of the work done in this thesis, and suggest some

future works.
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2. Development of a simple yet robust technique for the improvement of phase-lock-loop (PLL) system

2.1 Introduction

Phase-lock-loop (PLL) system is an important subsystem of a front-end converter control system.

The accuracy of the control system depends upon the accuracy of the PLL system. Literature survey

reveals that, the SRF-based PLL technique is the most popular technique to estimate the phase and

frequency of the grid voltage. Figure 2.1 demonstrates the elementary structure of a conventional

SRF-PLL.

abc

αβ

( )av t

( )bv t

( )cv t

( )v ta
αβ

dq

( )v tb
PI ++

( )2g gfw p

  ò e
gq

e
gw

Loop

FilterPhase Detector

dV

qV

Figure 2.1: Schematic diagram of the conventional SRF-PLL

In this scheme, the measured grid voltages i.e., va(t), vb(t), and vc(t) are transformed from abc to

αβ (Clark transformation) and then from αβ to dq (Park transformation). For a balanced three-phase

voltage, this abc to dq transform will produce a DC value of vd and vq, provided the dq reference

frame is rotating at synchronous speed, i.e., the tracking of frequency and phase of the grid voltage is

achieved. Now, by reducing the value of vq to zero, with the help of the controller (loop-filter (LF)),

it is possible to align the d- axis with the grid voltage space vector |⃗vg|. Thus, it is possible to track

the frequency and phase of the grid voltage using this scheme.

It is observed that the conventional SRF-PLL fails to provide the required accuracy due to the

increasing number of nonlinear loads and the integration of renewable energy sources into the grid. To

overcome this situation, a variety of enhanced filtering based PLLs have been reported in the literature,

but the enhanced filtering capability comes with its own complexity, as, they are computationally more

complex [10, 19].

This chapter discusses the development of a simple, computationally less involved yet robust

solution to the above problem by implementing in-loop low pass filter (LPF) and notch filters. The

LPF, along with notch filter has good filtering capability but has poor transient performance; thus, the
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proposed algorithm tries to improve the performance by including the derivative gain in the loop filter.

It is observed from experimental results that the performance of the proposed method is comparable

to some of the widely used methods such as MRF-PLL with less computational complexity.

2.2 Small signal analogy of the proposed PLL

The proposed PLL is a modified version of the conventional SRF-PLL. Figures 2.2 and 2.3 rep-

resents the modified structure of LPF-based SRF-PLL and schematic of the small-signal model, re-

spectively. Two notch filters have been added to filter out the two lower-order harmonics. Loop filter

has been rearranged as PID controller instead of PI type. This in-loop LPF, along with notch filters

is minimally affected by grid disturbances while tracking the phase and frequency of the three-phase

grid. To understand the working of the proposed PLL, a small signal analogy is presented in the next

paragraph.

abc

αβ

( )av t

( )bv t

( )cv t

( )v ta
αβ

dq

( )v tb

++

( )2g gfw p

  ò e
gq

e
gw

Loop

Filter
Phase Detector

dV

qV

Notch

2ωg

Notch

6ωg

Notch

2ωg

Notch

6ωg

e
dV

e
qV

LPF

LPF PID

Figure 2.2: Overall structure of the proposed PLL
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Figure 2.3: Schematic of the small signal model for the proposed PLL

The small signal analysis has been done by assuming the pseudo-lock state where the estimated

phase and frequency variables are believed to be exactly equal to the true values [19]. Here, θe
g is

the estimated phase and ωe
g = 2π f e

g is the estimated angular frequency and ωg is the grid’s nominal
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angular frequency, ve
d and ve

q are the d and q axis voltages in the transformed domain (here subscript

g refers to grid variable and superscript e refers to estimated quantity). The value of grid frequency

considered for the study
(

fg

)
is 50 Hz. The three-phase grid voltages (va(t), vb(t), vc(t)) are the input

to the PLL system.

According to symmetrical component theory, any unbalanced set of three-phase quantities (with-

out DC components) can be transformed into two balanced sets, namely positive and negative se-

quences [82]. Hence, harmonically distorted and unbalanced three-phase voltages can be expressed

as (2.1):

va(t) =
∞∑

n=1

[
V+n sin

(
nωgt

)
+ V−n sin

(
nωgt

)]
vb(t) =

∞∑
n=1

[
V+n sin

(
nωgt − 2π

3

)
+ V−n sin

(
nωgt + 2π

3

)]
vc(t) =

∞∑
n=1

[
V+n sin

(
nωgt + 2π

3

)
+ V−n sin

(
nωgt − 2π

3

)] (2.1)

The expression for the voltages in αβ domain can be written as:

 vα(t)

vβ(t)

 = [
Kαβ

]


va(t)

vb(t)

vc(t)

 =
 v+

α
(t)

v+
β
(t)

 +
 v−

α
(t)

v−
β
(t)

 (2.2)

where
[
Kαβ

]
is expressed as:

[
Kαβ

]
=

2
3

 1 −1
2 −1

2

0
√

3
2 −

√
3

2

 .
The expression for the positive and negative sequences αβ quantity are expressed as v+

α
(t)

v+
β
(t)

 =

∞∑

n=1
v+
α,n

(t)
∞∑

n=1
v+
β,n

(t)

 =


∞∑
n=1

V+n sin
(
nωgt

)
∞∑

n=1
V+n sin

(
nωgt − π

2

)
 (2.3)

 v−
α
(t)

v−
β
(t)

 =

∞∑

n=1
v−
α,n

(t)
∞∑

n=1
v−
β,n

(t)

 =


∞∑
n=1

V−n sin
(
nωgt

)
−
∞∑

n=1
V−n sin

(
nωgt − π

2

)
 . (2.4)
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To convert αβ quantity into stationary dq quantity, Parks transformation is applied: vd(t)

vq(t)

 = [
Kdq

]  vα(t)

vβ(t)

 =
 v+d (t)

v+
q
(t)

 +
 v−d (t)

v−q (t)

 . (2.5)

where
[
Kdq

]
is expressed as

[
Kdq

]
=

 cos(θe
g) sin(θe

g)

− sin(θe
g) cos(θe

g)

 .
and θe

g is expressed as θe
g =

(
ωe

gt − π
2

)
(Figure 2.4). The d-axis of the synchronously rotating reference

frame is aligned with the voltage vector
∣∣∣⃗vg

∣∣∣ which lags by π
2 from the phase-a axis at time instant

t = 0 (Figure 2.4(a)). The expression for the positive and negative sequence d and q-axis voltages are

gvv

q-axis

α-axis
a-axis

b-axis

c-axis

a-axis

b-axis

c-axis

d-axis

α-axis

β-axis gvv

d-axis

β-axis

(a) (b)

q-axis

Өg
e

Өg
e

Figure 2.4: Reference frame position during transformation; (a) Reference frame position at time t = 0 and (b)
Reference frame position at any time instant t

 v+
d
(t)

v+q (t)

 =

∞∑

n=1
v+

d,n
(t)

∞∑
n=1

v+
q,n

(t)

 =

∞∑

n=1
V+n cos

(
nωg − ωe

g

)
t

∞∑
n=1

V+n sin
(
nωg − ωe

g

)
t

 (2.6)

 v−
d
(t)

v−q (t)

 =

∞∑

n=1
v−

d,n
(t)

∞∑
n=1

v−
q,n

(t)

 =


∞∑
n=1

V−n cos
(
nωg + ω

e
g

)
t

−
∞∑

n=1
V−n sin

(
nωg + ω

e
g

)
t

 . (2.7)

21
TH-2759_136151001



2. Development of a simple yet robust technique for the improvement of phase-lock-loop (PLL) system

Assuming a pseudo-locked condition
(
ωe

g ≈ ωg

)
the expression for dq- axis voltages can be written

as  vd(t)

vq(t)

 ≈
 v̄d

v̄q

 +
 ṽd(t)

ṽq(t)

 (2.8)

The first term of the equation (2.8) is the stationary DC term and the last term is the disturbance

input to the system. The DC term is the fundamental frequency positive sequence quantity and can

be expressed as v̄d

v̄q

 =
 v+d,1

v+q,1

 =
 V+1 cos

(
ωg − ωe

g

)
t

V+1 sin
(
ωg − ωe

g

)
t

 =
 V+1 cos

(
θg − θe

g

)
V+1 sin

(
θg − θe

g

)
 ≈

 V+1

0

 (2.9)

The disturbance term can be written as ṽd(t)

ṽq(t)

 =

∞∑

n=2
V+n cos

(
nωg − ωe

g

)
t

∞∑
n=2

V+n sin
(
nωg − ωe

g

)
t

 +


∞∑
n=1

V−n cos
(
nωg + ω

e
g

)
t

−
∞∑

n=1
V−n sin

(
nωg + ω

e
g

)
t

 (2.10)

Furthermore, θg and θe
g can be expressed as

θg =
∫
ωgdt =

∫ (
ω′gdt + ∆ωg

)
dt=θ′g + ∆θg

θe
g =

∫
ωe

gdt =
∫ (
ω′egdt + ∆ωe

g

)
dt=θ′eg + ∆θ

e
g.

(2.11)

The value of θg and θe
g are replaced in (2.9) from (2.11). The DC term may be expressed as v̄d

v̄q

 =
 V+1 cos

(
∆θg − ∆θe

g

)
V+1 sin

(
∆θg − ∆θe

g

)
 ≈

 V+1

V+1 ε

 (2.12)

It has been clearly seen from (2.12) that v̄d gives the estimate of the peak value of grid voltage

and v̄q gives the information about the error in phase detection. From (2.10), it can be observed

that, under the pseudo-phase lock condition
(
ωe

g ≈ ωg

)
, the fundamental negative sequence voltage

of the input appears as the disturbance input to the small-signal model, and the frequency of the

disturbance is twice of the fundamental wave. All other harmonics, which are basically non-triplen

(neglecting even harmonics) odd harmonics, i.e., fifth, seventh, eleventh, thirteenth, etc. appear as
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2.2 Small signal analogy of the proposed PLL

even components such as sixth, twelfth, etc. to the small-signal model (Figure 2.3). Hence, ṽq is the

disturbance input to the small-signal model which consists of mainly second, sixth, twelfth harmonic

components [10,12,13,18–20]. The two most dominant lower order harmonics are fifth and seventh;

hence, two notch frequencies
(
n = 2ωg, 6ωg

)
have been chosen to design the two in-loop notch filters.

Further, to improve the filtering capability of the PLL technique, a low pass filter (LPF) is designed.

The s-domain representation of the first-order LPF [83] can be expressed as

LPF =
ωc

s + ωc
(2.13)

where ωc is the cut-off frequency of the LPF. The generalized expression for the notch filters can be

represented as

NFn =
s2 + (nωg)2

s2 + 2nζωgs + (nωg)2 (2.14)

where ωg is the fundamental frequency of the grid.

To extract the information of the amplitude and phase of the grid voltage, the vd(t) and vq(t)

is passed through the notch filters and LPF blocks. Further, to minimize the error in phase angle

detection V+1 ε is fed to the LF block (PID controller) for further filtering, so that the phase information

can be extracted exactly. The rated grid frequency ωg is then added to the LF output to minimize the

control effort at the beginning of the lock-on operation to the phase angle of the grid [10]. Then, the

estimated frequency ωe
g is integrated to find the phase angle θe

g.

In the light of the above analysis, the signals coming out from the PD block (Figure 2.2) can be

expressed in s-domain as

ve
d(s) =

ωc

s + ωc

s2 + (nωg)2

s2 + 2nζωgs + (nωg)2

(
V+1 + ṽd(s)

)
ve

q(s) =
ωc

s + ωc

s2 + (nωg)2

s2 + 2nζωgs + (nωg)2

(
V+1 ε(s) + ṽq(s)

)
.

(2.15)

In this work, a PID type loop filter is proposed and implemented. The advantage of such modi-

fication is that the sluggish response of the system due to LPF and notch filters can be mitigated by

carefully choosing the value of kp, ki and kd while not affecting the filtering capability of the PLL

system.
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2. Development of a simple yet robust technique for the improvement of phase-lock-loop (PLL) system

2.3 Parameter selection procedure

The choice of different parameters depend upon two critical performance objectives, one is tran-

sient response and another one is disturbance rejection capability. The high bandwidth of the control

loop enhances the dynamic performance but at the same time, it affects the disturbance rejection ca-

pability. Therefore, the cut-off frequency of the LPF and the three gains for the PID type loop filter

have to be chosen carefully considering this trade-off. The notch frequency selection is quite straight

forward and depends on the nominal grid frequency. The cut-off frequency (ωc) for the LPF is chosen

as 50 Hz in dq-domain, which corresponds to the nominal grid frequency in time domain. The choice

of cut-off frequency of the LPF is chosen using the small signal analysis. Since, the lowest possible

disturbance signal has the frequency twice the nominal grid frequency in dq- domain, thus half of

its is taken as the cutoff frequency for the LPF. The magnitude response of the three cascaded filters

block is represented in Figure 2.5.
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Figure 2.5: Magnitude response of the three cascaded filter blocks

The order of the plant together with the PID type loop filter, two second-order notch filters, and

one first-order LPF is seven, which is very high. Therefore, calculating the PID parameters is not

straight forward. Hence, the parameters for the PID type loop filter has been chosen initially by
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2.4 Proposed PLL performance under different scenario

Ziegler-Nichols tuning method [84, 85]. Afterwards, detailed experimentation has been done to find

the suitable gains for the PID type loop filter, so that a balance between disturbance rejection and

dynamic performance for the proposed PLL can be maintained.

A forward path gain of 326.3 gives a sustained oscillating output for the small-signal model (Fig-

ure 2.6). Therefore, according to the Ziegler-Nichols tuning rule, the value of ku = 326.3, and the

proportional gain kp=0.6ku, which translates into kp= 196 (approximately). The time period for the

oscillating waveform is tu=0.04 sec approximately. Therefore, the integral time constant Ti=0.5tu

sec, which translates into the integral time constant Ti= 0.02 sec. and the derivative time constant

Td=0.125tu sec., hence Td= 0.005 sec. If the PID type loop filter is transformed from the ideal to par-

allel form, then the value of integral gain ki and derivative gain kd will be 9800 and 0.98, respectively.

Finally, a proportional gain of 212, an integral gain of 7730 and a derivative gain of 1.4 have been

chosen after trial runs, which meets the desired performance criteria for the system.
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Figure 2.6: Oscillating output of the system with forward path gain of 326.3

2.4 Proposed PLL performance under different scenario

The proposed PLL configuration is compared with the LPF-based SRF-PLL and MRF-PLL under

different emulated grid abnormalities, like a step change in frequency, sudden phase jump and input

voltage with injected harmonics. The design of the LPF and the PI controller for both of the PLLs

(LPF-based and MRF) is done as per the technique presented in [19]. The results under different

emulated grid disturbances are shown in Figures 2.7, 2.8, 2.9 and 2.10 respectively. The algorithms

are implemented on a digital signal controller (DSC) -TMS320F28335. The main clock frequency of
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2. Development of a simple yet robust technique for the improvement of phase-lock-loop (PLL) system

the DSC is 150 MHz. The sampling frequency of 5 kHz is used here for executing the algorithms.

2.4.1 Step change in frequency of emulated grid voltage

The response of three different techniques under a frequency step change of 10 Hz is recorded and

shown in Figure 2.7. For observing the waveform, a digital to analogue converter LTC2645 (PWM-

DAC) has been used. A step change in the frequency of the test signal from 50 Hz to 60 Hz has

been applied (Figure 2.7). It is observed from Figure 2.7(c), that the maximum frequency deviation

for the proposed-PLL is very close to the MRF-PLL (Figure 2.7(b)). It is also observed from Figure

2.7, that the settling time (error within 2%) for the proposed-PLL is close to two cycles, whereas,

for LPF-based SRF-PLL, the settling time is three cycles approximately, and for the MRF-PLL it is

very close to the response of the proposed-PLL technique. The phase angle and the corresponding

emulated grid signals are also shown for the three PLL techniques in Figure 2.7.

2.4.2 60◦ phase jump of the emulated grid voltage

A sudden phase jump of 60◦ is applied to the input voltage signal and the performance of various

algorithms are shown in Figure 2.8. It can be observed from Figure 2.8 that the maximum deviation

in frequency (12 Hz) and phase (20◦) is less for the LPF-based technique than the proposed and MRF-

PLL technique; however, the settling time is more for LPF-based technique. It can be clearly seen that

the response of the proposed method (Figure 2.8(c)) is very close to the MRF-PLL (Figure 2.8(b)) in

terms of overshoot and settling time. The maximum deviation in frequency is 19 Hz for both the MRF

and the proposed technique, whereas the maximum phase deviation is 25◦ for the MRF-PLL and 24◦

for the proposed-PLL.

2.4.3 Responses in the presence of voltage harmonics in emulated grid voltage

The response of the proposed PLL with the presence of injected harmonics in the emulated grid

voltage is shown in Figure 2.9(c). The harmonic contents which are added to the fundamental are fifth

(10% of fundamental) and seventh (5% of the fundamental). From the frequency response shown in

Figure 2.9, it can be observed that LPF-based PLL and MRF-PLL technique have more sustained
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Figure 2.7: Frequency and phase response under step change in frequency of 10 Hz; (a) LPF-based SRF-PLL.
(b) MRF-PLL. (c) Proposed PLL.
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Figure 2.8: Frequency and phase response under step change of 60◦ in phase (a) LPF-based SRF-PLL. (b)
MRF-PLL. (c) Proposed PLL.
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2.4 Proposed PLL performance under different scenario

oscillation (Figure 2.9(a) and 2.9(b)), whereas the proposed-PLL (Figure 2.9(c)) has no oscillation in

its frequency and phase responses. The steady-state peak to peak frequency deviation is 0.8 Hz for

the LPF-based PLL technique and 0.7 Hz for the MRF-PLL technique, whereas the phase deviation

is observed as 0.4◦ for the LPF-based PLL technique and 0.3◦ for the MRF-PLL technique.

2.4.4 Responses under unbalance condition

The unbalance condition is emulated by reducing the Phase-b voltage to 70% of Phase-a volt-

age, and Phase-c kept as 80% of the Phase-a voltage while keeping phase-a same as before (Figure

2.10). From Figure 2.10 it can be seen that under such condition of emulated voltages, the proposed

technique is giving the same response as the MRF-PLL technique. Both the techniques are immune

to the unbalance because of the cancellation of the second harmonic effectively, whereas LPF-based

SRF-PLL has sustained steady-state oscillation in both the frequency and phase responses (Figure

2.10(a)). The steady-state peak to peak frequency and phase deviations are 1.2 Hz and 1◦ respectively

for the LPF-based technique. The quantitative performance analysis of the three PLL under different

abnormalities is shown in (Table-2.1).
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Figure 2.9: Frequency and phase response under harmonic distortion (a) LPF-based SRF-PLL. (b) MRF-PLL.
(c) Proposed PLL.
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Figure 2.10: Frequency and phase response under unbalance (a) LPF-based SRF-PLL. (b) MRF-PLL. (c)
Proposed PLL.
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2. Development of a simple yet robust technique for the improvement of phase-lock-loop (PLL) system

Table 2.1: Comparison of experimental results for different PLLs

Test LPF-based MRF-PLL Proposed
Condition SRF-PLL -PLL
Frequency jump (10 Hz):
Settling time 3 cycles 2 cycles 2 cycles
(within 2%): (approx) (approx) (approx)
Max frequency 3 Hz 3.5 Hz 3.3 Hz
deviation: (approx) (approx) (approx)
Max Phase deviation: 29◦ (approx) 22◦ (approx) 22◦ (approx)
Phase jump (60◦):
Settling time 3 cycles 2 cycles 2 cycles
(within 2%): (approx) (approx) (approx)
Max frequency 12 Hz 19 Hz 19 Hz
deviation: (approx) (approx) (approx)
Max Phase deviation: 20◦ (approx) 25◦ (approx) 24◦ (approx)
Harmonic injection:
Steady state peak-peak 0.8 Hz 0.7 Hz 0 Hz
frequency deviation: (approx) (approx) (approx)
Max Phase deviation: 0.4◦ (approx) 0.3◦ (approx) 0◦ (approx)
Imbalance Condition:
Steady state peak-peak 1.2 Hz 0 Hz 0 Hz
frequency deviation: (approx) (approx) (approx)
Max Phase deviation: 1◦ (approx) 0◦ (approx) 0◦ (approx)
Complexity:
Add/subtract: 12 24 13
Multi/div/scale: 19 41 21
Integration/differentiation : 2 2 3
Trigonometric : 2 8 2

2.5 Summary

A PLL technique is proposed here, which has been used for estimating the phase and frequency

of the grid voltage. The proposed PLL plays a critical role in the dq transformation for implement-

ing the grid side converter (GSC) control. The proposed technique uses a PID type loop filter along

with two in-loop notch filters and a low pass filter (LPF). The in-loop filters nullify the effect of

dominant lower order harmonics, and the dynamic performance of the proposed technique is im-

proved by implementing a PID type loop filter. A comparative analysis of the proposed method with

LPF-based SRF-PLL and MRF-PLL has been done for various disturbances such as step change in
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2.5 Summary

frequency, phase jump of grid voltage, and presence of harmonics and unbalance in the grid voltage

on a digital signal controller (DSC) TMS320F28335. From the comparative analysis, it is observed

that the proposed method exhibits similar comparable performance to the MRF-PLL technique and

superior performance than the LPF-based SRF-PLL technique. The proposed technique is found to

be computationally less complicated as compared to the MRF-PLL and other enhanced filter based

PLL techniques. It is observed from the experimental results that the proposed-PLL can provide a

reasonable estimate of the grid phase angle in real-time, and hence, it is suitable for close loop control

of GSC.
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3. Development of an adaptive voltage and current control strategies for the three-phase GSC/SSC

3.1 Introduction

In this chapter, a new control strategy to control the grid side converter (GSC) is proposed. The

proposed control strategy is an extended state observer (ESO) based adaptive control, consists of two

cascaded control loops. The adaptive-MIMO controller is employed in the inner control loop, which

is used to regulate the active and reactive component of the grid currents. The outer-loop consists of

an adaptive controller augmented with an ESO to regulate the DC bus voltage. The designed adaptive

current controller neither requires a priori information about the system parameters, nor it requires

any expensive algorithm to estimate the plant parameters accurately like self-tuning (ST) regulators.

It only requires the structure of the model. The uncertainties in the plant model are modelling uncer-

tainty, i.e., uncertainty associated with the structure of the model, and the parametric uncertainty, i.e.,

uncertainty associated with the parameters of the model. This work attempt to address the parametric

uncertainty associated with the plant model, assuming the exact structure of the plant model is known

to the designer. Utilizing the Lyapunov stability criteria, a systematic design procedure is provided

to derive the current controller. In addition to that, stability analysis is also provided for the designed

current controller.

The DC link voltage control strategy is based on the extended state observer (ESO), which in-

cludes external load disturbance as an extended state of the system. The design of the voltage con-

troller is similar to the current controller with slight modification. Here, ESO is used to contemplates

the disturbances as a new state of the system. The disturbances are like parametric uncertainty, un-

modeled dynamics, and load variation. Due to such an encouraging attribute, ESO is capable of

estimating both the common disturbance and the system states [86–88]. The performance of the ESO

based voltage controller is found to be quite encouraging, and a finite time convergence of the con-

trol variable is achieved. For its implementations, it does require the value of the DC link capacitor.

The proposed voltage and current control algorithms are implemented on a hardware prototype to

check their performances in real-time. The hardware consists of a 150 MHz, TMS320F28335 digital

signal controller (DSC) kit along with a Semikron make three-phase, four-leg insulated gate bipolar

transistor (IGBT) based pulse width modulated (PWM) converter. The proposed current controller is
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Figure 3.1: Schematic representation of the grid side converter (GSC)

formulated in dq-domain, and control pulses are generated by means of SINPWM to drive the power

converter.

3.2 Dynamic Model of GSC/SSC

This section describes the structure and the model used for the design of controllers for GSC. The

schematic diagram of the converter system is represented in Figure 3.1. It consists of six IGBT power

electronic switches and the AC side of the converter is connected to the three-phase grid by means of a

grid filter. The grid filter comprises of an inductor (L f ) and a small parasitic (r f ) resistance associated

with it. One electrolytic capacitor (C) is placed in the DC side of the converter to filter out the ripples

in the DC link voltage, and it also acts as a temporary energy storage element. A variable resistive

load is connected parallel to the DC link capacitor to emulate the effect of a rotor side converter in

wind energy conversion system (WECS).

A balanced three-phase (abc) alternating variables of a three-phase system can be transformed

into two-phase (αβ) alternating variables using Clarke’s transformation. These two-phase alternat-

ing variables can be represented as stationary variables (dq) using a synchronously rotating reference

frame (SRF) by applying Park’s transformation. The speed of the reference frame is the same as the

speed of the grid angular frequency of ωg. Hence, the Clarke’s along with the Park’s transformation

has been used to transform the three-phase sinusoidal quantity into stationary DC quantity, thus sim-

plifying the control problem into a set-point tracking problem. The accuracy of Park’s transformation
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3. Development of an adaptive voltage and current control strategies for the three-phase GSC/SSC

depends upon the accuracy of the estimated grid phase angle θg, and grid frequency ωg. Therefore to

estimate the grid phase and frequency, the proposed phase-locked-loop (PLL) technique discussed in

Chapter 2 is used. It can be observed that under phase-locked condition, the algorithm estimates true

grid phase angle θe
g = θg and true grid frequency ωe

g = ωg.

The three-phase dynamical equation [6] of the GSC is represented as

vag = r f ia + L f
dia

dt
+ va f

vbg = r f ib + L f
dib

dt
+ vb f

vcg = r f ic + L f
dic

dt
+ vc f

(3.1)

where vag, vbg and vcg are the three-phase grid voltages, va f , vb f and vc f are the converter outputs and

ia, ib and ic are the three-phase grid currents.

Applying Clarke’s transformation to (3.1) the dynamic equation of the GSC in αβ-domain can be

written as

vαg = r f iα + L f
diα
dt
+ vα f

vβg = r f iβ + L f
diβ
dt
+ vβ f

(3.2)

where vαg and vβg are the grid voltages in αβ-domain, vα f and vβ f are the converter outputs in αβ-

domain and iα and iβ are the grid currents in αβ domain.

Applying Park’s transformation to (3.2) the dynamic equation of the GSC in dq-domain can be

written as

vdg = r f id + L f
did

dt
+ vd f − ωgL f iq

vqg = r f iq + L f
diq

dt
+ vq f + ωgL f id

(3.3)

The dynamic equation (3.3) can be rewritten as

L f
d
dt

(id) = −r f id + ωgL f iq + vdg − ud
Vdc

2

L f
d
dt

(
iq

)
= −r f iq − ωgL f id + vqg − uq

Vdc

2

(3.4)

where ud = 2vd f /Vdc, uq = 2vq f /Vdc are the modulation index or control input to the converter
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switches. To restrict the control input within the linear modulation range, the maximum value of∣∣∣|udq|
∣∣∣ is chosen as ‘1’. In dq domain, the grid side voltages are represented by vdg and vqg and the grid

currents are represented as id and iq.

The DC bus voltage dynamics of the GSC is represented as

C
d
dt

(Vdc) = Ios − Ior (3.5)

where the DC bus voltage is represented as Vdc and DC load current is represented as Ior and the total

DC side current is represented as Ios.

The phase angle information of the grid is estimated by the proposed PLL discussed in the pre-

vious chapter (Chapter 2). Since the d-axis of the rotating reference frame is aligned with the grid

voltage vector (Figure 3.2), the value of vdg = |⃗vg| and the value of vqg = 0. Using this information,

(3.4) can be rewritten as

d
dt

(id) = −
r f

L f
id + ωgiq +

vdg

L f
− ud

Vdc

2L f

d
dt

(
iq

)
= −

r f

L f
iq − ωgid − uq

Vdc

2L f
.

(3.6)
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Figure 3.2: Reference frame and the voltage vector position

The active and reactive power equation for the converter circuit can be represented as

Pg =
3
2

vdgid

Qg =
3
2

vdgiq

(3.7)
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From (3.7), it is observed that active and reactive power can be controlled by controlling id and

iq, respectively. Neglecting the converter switching and parasitic resistance of the filter, the power

balance equation can be written as

VdcIos =
3
2

vdgid

vdg = ud
Vdc

2

(3.8)

From (3.8), the expression for the total DC bus current (Ios) can be written as: Ios = 3/4(udid).

Plugging the value of Ios into (3.5), the DC bus dynamics can be represented as

C
d
dt

(Vdc) =
3
4

udid − Ior (3.9)

Replacing ud from (3.9), the expression for the DC bus dynamics can further be represented as

C
d
dt

(Vdc) =
3
2

vdg

Vdc
id − Ior =

1
Vdc

(
3
2

vdgid − VdcIor

)
=

1
Vdc

(
Pg − Pl

)
(3.10)

where Pl = VdcIor is called the load power.

The above mathematical model of the system is designed based on various assumptions such as,

neglecting the switching losses, neglecting the parasitic resistance of grid filter, uncertainty in the

value of grid filter inductance, and some other unmodeled dynamics. This results into the parametric

uncertainty of the model and hence motivates to use the adaptive controller to control GSC.

3.3 Formulation of the controllers

GSC control consists of two cascade control loops (Figure 3.3). The outer loop consists of a

voltage controller which generates the reference input current i∗d for the inner loop (d-axis) current

controller, which is required for maintaining a desired DC-link voltage. The reference i∗q (q-axis)

current decides the desired reactive power exchanged with the grid. The designed voltage and current

controllers need to be effective towards the parametric uncertainty and external load disturbances. To

achieve the above objectives, the current controller is designed to handle parametric uncertainties,

whereas the voltage controller is designed to mitigate the effect of external load disturbances. For

implementing the current control, an adaptive-MIMO controller is designed to ensure stability in
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the sense of Lyapunov and guarantees finite time set-point tracking. For implementing the voltage

controller, an adaptive controller of a similar structure is used along with an extended state observer

(ESO). The ESO estimates the load disturbances and the information is fed into the voltage control

architecture. This significantly improves the dynamic performance of the proposed voltage control

strategy. The schematic of the implemented controllers is shown in Figure 3.3, and the details about

the controllers are presented in subsequent subsections.

e

e*

ESO

+

PlPl

PgPg

+

*

idq

sdq-

adaptation law

given by eqn. (3.27) 

X
dqd
/d
t

control law

given by eqn. (3.21) 

22

vdqg

K

Xdq p

udq

Vdc

iq*iq*

id*id*

1/(1.5vdg)
idq*idq*

÷

ʌ

µ(e)

ʃ

+  ̃

(a) (b)

Figure 3.3: Schematic diagram of the proposed controller: (a) Schematic of the proposed voltage controller;
(b) Schematic of the proposed current controller

3.3.1 Formulation of the proposed current controller

The current dynamics of grid side converter is given in (3.6), and the control task is to track the

reference currents i.e., id → i∗d and iq → i∗q. A new variable sdq is defined as

sdq =

 sd

sq

 =
i
∗
d − id

i∗q − iq

 =
 ĩd

ĩq

 . (3.11)

From (3.11), it can be seen that sdq is the current tracking errors in dq-domain.

The first derivative of sdq contains the final control input udq, where udq =

[
ud uq

]T

. If sdq → 0

⇒ ĩdq → 0, where, ĩdq =

[
ĩd ĩq

]T

. From (3.6), the expression for ud and uq can be written in
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companion form as

ud = −
2L f

Vdc

d
dt

(id) −
2r f

Vdc
id +

2ωgL f

Vdc
iq +

2vdg

Vdc

uq = −
2L f

Vdc

d
dt

(
iq

)
−

2r f

Vdc
iq −

2ωgL f

Vdc
id.

(3.12)

The objective here is to find a suitable udq which makes the tracking errors sdq = 0 within finite

time, under the parametric uncertainty of grid filter.

The Lyapunov function subjected to the dynamics (3.12) is chosen as

V =
1
2

sT
dqPsdq (3.13)

where, P is a diagonal matrix and defined as 2L f

Vdc
I and I is the identity matrix.

The time derivative of the Lyapunov function is

V̇ = sT
dqPṡdq (3.14)

where, Pṡdq can be written as

Pṡdq =


2L f

Vdc
0

0 2L f

Vdc


 ṡd

ṡq

 (3.15)

Plugging (3.6), into (3.15), the expression (3.15) can further be elaborated as

2L f

Vdc
ṡdq =

2L f

Vdc

di∗dq

dt
+

2r f

Vdc
idq +

2ωgL f

Vdc

 0 −1

1 0


 id

iq

 − 2vdqg

Vdc
+ udq (3.16)

where,
di∗dq

dt =

[
di∗d
dt

di∗q
dt

]T

, idq =

[
id iq

]T

, vdqg =

[
vdg 0

]T

.

From the left hand side of the (3.16), it can be observed that except the control input udq and the

constant term 2vdqg/Vdc, the other terms can be written as a product of unknown constant with the

known states, and can be represented as

2L f

Vdc
ṡdq = udq − Xdq p −

2vdqg

Vdc
(3.17)

where, p =
[

2L f

Vdc

2r f

Vdc

2ωgL f

Vdc

]T

is the vector of unknown constants and the state is given by Xdq =
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[
Xd Xq

]T

, where Xd =

[
−di∗d

dt −id iq

]
, Xq =

[
−di∗q

dt −iq −id

]
, respectively.

For designing a stable controller in the sense of Lyapunov, V̇ needs to be negative semidefinite.

To make V̇ ≤ 0, the control law given by (3.18) may be used

udq = Xdq p − Ksdq +
2vdqg

Vdc
(3.18)

where K is the gain matrix and given by

K =

 K11 0

0 K22


Plugging the value of udq, from (3.18) into (3.17), the expression for Pṡdq can be obtained as

Pṡdq = Xdq p − Ksdq +
2vdqg

Vdc
− Xdq p −

2vdqg

Vdc
= −Ksdq (3.19)

Replacing (3.19), into (3.14), V̇ can be expressed as

V̇ = −sT
dqKsdq ≤ 0. (3.20)

However, considering the parametric uncertainties of the grid filter, the above control law given in

(3.18) will not serve the purpose. Furthermore, the above control law (3.18) requires the exact value

of the parameters, but for designing an adaptive controller only an estimate of p, i.e., p̂ is available.

Taking this into consideration, the control law given in (3.18) is modified as

udq = Xdq p̂ − Ksdq +
2vdqg

Vdc
(3.21)

Plugging (3.21) into (3.17), the expression for Pṡdq and V̇ is again calculated as

Pṡdq = Xdq p̂ − Ksdq +
2vdqg

Vdc
− Xdq p −

2vdqg

Vdc
= −Ksdq + Xdq ( p̂ − p) = −Ksdq + Xdq p̃ (3.22)

V̇ = sT
dqPṡdq = −sT

dqKsdq + sT
dqXdq p̃ (3.23)

where, p̃ = p̂ − p is called the parameter estimation error. In (3.23), the second term
(
sdqXdq p̃

)
is
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unknown, hence, V̇ is not guaranteed to be negative semidefinite.

For cancellation of the second term in (3.23), a quadratic term in parameter estimation error is

added with the original Lyapunov function (3.13). The new Lyapunov function is chosen as

V =
1
2

sT
dqPsdq +

1
2

p̃TΛ−1 p̃ (3.24)

where, Λ−1 is considered as positive definite diagonal matrix here. The time derivative of the new

Lyapunov function is calculated as

V̇ = −sT
dqKsdq + sT

dqXdq p̃ + ˙̂pT
Λ−1 p̃ (3.25)

For a stable controller, the equation given by (3.26) should satisfy which ensures that V̇ given by

(3.25) is negative semidefinite.

sT
dqXdq p̃ + ˙̂pT

Λ−1 p̃ = 0 (3.26)

From (3.26), the parameter adaptation law (3.27) is obtained as

˙̂p = −ΛXT
dqsdq (3.27)

Thus, an adaptive stabilizing controller is designed by using the control law defined by (3.21) and

adaptation law defined by (3.27). The schematic diagram of the implemented current controller is

shown in Figure 3.3(b). To implement the current controller, the control law given by (3.21) is used,

and the parameter adaptation law given by (3.27) is used. The parameter adaptation law feeds the

control law to fulfil the desired control objective.

3.3.1.1 Stability analysis of current controller

According to Barbalat’s Lemma, if a function f (t) is differentiable and has a finite limit as t → ∞,

and if ḟ (t) is uniformly continuous, then ḟ (t)→ 0 as t → ∞ [89].

From the finite difference theorem, it can be seen that if the derivative ḟ (t) of a differentiable

function f (t) is bounded then the f (t) is uniformly continuous. Considering this fact, the corollary

follows from Barbalat’s Lemma can be described as: If f (t) is differentiable and has a finite limit as
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t → ∞, and f̈ (t) exists and bounded, then ḟ (t)→ 0 as t → ∞ [89].

Now to show global stability, Xdq and p̂ should remain bounded, and for the convergence of

tracking error (sdq), it is sufficient to show V̇ → 0 as time t → ∞ in order to show sdq → 0 as time

t → ∞.

The chosen Lyapunov function (V) given by (3.24) is positive semidefinite, hence V is lower

bounded. From (3.25) and (3.26) it can be observed that V̇ is negative semidefinite, which implies

that sdq and p̃ remain bounded (sdq, p̃ ∈ L∞). Moreover, this in turn implies that Xdq and p̂ are also

bounded (Xdq, p̂ ∈ L∞).

The expression for V̈ is given as

V̈ = −2sT
dqKṡdq (3.28)

Now, it is required to show V̈ is bounded to show V̇ is uniformly continuous. For that, ṡdq is

required to be bounded as it has been already shown that sdq is bounded. Now, plugging udq from

(3.21) into (3.17), the expression for the error dynamics can be expressed as

2L f

Vdc
ṡdq = Xdq p̃ − Ksdq (3.29)

Everything on the right hand side of (3.29) is bounded and the term 2L f /Vdc is also finite which im-

plies that ṡdq is bounded. Therefore, V̈ is bounded and since V̈ is bounded, V̇ is uniformly continuous.

Thus, the corollary follows from the Barbalat’s Lemma indicates that V̇ → 0 as time t → ∞ which

implies that the error sdq → 0 as time t → ∞. Hence, the proposed controller force the tracking error

to zero (sdq → 0 as time t → ∞) and at the same time the global stability is assured by the proposed

controller as Xdq and p̂ remain bounded (Xdq, p̂ ∈ L∞).

Remark 1: It should be pointed out that this methodology does not estimate the parameters exactly;

instead, it produces values that drive the controller for the successful completion of the control task.

If the desired trajectory is so enriching, that without the correct estimate, the control objective cannot

be achieved then by definition, it will estimate the parameter precisely. Therefore adaptation happens

on a need-to-know basis and it is called the sufficient richness [90]. Further, discussion on this is
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beyond the scope of the present work.

Remark 2: For implementing the control law, the information about the time derivatives of the

desired currents i∗dq is required. In steady-state, the derivatives are zero, and during the transient, it

will give sudden jumps. For countering this, the time derivatives of desired currents are multiplied by

a small gain at the order of 10−3 so that sudden jumps can be limited.

3.3.2 Formulation of the proposed voltage controller

The objective of the voltage controller is to regulate the DC bus voltage at the desired level un-

der the load uncertainties while fulfilling different performance criteria. For regulating the DC bus

voltage, an adaptive controller has been designed. While designing the voltage controller, the load

connected across the DC bus is modelled as an extended state. The design procedure of the voltage

regulator is similar to that of the current controller, as discussed in the previous subsection. The

schematic diagram of the voltage controller augmented with the ESO is given in Figure 3.3(a) and the

details about the design procedure of the voltage controller and the observer are described below.

A new variable e is defined which is expressed as e = V2
dc/2. Using this notation, the DC bus

dynamics described by (3.10) is expressed as follows

Cė = P∗g − Pl(t) (3.30)

where, P∗g is the desired active power exchange between the grid and converter to maintain the DC

link voltage. The desired active power is further converted to equivalent d-axis reference current (i∗d),

and is fed to the current controller. The reference current i∗d is related to the active power reference, by

the relation i∗d = P∗g/(1.5vdg) (Figure 3.3). Here, the load power Pl(t) is assumed as the time dependent

disturbance input to the system.

The tracking error is defined as ẽ = e∗ − e, where, e∗ = V∗2dc/2. For the dynamics described by

(3.30), the Lyapunov function is constructed as

V1 =
1
2

Cẽ2 +
1
2

C̃γ−1C̃ (3.31)

where, the parameter error C̃ is defined as C̃ = Ĉ − C, and 1
2C̃γ−1C̃ is the quadratic term associated
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with the parameter estimation error, and γ is assumed to be a positive constant. Based upon this, a

control law is proposed, which is given as

P∗g = ė∗Ĉ + Pl(t) + K3ẽ (3.32)

where K3 is the scalar gain. The expression for the V̇1 is given as

V̇1 = −K3ẽ2 − ẽė∗C̃ + ˙̂Cγ−1C̃ (3.33)

Defining the dynamics associated with the estimation of C, as ˙̂C = γė∗ẽ, the derivative of the

Lyapunov function can be written as

V̇1 = −K3ẽ2 ≤ 0 (3.34)

It can be shown from Barbalat’s Lemma, that the error ẽ → 0 as t → ∞, and Ĉ and e remain

bounded (Ĉ, e ∈ L∞) which ensures stable operation.

The objective of the control law defined by (3.32) is to regulate the DC bus voltage under the

load uncertainty Pl(t). Furthermore, the load disturbance input Pl(t) is a time-dependent input to the

system, which can be declared as an external disturbance. For precise control of DC bus voltage by

the proposed control law (3.32) an accurate estimate of Pl(t) is required. Hence, an ESO is designed

to estimate the load disturbance, which models the external load disturbance (Pl(t)) as the new state

of the system. Using the linear ESO formulation, as given in [52], the dynamics (3.30) can further be

represented as

C ˙̂e = P∗g − P̂l(t) + α1(e − ê)

˙̂Pl(t) = −α2(e − ê)
(3.35)

where, α1 and α2 has to satisfy the condition of Hurwitz stability, for the polynomial expression given

by χ2 + α1
C χ +

α2
C .

The observation error is denoted by εe = e − ê and εPl = Pl(t) − P̂l(t), and the error dynamics can
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be represented as

Cε̇e = −α1εe − εPl

ε̇Pl = α2εe + h(t)
(3.36)

where, h(t) = Ṗl(t) is the rate of change in the load.

From (3.36) the extended state system can be expressed as

ε̇ = Aε + φ (3.37)

where, A =

 −
α1
C − 1

C

α2 0

, ε =
[
εe εPl

]T

and φ =
[

0 h(t)
]T

.

Lemma 1 [88]: For any bounded function f (t), ∃ a scalar δ such that the observed states of the

system defined in (3.37) are bounded, ∥ε∥ ≥ δ ∀t ≥ T ≥ 0.

The proof of the Lemma 1 can be found in [52].

Based on the estimation (P̂l), the controller expression is given as

P∗g = µ(ẽ) + P̂l(t) (3.38)

where, µ(ẽ) = K3ẽ + ė∗Ĉ.

This leads to the following expression of regulation error dynamics

C ˙̃e = −K3ẽ − ė∗C̃ + εPl . (3.39)

To implement the voltage controller, the control law given by (3.38) is used where the term for

the external load disturbance (P̂l(t)) is estimated by the ESO. The ESO is implemented using the

expression given by (3.35).

Remark 3: In general, for both the current and voltage controllers the tracking error not only

tends to zero asymptotically, instead, it converges within finite time, determined by the gain matrices

K, Λ and gains K3, γ. These gains are limited by different factors such as noise to signal ratio (in

measurement), high-frequency unmodeled dynamics.
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3.4 Parameters selection procedure

To ensure the stability of the system, both Kii and Λii must be positive. The choice of Λii de-

pends on how quickly the controller adapts to the change in the parameters of the system, but for a

practical system, it cannot be set to a large value due to the presence of measurement noise in the

sensed signal. The high value of Kii increases the bandwidth, so the response is much faster, but it

affects the disturbance rejection capabilities of the controller and also increases the peak overshoot.

Hence, an optimal value is decided based on the simulation done in Matlab. The environment for the

simulation study is given in the table below (Table- 3.1). Three desired control criteria like settling

time, maximum overshoot and the steady-state RMS error is plotted (Figures 3.4, 3.5 and 3.6), when

d- axis reference current i∗d is changed from 5 A to 8 A. The plots are taken for different combination

of Kii and Λii, where Kii varies from 0.05 to 0.19 with an increment of 0.02 and Λii varies from 1/400

to 1/1000. The study has been done for three different values of the inductor, which proves that the

proposed controller is adaptive to any parametric change. It can be seen from Figures 3.4, 3.5 and 3.6

that 0.07 to 0.11 is the optimal value for Kii whereas, for Λii the controller introduces disturbances

for all the inductors at values close to 1/200. Λii can be as low as 1/1200 and this value is working

with all combinations of Kii. In addition to that, the designed controller is working fine for the range

below and above 50% of the input ac voltage (230 V phase-neutral). It is to be noted that, similar

phenomena are observed when a step-change is employed in q- axis reference current (i∗q), though

plots are provided only for the d-axis current.

As the voltage and current controller form a cascade control structure, the gain of the outer loop

controller are kept typically ten times lower than the Kii. The choice of adaptive gain γ is likewise.

According to the Hurwitz stability criterion, the parameters (α1 and α2) of ESO should be posi-

tive. In general, a larger ESO bandwidth will produce more accurate estimation, but it will be more

sensitive towards the noise.
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Figure 3.4: Plots of settling time with respect to controller gains (Kii) for different values of filter parameters
for step-change in id at different Λii

3.5 Simulation results and discussion

The proposed current and voltage control algorithm is simulated in Matlab, and the results of the

simulation experiments are provided below. The nominal value of the grid filter is chosen as L f = 15

mH and r f = 0.5Ω and the DC load resistance is chosen as Rdc = 200Ω. The results of the simulation

experiments are provided below.

3.5.1 Performance evaluation of the proposed current controller

The dynamic performances of the proposed adaptive MIMO current controller are evaluated by

employing step-changes in d and q-axis reference currents. During the performance evaluation of

current controller, the voltage controller is deactivated.
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Figure 3.5: Plots of maximum peak with respect to controller gains (Kii) for different values of filter parameters
for step-change in id at different Λii

3.5.1.1 First case: step-change in reference d-axis current

For this test, the q-axis current (i∗q) is fixed at 0 A and a step-change of 5 A (from 6 A to 11 A)

is employed to the d-axis reference current (i∗d) at 5 s. It can be observed from Figure 3.7(a) that the

Table 3.1: System parameters for simulation study

Parameters Values
Discrete power Gui 1 microsecond
Algorithm sampling rate 5 kHz
Converter switching frequency 5 kHz
Phase-neutral voltage in rms 230 V
Source frequency ωg 50 Hz
Filter inductance L f 15 mH, 20 mH, 25 mH
Voltage Reference (DC) Vdc 700 V
DC load resistance (RL) 200 Ω
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Figure 3.6: Plots of steady state rms error with respect to controller gains (Kii) for different values of filter
parameters for step-change in id at different Λii

measured current tracks the reference current within 5 ms. Since i∗q = 0, the phase-a voltage va and

phase-a current ia are in same phase (Figure 3.7(b)). Since i∗d is changed, a change is also observed at

5 s for the DC bus voltage (Vdc) (Figure 3.7(c)).

3.5.1.2 Second case: step change in reference q-axis current

For this test, the d-axis current (i∗d) is fixed at 11 A and a step change of 5 A (from 0 A to -5 A)

is employed to the q-axis reference current (i∗q) at 7 s. It can be observed from Figure 3.8(a) that the

measured current tracks the reference current within 5 ms. Since i∗q= -5 A, the phase-a voltage va and

phase-a current ia has phase difference (Figure 3.8(b). Since i∗d is kept at constant value, the DC bus

voltage (Figure 3.8(c)) remains unchanged during the transition in i∗q.
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Figure 3.7: Simulation result regarding the performance of the proposed adaptive current controller under the
step change in i∗d from 6 A to 11 A; (a) Plots dq- axis currents; (b) Plots of phase-a voltage and current; (c) Plot
of DC bus voltage.
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Figure 3.8: Simulation result regarding the performance of the proposed adaptive current controller under the
step change in i∗q from 0 A to -5 A; (a) Plots dq- axis currents; (b) Plots of phase-a voltage and current; (c) Plot
of DC bus voltage.
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3.5.2 Performance evaluation of the proposed ESO-based voltage controller

The proposed current controller performs excellently under the step changes while fulfilling dif-

ferent performance criteria like fast convergence, low overshoot, and least perturbation. For testing

the proposed voltage controller, the proposed current controller is utilized in the inner control loop.

During the test of the proposed ESO-based voltage controller, a step change in load resistance is em-

ployed across the DC link capacitor, and the dynamic performance of the proposed voltage control

strategy is shown in Figure 3.9. During this test, the performance of the proposed voltage controller

is evaluated by changing the load resistance suddenly across the DC bus (from 100 Ω to 200 Ω) at 4

s. The DC bus voltage and the DC load current is plotted and shown in Figure 3.9(c). Figure 3.9(a)

represents the corresponding d and q-axis currents and Figure 3.9(b) represents the corresponding

phase-a voltage and current. From Figure 3.9(c), it can be observed that the DC bus voltage settles

down within 300 ms. The proposed voltage controller shows excellent performance in terms of peak

overshoot and an overshoot of 6.5 V can be observed in Figure 3.9(c).

3.6 Experimental results and discussion

The effectiveness of the proposed control algorithm is validated through practical experiments

conducted in the laboratory, and its performance is compared with the PI-based controller. The de-

scription of nominal parameters for the experimental test setup is given in Table-3.2, and the exper-

imental setup is shown in Figures 3.10 and 3.11. The voltage is fed to the converter by an auto-

transformer, and for the DC load, a resistive load connected across the DC link capacitor is used.

The different gains associated with both of the controllers are shown in Table-3.3. The experimental

observations related to proposed controllers are given in subsequent subsections. The full picture of

the experimental setup can be found in Appendix A (Figure A.1).

3.6.1 Current controller performance

The dynamic performance of the current controller is evaluated by a step change in the refer-

ence quantities. During the evaluation of the current controller performance, the voltage controller

is disabled. For the first case, the reference i∗d has a step change from 1 A to 2 A, while keeping i∗q
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Figure 3.9: Simulation result regarding the performance of the proposed voltage controller under the step
change of 100 Ω in load resistance; (a) Plots dq- axis currents. (b) Plots of phase-a voltage and current. (c) Plot
of DC bus voltage.
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Table 3.2: Nominal parameters for experimental system

Parameters Values
L-L voltage in rms 17 V
Nominal frequency ωg 50 Hz
Voltage Reference (DC) Vdc 50 V
Filter inductance L f 15 mH
Parasitic resistance r f 0.5 Ω
ADC sampling rate 5 kHz
Converter switching frequency 5 kHz

Three phase IGBT based Inverter Resistive load of the DC bus

Auto-transformer

DSC (TMS320F28335)

PWM-DAC module (LTC2645)

Figure 3.10: Laboratory test setup for hardware experimentation
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Figure 3.11: Schematic of the experimental test setup
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Table 3.3: Controller parameters for experimental system

Adaptive control parameters Values
Current control loop (Kii and Λii) 0.11 and 0.2
Voltage control loop K3 and γ 0.01 and 0.02
ESO parameters α1 and α2 0.5 and 30
PI regulator Values
Current control loop kp and ki 11 and 0.4
Voltage control loop kp1 and ki1 0.11 and 0.05

constant. For the second case, the q-axis component of the current i∗q is changed from -1 A to 0 A

keeping i∗d constant. i∗q = 0 demonstrates the ability of the control algorithm to switch to unity power

factor (UPF) mode. The oscilloscope snapshots are presented to show the transient performance of

the proposed control algorithm (Figure 3.12- Figure 3.16). The value of id and iq are taken from the

PWM DAC module (LTC2645). The DC bus voltage, the phase-a voltage and current are observed

using the voltage and current probes.

3.6.1.1 Proposed current controller performance under the step change in d-axis reference
current

The First test is done by keeping the i∗q constant, and changing the reference value for the d-

axis current i∗d from 1 A to 2 A, as shown in Figure 3.12 and Figure 3.13. It is observed from

the performance curve depicted by Figures 3.12(a) and 3.13(a), that both the controllers achieve the

control task within one cycle and without any overshoot, but small oscillation is observed in the q-axis

current with the PI controller (Figure 3.12(a)). Since id is directly related to the DC bus voltage, a

change in id results into the change in the DC voltage (Figures 3.12(a) and 3.13(a)).

3.6.1.2 Proposed current controller performance under the step change in q-axis reference
current

The second test is done by keeping the i∗d constant, and changing the reference value for the q-axis

current i∗q from -1 A to 0 A, as shown in Figure 3.14 and Figure 3.15. Both the controller track the

reference within one cycle without any significant overshoot. The presence of some oscillation in iq

and Vdc is observed with the PI controller (Figure 3.14(a)) whereas the proposed controller shows an

excellent tracking performance without any oscillation (Figure 3.15(a)).
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Current iq

Step change (id)*

Current id

DC bus voltage (20V/div)

(a)

Step change (id)*

Phase-a current (1A/div) and voltage (5V/div)

(b)

Figure 3.12: Experimental result regarding the performance of PI current controller under the step change in
i∗d from 1 A to 2 A in UPF; (a) DC bus voltage and dq- axis currents. (b) Phase-a voltage and current.

Current iq

Step change (id)*

Current id

DC bus voltage (20V/div)

(a)

Phase-a current (1A/div) and voltage (5V/div)

Step change (id)*

(b)

Figure 3.13: Experimental result regarding the performance of the proposed adaptive current controller under
the step change in i∗d from 1 A to 2 A in UPF; (a) DC bus voltage and dq- axis currents. (b) Phase-a voltage and
current.
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Current iq

Step change (iq)*

Current id

DC bus voltage (20V/div)

(a)

Step change (iq)*

Phase-a current (1A/div) and voltage (5V/div)

(b)

Figure 3.14: Experimental result regarding the performance of PI current controller under the step change in
i∗q from -1 A to 0 A; (a) DC bus voltage and dq- axis currents. (b) Phase-a voltage and current.

Current iq

Step change (iq)*

Current id

DC bus voltage (20V/div)

(a)

Step change (iq)*

Phase-a current (1A/div) and voltage (5V/div)

(b)

Figure 3.15: Experimental result regarding the performance of the proposed adaptive current controller under
the step change in i∗q from -1 A to 0 A; (a) DC bus voltage and dq- axis currents. (b) Phase-a voltage and
current.
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3.6.1.3 Proposed current controller performance under parametric variations

For evaluating the controller performance under parametric variations, one 2 mH inductor has

been added in series with the existing 15 mH inductor in each phase. During the closed-loop operation

of the current controller, the 2 mH inductors have been suddenly bypassed by providing a conducting

path across it. This results in a step change in filter parameters. It is observed from Figure 3.16(a)

that the effect of the step change in the parameter variation does not introduce any variation in the

currents id, iq and DC bus voltage. The yellow trace of Figure 3.16(b) represents the current flowing

through the conducting path across the 2 mH inductor of phase-a. It can be seen from Figure 3.16(b)

that after shorting the inductor, the total current of phase-a represented by the blue trace flows through

the parallel path (yellow trace) and the 15 mH series inductor. Thus the inductor of 2 mH has been

bypassed. From Figure 3.16(a), it can be observed that the designed current controller is insensitive

to the variation of the L f - filter parameter.

Step change in inductance (2 mH)

DC bus Voltage (20V/div)

Current iq

Current id

(a)

Phase-a current (1A/div) and voltage (5V/div)

Phase-a current (2A/div) in the parallel path of 2 mH 

inductor

Step change 

(b)

Figure 3.16: Experimental result regarding the performance of the proposed adaptive current controller under
the step change in inductance of 2 mH; (a) DC bus voltage and dq- axis currents. (b) Phase-a voltage and
current.
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3.6.2 Voltage controller performance under the step change in DC load

The performance of the proposed voltage controller is compared with the PI-based controller, and

shown in Figures 3.17-3.19. During this test, both voltage and current controllers are in operation.

The parameters related to the ESO and the proposed voltage controller are given in Table 3.3. A

step change in the resistive load (116 Ω to 220 Ω) is applied across the DC bus, to observe the

transient performances for both the controllers and the performance curves are shown in Figures

3.17(a) and 3.19(a). The settling time for the proposed controller is 300 ms approximately (Figure

3.19(a)), whereas the settling time for the PI regulator is 4 s (Figure 3.17(a)). Hence, the time scale

(Figure 3.17(a)) is chosen as 500 ms/div in the case of PI voltage regulator to capture the transient

performance, whereas the time scale is chosen (Figure 3.19(a)) for the proposed algorithm is 100

ms/div. For both of the controllers, the peak overshoot is approximately 5 V (Figures 3.17(a) and

3.19(a)). It has been checked experimentally, that improving the dynamic performance of the system

by further increasing the bandwidth of the PI-based voltage controller results in instability. Hence, it

is difficult to improve the system’s dynamic performance with the use of the PI controller. Moreover,

it is observed from the phase-a current waveforms (Figures 3.18 and 3.20), that the PI regulator

introduces more disturbances in the supply current than the proposed algorithm.

Current iq

Step change in load 

Current id

DC bus voltage (10V/div)

(a)

Phase-a current (0.5A/div) and voltage (5V/div)

(b)

Figure 3.17: Experimental result regarding the performance of the PI voltage controller under the step change
in DC load (Rdc - 116 Ω to 220 Ω) in UPF; (a) DC bus voltage and dq- axis currents. (b) Phase-a voltage and
current.
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Step change in load

Phase-a current (0.5A/div) and voltage (5V/div)

Figure 3.18: Enlarged view of the phase-a voltage and current under the load step for the PI controller

Current iq

Step change in load 

Current id

DC bus voltage (10V/div)

(a)

Phase-a current (0.5A/div) and voltage (5V/div)

(b)

Figure 3.19: Experimental result regarding the performance of the proposed voltage controller under the step
change in DC load (Rdc - 116Ω to 220Ω) in UPF; (a) DC bus voltage and dq- axis currents. (b) Phase-a voltage
and current.

Step change in load

Phase-a current (0.5A/div) and voltage (5V/div)

Figure 3.20: Enlarged view of the phase-a voltage and current under the load step for the for the proposed
voltage controller
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3.7 Summary

The adaptive control technique is a promising approach to solve the control problem for these

three-phase power converters. The proposed current control algorithm works perfectly under any

step changes. Information about the system parameters is not required for the implementation of the

proposed current controller. Therefore, it can be said that the current controller is independent of the

system parameters variation. For the voltage control, the proposed algorithm performs way better than

the PI voltage controller in terms of fast convergence and high accuracy for any step change in the

DC load. The proposed control algorithm generates a constant switching frequency to control the six

IGBT switches. Due to safety reasons, the DC bus voltage has been kept under 70 V. The experiment

has been done using the supply available in our laboratory. Due to the presence of a large number

of nonlinear loads, the available supply voltage is distorted. However, this proves the robustness of

the controller and the phase-lock-loop (PLL) system. The adaptive nature of the proposed voltage

controller is given up due to the implementation of the extended state observer (ESO). Overall it can

be concluded that the control objective is satisfied with a great deal of accuracy under the parametric

uncertainty by the proposed controller.
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4. Development of a smooth robust current control strategy for the three-phase GSC

4.1 Introduction

The previous Chapter (Chapter 3) was on the design and implementation of adaptive controllers

for grid side converter (GSC). These adaptive controllers are effective but require significant effort for

design. Hence, this Chapter proposes a sliding mode controller (SMC) for the control of GSC. The

design procedure involved in an SMC is much simple, and these techniques are robust to the external

disturbances, and parametric uncertainties. Furthermore, performance criteria like high accuracy,

good convergence rate and fast dynamic response can be realized by these techniques. However,

these techniques suffer from output chattering, which is the inherent problem of first order-based

sliding mode control technique (FOSMC). The literature survey shows some existing methods such

as the use of a low pass filter (LPF) or use of a saturation function instead of sign function [56, 57]

to mitigate the effect of chattering, however, there is a need of some better methods to address this

problem.

In this Chapter, a smooth robust controller based on FOSMC technique is proposed to control the

active and reactive grid currents. Fundamentally, these techniques have an inherent output chattering

problem. In this work, an effort has been made to design a smooth robust controller in the form

of a first-order sliding mode controller so that output chattering can be minimized. The proposed

controller is formulated in dq-domain, and control pulses are generated by means of SINPWM to

drive the power converter. A systematic procedure is provided to formulate the control law, and

special attention is given for achieving chattering free output. This Chapter includes stability proof

along with the procedure to choose the gains for the observer. The Lyapunov-based method is utilized

to choose the sliding gains for the proposed controller.

4.2 Formulation of the smooth robust current controller

To derive the smooth robust current controller, the same dynamic model in dq-domain as discussed

in the previous Chapter (Chapter 3) is used. The dynamic model in dq-domain is expressed as
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4.2 Formulation of the smooth robust current controller

did

dt
= −

r f

L f
id + ωgiq +

vdg

L f
− ud

Vdc

2L f

diq

dt
= −

r f

L f
iq − ωgid +

vqg

L f
− uq

Vdc

2L f

(4.1)

C
d
dt

(Vdc) = Ios − Ior (4.2)

Since the proposed PLL technique (Chapter 2) is used to execute the transformation from three-

phase variable to stationary DC variable hence, vd =
∣∣∣−→v g

∣∣∣ and vq = 0. Therefore, (4.1) can be further

expressed as

did

dt
= −

r f

L f
id + ωgiq +

vdg

L f
− ud

Vdc

2L f

diq

dt
= −

r f

L f
iq − ωgid − uq

Vdc

2L f

(4.3)

4.2.1 Formulation

To fulfil the control objective of maintaining id and iq at their desired level i.e. id → i∗d and iq → i∗q,

a new variable S dq is defined as

S dq =

 S d

S q

 =
i
∗
d − id

i∗q − iq

 (4.4)

Therefore the time derivative of S dq can be written as

Ṡ dq =

 Ṡ d

Ṡ q

 =

di∗d
dt
− did

dt
di∗q
dt
−

diq

dt

 (4.5)

From (4.3), plugging the value of did
dt and diq

dt in (4.5), Ṡ dq can be expressed as

Ṡ d =
di∗d
dt
−

(
−

r f

L f
id + ωgiq +

vd

L f
− ud

Vdc

2L f

)
Ṡ q =

di∗q
dt
−

(
−

r f

L f
iq − ωgid − uq

Vdc

2L f

)
.

(4.6)
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4. Development of a smooth robust current control strategy for the three-phase GSC

Putting Ṡ dq = 0 in (4.6), the expression for the equivalent control law can be derived as

ūd =

{
−

di∗d
dt
+

(
−

r̂ f

L f
id + ω̂giq +

vd

L f

)}
2L f

Vdc

ūq =

{
−

di∗q
dt
+

(
−

r̂ f

L f
iq − ω̂gid

)}
2L f

Vdc

(4.7)

The control law is defined as

ud = ūd −
2L f

Vdc

(
Kd − ϕ̇d

)
sat

(
S d

ϕd

)
uq = ūq −

2L f

Vdc

(
Kq − ϕ̇q

)
sat

(
S q

ϕq

) (4.8)

where Kd = Fd + ηd and Kq = Fq + ηq; ηd, ηq > 0 and Fd ≥
∣∣∣ f̂d − fd

∣∣∣, Fq ≥
∣∣∣ f̂q − fq

∣∣∣.
The saturation function (Figure 4.1) is defined as

sat
(
S
ϕ

)
=


S
ϕ

if |S | ≤ ϕ

sgn(s) if |S | > ϕ
(4.9)

+ 1

- 1

f+f-
S

sat
S

f
æ ö
ç ÷
è ø

Figure 4.1: Saturation Function

Substituting (4.7) into (4.8) and then (4.8) into (4.6), the expression for Ṡ d and Ṡ q can be further

expressed as

Ṡ d =
(

f̂d − fd

)
−

(
Kd − ϕ̇d

)
sat

(
S d

ϕd

)
Ṡ q =

(
f̂q − fq

)
−

(
Kq − ϕ̇q

)
sat

(
S q

ϕq

) (4.10)

where f represents the true dynamics and f̂ is the estimated dynamics. The terms fd, fq and f̂d, f̂q are
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defined as
fd = −

r f

L f
id + ωgiq +

1
L f

vd

fq = −
r f

L f
iq − ωgid.

(4.11)

f̂d = −
r̂ f

L̂ f
id + ω̂giq +

1
L̂ f

vd

f̂q = −
r̂ f

L̂ f
iq − ω̂gid .

(4.12)

4.2.2 Stability analysis

A Lyapunov function is defined subjected to the dynamics given in (4.3) as

V = 0.5S 2
d + 0.5S 2

q (4.13)

The time derivative of the Lyapunov function can be expressed as

V̇ = S dṠ d + S qṠ q. (4.14)

Lyapunov stability theory states that a positive definite function (V) must have a negative definite

first derivative (V̇) for achieving stability.

Replacing Ṡ d and Ṡ q from (4.10) into (4.13), the time derivative V̇ can further be expressed as

V̇ = S d

{(
f̂d − fd

)
−

(
Kd − ϕ̇d

)
sat

(
S d

ϕd

)}
+ S q

{(
f̂q − fq

)
−

(
Kq − ϕ̇q

)
sat

(
S q

ϕq

)}
(4.15)

Since, outside the boundary layer (Figure 4.1) the value of sat
(

S
ϕ

)
= sgn(S ) hence, (4.15) can be

further expressed as

V̇ = S d

(
f̂d − fd

)
−

(
Kd − ϕ̇d

)
|S d| + S q

(
f̂q − fq

)
−

(
Kq − ϕ̇q

) ∣∣∣S q

∣∣∣ (4.16)

Since the boundary layer is invariant [89], once the trajectory reaches the boundary layer within

finite time, it remains within this boundary layer. Outside of this boundary layer, sgn(S ) is same as

sat
(

S
ϕ

)
. Moreover, outside of this boundary layer S > ϕ hence, S − ϕ should decrease as t → ∞.
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Therefore, if the time derivative of S is considered, then the time derivative of ϕ should also be

considered. In other words, the condition of stability outside the boundary layer is expressed as

0.5
d
dt

S 2 ≤
(
ϕ̇ − η

)
|S | . (4.17)

Therefore it can be understood that if sgn(S ) is used, then the condition on stability would be

0.5 d
dt S

2 ≤ −η |S |, now due to the use of sat
(

S
ϕ

)
, the extra condition on stability is

(
ϕ̇ − η

)
|S | (4.17).

Hence, for a stable system the following condition should satisfy

V̇ ≤
(
ϕ̇d − ηd

)
|S d| +

(
ϕ̇q − ηq

) ∣∣∣S q

∣∣∣ (4.18)

If, Kd and Kq are replaced as Kd = Fd + ηd and Kq = Fq + ηq, then (4.16) can be further expressed

as

V̇ = S d

(
f̂d − fd

)
− Fd |S d|︸                     ︷︷                     ︸

xd

+
(
ϕ̇d − ηd

)
|S d| + S q

(
f̂q − fq

)
− Fq

∣∣∣S q

∣∣∣︸                     ︷︷                     ︸
xq

+
(
ϕ̇q − ηq

) ∣∣∣S q

∣∣∣
(4.19)

It is evident from (4.19) that, if S d and
(

f̂d − fd

)
has the same sign and if Fd =

∣∣∣ f̂d − fd

∣∣∣, then

xd = 0; similarly, if S q and
(

f̂q − fq

)
has the same sign and if Fq =

∣∣∣ f̂q − fq

∣∣∣, then xq = 0. Hence, it can

be said that if Fd and Fq is chosen sufficiently large, then xd ≤ 0 and xq ≤ 0 and the stability condition

(4.18) is satisfied. Therefore, the control law given by (4.8) stabilize the system defined by (4.3).

4.2.3 Choice of gains

The terms Fd and Fq are unknown, hence, to ensure the stability condition (4.18) Fd and Fq are

defined as

Fd =

∣∣∣∣∣∣− r̂ f

L̂ f
id + ω̂giq +

vd

L̂ f

∣∣∣∣∣∣
Fq =

∣∣∣∣∣∣− r̂ f

L̂ f
iq − ω̂gid

∣∣∣∣∣∣ .

(4.20)

Lets,

λd =
Kd − ϕ̇d

ϕd

λq =
Kq − ϕ̇q

ϕq
.

(4.21)
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4.2 Formulation of the smooth robust current controller

therefore, the expression of ϕd and ϕq can be written as

ϕd =
Kd − ϕ̇d

λd

ϕq =
Kq − ϕ̇q

λq

(4.22)

where, λd, λq > 0 are the chosen gains.

The expression (4.22) can be rewritten as

ϕ̇d + λdϕd = Kd

ϕ̇q + λqϕq = Kq

(4.23)

The expression (4.23), looks like a first order low pass filter with a time constant of the order 1
λd

and 1
λq

. Neglecting the time constant, it can be said very loosely that, ϕd ≈ Kd
λd

and ϕq ≈ Kq

λq
. Now,

assuming ηd, ηq are very small, it can be said that Kd ≈ Fd and Kq ≈ Fq. Therefore, the expression of

ϕd and ϕq can be rewritten as

ϕd ≈
Kd

λd
≈ Fd

λd

ϕq ≈
Kq

λq
≈

Fq

λq

(4.24)

The gains can be chosen in a straight forward manner as it has been already mentioned that ηd, ηq >

0 and λd, λq > 0. During the derivation of (4.24), it is assumed that the ηd and ηq are very small;

hence, after some trial run the values are decided and chosen as ηd, ηq = 0.02. For λd and λq, any

positive number would not serve the purpose. It is observed that the high value of λd and λq produce

large overshoot, consequently delaying the settling time, in addition to that, output oscillation is

observed for the high values. After some trial run the values are decided and chosen as λd, λq = 1000.

During the trial runs, attention has been given to find out the controller gains that meet the control

objective while fulfilling the different performance criteria like fast convergence, low overshoot, and

high accuracy. The schematic diagram of the structure of the controller is given in Figure 4.2.
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idq

Sdq-
control law (4.8)

vd

udq

Vdc

iq*iq*

id*id*
idq*idq*

+

idq*idq* idq

,d qh h

sat
dq

dq

S

f

,d ql l

dqfdqdqd

dt +
-

dqf dqK

-1

Online gain calculation 

(4.20 & 4.24)

Figure 4.2: Schematic diagram of the controller.
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Figure 4.3: Schematic diagram of the total system.

4.3 Simulation results and discussion

The simulation study is done by setting the three-phase grid voltage at 230 V phase-neutral, 50 Hz,

the nominal values of the grid inductance L f is taken as 15 mH, and the parasitic resistance is taken

as 0.5 Ω. The DC load resistance is chosen as 200 Ω, and the DC bus capacitance is chosen as 2350

µF. Step changes are employed to the d-axis and q-axis currents to evaluate the dynamic performance

of the controller, and the performances curves are shown below (Figures 4.4-4.5). The schematic

diagram of the total system is presented in Figure 4.3. In addition to these tests, the performance of

the designed controller is also evaluated under the step-change in the grid filter parameters.
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4.3 Simulation results and discussion

4.3.1 First case: step change in d-axis reference current

For this test, the q-axis current (i∗q) is fixed at 0 A and a step change of 5 A (from 6 A to 11 A)

is employed to the d-axis reference current (i∗d) at 3 s. It can be observed from Figure 4.4(a) that the

measured current tracks the reference current within 5 ms. Since i∗q = 0, the phase-a voltage va and

phase-a current ia are in same phase (Figure 4.4(b)). Since i∗d is changed, a change is also observed at

3 s for the DC bus voltage (Vdc) (Figure 4.4(c)).
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Figure 4.4: Simulation result regarding the performance of the proposed FOSMC current controller under the
step change in i∗d from 6 A to 11 A; (a) Plots of dq- axis currents. (b) Plots of phase-a voltage and current. (c)
Plot of DC bus voltage.
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4.3.2 Second case: step change in q-axis reference current

For this test, the d-axis current (i∗d) is fixed at 11 A and a step change of 5 A (from 0 A to -5 A)

is employed to the q-axis reference current (i∗q) at 6 s. It can be observed from Figure 4.5(a) that the

measured current tracks the reference current within 5 ms. Since i∗q= -5 A, the phase-a voltage va and

phase-a current ia has phase difference (Figure 4.5(b)). Since i∗d is kept at constant value, the DC bus

voltage (Figure 4.5(c)) is unchanged during the transition in i∗q.
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Figure 4.5: Simulation result regarding the performance of the proposed FOSMC current controller under the
step change in i∗q from 0 A to -5 A; (a) Plots of dq- axis currents. (b) Plots of phase-a voltage and current. (c)
Plot of DC bus voltage.
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4.3.3 Current controller performance under the step change in grid filter parameters

For this test, the d-axis current (i∗d) is fixed at 11 A and a step change is employed to the filter

inductance (20 mH to 10 mH) and parasitic resistance (1 Ω to 0.5 Ω) associated it at 4 s (Figure

4.6(a)). It can be observed from Figure 4.6 that the measured current tracks the reference current

perfectly without any problem.
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Figure 4.6: Simulation result regarding the performance of the proposed FOSMC current controller under the
step change in grid filter parameters; (a) Plots of filter parameters. (b) Plots of dq- axis currents. (c) Plots of
phase-a voltage and current.
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4.4 Experimental results and discussion

The experimental test setup consists of a Semikron make three-phase, four-leg insulated gate bipo-

lar transistor (IGBT) based pulse width modulated (PWM) converter connected with the distribution

grid of 50 Hz by means of an auto-transformer. Three 15 mH inductors are used as the passive filters,

the nominal value of the parasitic resistance of these inductors are found as 0.5 Ω. The controller

algorithm is implemented on a 150 MHz, TMS320F28335 digital signal controller (DSC) kit. The

three-phase voltage, current and the DC bus voltage are sensed through Hall-effect sensors. These

analogue signals are then sampled at 5 kHz on the DSC kit. The control algorithm runs at 5 kHz, and

the converter switching frequency is set at 5 kHz. The dynamic performance of the designed con-

troller is evaluated for two test cases, and the performance curves are given below (Figures 4.7-4.8).

The experimental tests are performed by setting the grid voltage as 17 V L-L and by choosing the DC

load resistance as 116 Ω.

4.4.1 First case: step change in d-axis reference current

For this test, the q-axis reference current (i∗q) is set at 0 A and step change is employed in d-

axis reference current (i∗d). i∗d is changed from 1 A to 2 A, and performance curves are plotted and

represented in Figure 4.7. It is observed from Figure 4.7(a) that the id tracks the i∗d within 10 ms

without any overshoot. Since id is changed from 1 A to 2 A, the DC bus voltage is also changed from

50 V to 60 V approximately. Since iq = 0 A and id changes from 1 A to 2 A, the peak value of phase-a

current (ia) also changes from 1 A to 2 A. The time scale is chosen as 100 ms/div for plotting the DC

bus voltage (Vdc), and dq-axis currents (id and iq). The time scale is chosen as 10 ms/div to plot the

phase-a voltage (va) and current (ia). For the plotting of Vdc, 20 V/div is chosen, and to plot va and ia,

5 V/div and 1 A/div is chosen respectively.

4.4.2 Second case: step change in q-axis reference current

The d-axis reference current (i∗d) is set at 1 A and suddenly reference q-axis current (i∗q) is changed

from -1 A to 0 A. From Figure 4.8(a), it is observed that within 10 ms, iq follows the reference current

i∗q. In addition to that, no overshoot is observed for the measured iq (Figure 4.8(a)). Corresponding
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Vdc(20 V/div)

id

iq

Step change (id*)

(a)

va (5 V/div)ia (1 A/div)

Step change (id*)

(b)

Figure 4.7: Experimental result regarding the performance of the proposed FOSMC current controller under
the step change in i∗d from 1 A to 2 A; (a) Plots dq- axis currents. (b) Plots of phase-a voltage and current.

phase-a voltage (va) and current (ia) are shown in Figure 4.8(b). It is observed from Figure 4.8(b)

that, as soon as the i∗q changes from -1 A to 0 A, the phase-a current (ia) aligned itself to the phase-a

voltage (va). Thus, a unity power factor operation of the power converter is achieved. The time scale

is chosen as 100 ms/div to plot Vdc, id and iq. The time scale is chosen as 10 ms/div to plot va and

ia. For the plotting of Vdc, 20 V/div is chosen, and to plot va and ia , 5 V/div and 1 A/div is chosen

respectively.
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iq
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Vdc(20 V/div)
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Figure 4.8: Experimental result regarding the performance of the proposed FOSMC current controller under
the step change in i∗q from - 1 A to 0 A; (a) Plots dq- axis currents. (b) Plots of phase-a voltage and current.
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4.5 Summary

A smooth robust current controller is proposed to control the grid currents of the GSC. Since

fundamentally sliding mode control (SMC) based methods have the problem of chattering; hence,

this work proposed a modified control law to mitigate the chattering effect. From the simulation

results, it is observed that the chattering is absent in the output curves of id and iq. The derivation

of the controller, along with the stability analysis, are provided in a systematical way. In addition to

that, the Lyapunov method is utilized to find the sliding gains for the controller. It can be observed

from both the simulation and experimental results that the control algorithm could meet its control

objectives while fulfilling the various performance criteria. The transient response of the proposed

controller is found very promising.
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5. Development of a robust observer in the form of a first-order sliding mode observer (FOSMO) for the
rotor speed and position estimation of DFIG

5.1 Introduction

This Chapter includes sensorless/encoderless voltage and frequency control of a standalone doubly-

fed induction generator (DFIG) based wind energy conversion system (WESC). The work presented

in this Chapter proposes a new estimator/observer and evaluates its performances by controlling the

terminal voltage of a standalone DFIG system through voltage loop control. The proposed speed esti-

mator is designed based on the sliding mode observer (SMO) technique, which makes the estimation

algorithm robust under parametric variations and external disturbances. The designed observer com-

pute the rotor position directly by integrating the estimated speed. The proposed observer requires the

measurement of stator voltage and current for estimating the speed. Stator current and rotor flux are

used as the states for the designed observer. An important feature of the designed observer is that the

design procedure does not require any mechanical parameters of the DFIG system, which makes the

observer design independent of mechanical parameters. Lyapunov stability criteria are used to derive

the sliding gains for the observer, which makes the observer stable. Simulation and experimental

results are presented to show the efficacy of the designed observer in terms of high accuracy, and fast

convergence rate under different steady-state and dynamic conditions. The estimated rotor speed and

position are utilized in real-time to control the magnitude of the stator voltage of a standalone DFIG

system, which validates the performance of the observer.

5.2 Dynamic model of the DFIG

The dynamic model of the DFIG is expressed in stationary reference frame (αβ) considering

stator currents and rotor fluxes as the states [6]. The derivation of the dynamic model is provided in

Appendix B.

diαs

dt
= aiαs + cψαr + dωrψβr + bvαs − hvαr (a)

diβs

dt
= aiβs − dωrψαr + cψβr + bvβs − hvβr (b)

dψαr

dt
= giαs − fψαr − ωrψβr + vαr (c)

dψβr

dt
= giβs + ωrψαr − fψβr + vβr (d)


(5.1)

80
TH-2759_136151001



5.3 Observer design procedure

where, vαs and vβs are the stator voltages, iαs and iβs are the stator currents, ψαr and ψβr are the rotor

fluxes and the rotor voltages are expressed as vαr and vβr.

The parameters related to the dynamic model (5.1) are defined as a = −
(

Rs
σLs
+

L2
m

σLsτrL′r

)
, b = 1

σLs
,

c = 1
eτr

, d = 1
e , e = σLsL′r

Lm
, f = 1

τr
, g = Lm

τr
, h = Lm

σLsL′r
, τr =

Lr
R′r

, σ = 1 − L2
m

LsL′r
. The stator and rotor

resistances are expressed as Rs and R′r, stator and rotor inductances are expressed as Ls and L′r and the

mutual inductance is expressed as Lm. The leakage factor is considered as σ. The detailed dynamical

model of the DFIG is shown in Appendix B-(B.12).

The rotor voltages are calculated directly using the expression given (5.2) below

v⃗r = e jθr v⃗ sl
r = m⃗ sl

r n
Vdc

2
(5.2)

where θr is the rotor position, v⃗r =

[
vαr vβr

]T

is the rotor voltage vector in stator frequency, v⃗ sl
r =[

vsl
αr vsl

βr

]T

is the rotor voltage vector in slip frequency, n is the stator to rotor turns ratio, Vdc is

the DC bus voltage across the RSC, and m⃗ sl
r =

[
msl
αr msl

βr

]T

is the modulating signal vector in slip

frequency. The three-phase stator voltages and currents are measured and transformed into two-phase

stationary αβ reference frame. These transformed voltages and currents are then used to develop the

observer model which is discussed in the next section.

5.3 Observer design procedure

In this section the detailed derivation of the robust speed observer in stationary reference frame

(αβ) is carried out using the Lyapunov stability criteria.
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5. Development of a robust observer in the form of a first-order sliding mode observer (FOSMO) for the
rotor speed and position estimation of DFIG

5.3.1 Observer model

Considering the dynamic model defined in (5.1) an observer model is proposed below (5.3).

dîαs

dt
= aîαs + cψ̂αr + dω̂rψ̂βr + bvαs − hvαr + Λ1uα (a)

dîβs

dt
= aîβs − dω̂rψαr + cψ̂βr + bvβs − hvβr + Λ2uβ (b)

dψ̂αr

dt
= gîαs − f ψ̂αr − ω̂rψ̂βr + vαr − Λ3uα (c)

dψ̂βr

dt
= gîβs + ω̂rψ̂αr − f ψ̂βr + vβr − Λ4uβ (d)

dω̂r

dt
= λ

[
d
(
ĩβsψ̂αr − ĩαsψ̂βr

)
−

(
ψ̃βrψ̂αr − ψ̃αrψ̂βr

)]
(e)



(5.3)

where îαs, îβs, ψ̂αr, ψ̂βr and ω̂r are the estimated quantities, Λ1, Λ2, Λ3, Λ4 are the gains for the current

and flux observers and λ > 0 is the gain for the speed estimator and uα = sgn(ĩαs), uβ = sgn(ĩβs),

ĩαs = îαs − iαs, ĩβs = îβs − iβs, ψ̃αr = ψ̂αr − ψαr and ψ̃βr = ψ̂βr − ψβr. The switching function (sgn(∗)) can

be defined as

sgn (∗) =


1, if ∗ > 0

−1, if ∗ < 0
(5.4)

The error dynamics of the stator current and rotor flux can be written as

dĩαs

dt
= aĩαs + cψ̃αr + dω̂rψ̃βr + dω̃rψ̂βr + Λ1uα (a)

dĩβs

dt
= aĩβs − dω̂rψ̃αr − dω̃rψ̂αr + cψ̃βr + Λ2uβ (b)

dψ̃αr

dt
= gĩαs − f ψ̃αr − ω̂rψ̃βr − ω̃rψ̂βr − Λ3uα (c)

dψ̃βr

dt
= gĩβs + ω̂rψ̃αr + ω̃rψ̂αr − f ψ̃βr − Λ4uβ (d)


(5.5)

where ω̃r = ω̂r−ωr. It is to be noted that, for deriving the error equations (5.5) all the DFIG parameters

are assumed to be known.
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5.3.2 Formulation of the observer gains

A Lyapunov function is chosen subjected to the error dynamics defined in (5.5).

V =
1
2

ĩ 2
αs +

1
2

ĩ 2
βs +

1
2
ψ̃2
αr +

1
2
ψ̃2
βr +

1
2λ
ω̃2

r (5.6)

The time derivative of the Lyapunov function (V) is expressed as

V̇ = ĩαs
˙̃iαs + ĩβs

˙̃iβs + ψ̃αr
˙̃ψαr + ψ̃βr

˙̃ψβr +
ω̃r

λ

dω̂r

dt
(5.7)

Since the mechanical dynamics is very slow compared to the electrical dynamics of a DFIG, ωr is

considered as constant in (5.7).

Plugging (5.5) into (5.7) the V̇ can be rewritten as

V̇ = ĩαs

(
aĩαs + cψ̃αr + dω̂rψ̃βr + dω̃rψ̂βr + Λ1uα

)
+ ĩβs

(
aĩβs − dω̂rψ̃αr − dω̃rψ̂αr + cψ̃βr + Λ2uβ

)
+ψ̃αr

(
gĩαs − f ψ̃αr − ω̂rψ̃βr − ω̃rψ̂βr − Λ3uα

)
+ ψ̃βr

(
gĩβs + ω̂rψ̃αr + ω̃rψ̂αr − f ψ̃βr − Λ4uβ

)
+
ω̃r

λ

dω̂r

dt

(5.8)

Replacing, dω̂r
dt into (5.8) from (5.3(e)) and segregating the terms containing ω̃r in (5.8), the (5.8)

can be further expressed as

V̇ = ĩαs

(
aĩαs + cψ̃αr + dω̂rψ̃βr + Λ1uα

)
+ ĩβs

(
aĩβs − dω̂rψ̃αr + cψ̃βr + Λ2uβ

)
+ψ̃αr

(
gĩαs − f ψ̃αr − ω̂rψ̃βr − Λ3uα

)
+ ψ̃βr

(
gĩβs + ω̂rψ̃αr − f ψ̃βr − Λ4uβ

)
+ ω̃r

[
d
(
ĩαsψ̂βr − ĩβsψ̂αr

)
+

(
ψ̃βrψ̂αr − ψ̃αrψ̂βr

)]︸                                                  ︷︷                                                  ︸
x1

+ ω̃r

[
d
(
ĩβsψ̂αr − ĩαsψ̂βr

)
−

(
ψ̃βrψ̂αr − ψ̃αrψ̂βr

)]︸                                                  ︷︷                                                  ︸
x2

(5.9)

The terms x1 and x2 cancel each other in (5.9). According to the Lyapunov stability criteria for sta-

bility, a positive definite Lyapunov function (V) should have a negative definite first-order derivative

(V̇). Therefore, to make V̇ negative, Λ1,Λ2,Λ3 and Λ4 should be chosen appropriately.

Now, ψ̃αr and ψ̃βr are unknown, as ψαr and ψβr are not measurable quantities. To cope with this,

let us assume that the current and the flux estimation errors are really small. Thus, it is reasonable to
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say that ĩαs + ψ̃αr ≈ 0 and ĩβs + ψ̃βr ≈ 0. Hence, the flux estimation errors can be written in terms of

current estimation errors (5.10). Similar type of assumption can be found in [91].

ψ̃αr = −ĩαs

ψ̃βr = −ĩβs

(5.10)

Replacing, ψ̃αr and ψ̃βr as −ĩαs and −ĩβs in (5.9), the (5.9) can be further expressed as

V̇ = ĩαs

(
aĩαs − cĩαs − dω̂r ĩβs + Λ1uα

)
+ ĩβs

(
aĩβs + dω̂r ĩαs − cĩβs + Λ2uβ

)
+ĩαs

(
−gĩαs − f ĩαs − ω̂rψ̃βr + Λ3uα

)
+ ĩβs

(
−gĩβs + ω̂r ĩαs − f ĩβs + Λ4uβ

) (5.11)

It is evident from (5.11) that the terms, aĩαs, aĩβs are negative as a itself is negative and the terms

cĩαs, cĩβs, gĩαs, gĩβs, f ĩαs and f ĩβs are negative. Hence, for the calculation of the current and flux

observer gains, these terms are not considered. Therefore, to make the V̇ negative, the following

conditions (5.12) are required to satisfy.

Λ1 < −
∣∣∣−dω̂r ĩβs

∣∣∣
Λ2 < −

∣∣∣dω̂r ĩαs

∣∣∣
Λ3 < −

∣∣∣−ω̂r ĩβs

∣∣∣
Λ4 < −

∣∣∣ω̂r ĩαs

∣∣∣


(5.12)

As the system will start from zero states, the following gains (5.13) are chosen to fulfil the in-

equalities given by expression (5.12).

Λ1 = −δ1 −
∣∣∣−dω̂r ĩβs

∣∣∣
Λ2 = −δ2 −

∣∣∣dω̂r ĩαs

∣∣∣
Λ3 = −δ3 −

∣∣∣−ω̂r ĩβs

∣∣∣
Λ4 = −δ4 −

∣∣∣ω̂r ĩαs

∣∣∣


(5.13)

where, δi > 0 and i = 1 . . . 4.

It has been already discussed that the flux estimation errors ψ̃αr and ψ̃βr are unknown and assumed
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very small. Therefore, the proposed speed estimation dynamics given by (5.3(e)) can be modified as

dω̂r

dt
= λ

[
d
(
ĩβsψ̂αr − ĩαsψ̂βr

)]
(5.14)

which implies that

ω̂r = λ

∫ [
d
(
ĩβsψ̂αr − ĩαsψ̂βr

)]
dt (5.15)

Further, to improve the dynamic behavior of the speed estimator, a proportional term is added, and

the speed estimation equation (5.15) can be rewritten as

ω̂r = k
[
d
(
ĩβsψ̂αr − ĩαsψ̂βr

)]
+ λ

∫ [
d
(
ĩβsψ̂αr − ĩαsψ̂βr

)]
dt (5.16)

where k > 0 and λ > 0 are the proportional and integral gains for the designed speed observer

respectively.
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Figure 5.1: Schematic diagram of the proposed FOSMO observer.

The schematic diagram of the designed observer is presented in Figure 5.1. The different chosen

gains (δi, k and λ) are provided in Table 5.1. In the observer equations (5.3(a)-5.3(d)), the sign function(
sgn

(
ĩαs

)
and sgn

(
ĩβs

))
is replaced with a tan-sigmoid function to minimize the chattering effect,

which is a well-known solution for countering chattering effect, where the tan-sigmoid function can
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be defined as

tansig(∗) = 2
1 + e−2∗ − 1 (5.17)

Table 5.1: Observer gains.

Gains δi k λ

Simulation 10 80 850
Hardware 10 60 600

5.4 Sensorless voltage and frequency control

The reference angular frequency (ω∗s) of the stator voltage is the summation of the angular slip-

frequency (ω̂sl) and the estimated rotor speed (ω̂r) available from the designed speed observer.

ω∗s = ω̂r + ω̂sl =⇒ ω̂sl = ω
∗
s − ω̂r (5.18)

Dividing both side of (5.18) by
(

2
pi

)
, the relationship between different frequencies is expressed as

f̂sl = f ∗s − f̂r (5.19)

where f ∗s is the reference frequency of the stator voltage, fsl is the rotor current frequency or slip

frequency and f̂r is the rotor frequency related to the estimated rotor speed.

Integrating both side of (5.18), the slip position is expressed as∫
ω̂sldt =

∫
ω∗sdt −

∫
ω̂rdt ⇒ θ̂sl = θ

∗
s − θ̂r. (5.20)

This θ̂sl is used to transform the rotor currents and modulating voltages.

For a particular speed and load, the stator voltage amplitude is proportional to the rotor current

amplitude and frequency ( fsl). Hence, the magnitude of the measured stator voltage vector is com-

puted from the orthogonal components in the αβ frame. The error between the reference magnitude

and the computed magnitude is passed through a PI controller. The output signal of the PI controller

is considered as the reference rotor current magnitude. Since the DFIG is operating in stand-alone
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mode, hence the magnetization is done through the rotor. Therefore a negative phase angle (∠-0.85

rad) is chosen as the rotor current phase reference. The polar form of the rotor current vector is further

transformed into a rectangular form and compared with the measured rotor current in dq frame, and

the errors are passed through two PI controllers. The output of the two PI controllers is the reference

rotor voltages for the RSC. Figure 5.2 represents the experimental schematic diagram of the sensor-

less voltage control strategy. The different parameters of the controller are provided in Table 5.2.
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Figure 5.2: Schematic diagram of the experimental system.
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Table 5.2: Controller gains.

Gains kp ki

Voltage controller 1.1 0.0001
Current controllers 15 300

5.5 Simulation results and discussion

A rigorous simulation study is done in Matlab/Simulink to understand the working of the sensor-

less operation of the DFIG in standalone mode. The performance of the designed observer is evaluated

over the typical operating speed range (±30% around the synchronous speed) of a DFIG [6]. The ob-

server is simulated for the speed of 220 rad/s to 410 rad/s (±30% around the synchronous speed) and

found working seamlessly for different dynamic conditions imposed on it. The simulation results are

provided below (Figures 5.3-5.5).

5.5.1 Dynamic performance of the proposed FOSMO observer under the step change in ref-
erence speed

The dynamic performance of the observer is evaluated for a step change in reference speed of 30

rad/s at the interval of 1 s, and the performance curve is shown in Figure 5.3. The estimated speed

catches (±0.5% of the reference speed) the reference speed within 200 ms approximately. At 8 s a

step change of 10 rad/s is employed, where the speed suddenly changes from 400 rad/s to 410 rad/s

and the estimated speed catches the reference speed within 200 ms approximately.

5.5.2 Performance of the proposed FOSMO observer under the ramp change in reference
speed

Observer performance is evaluated for a ramp type of speed change, and the performance curve is

shown in Figure 5.4. The designed observer exhibits excellent performance under the ramp change of

the speed, and the estimated speed follows the reference speed quiet accurately during ramp change

in speed. From 2 s to 4 s the speed ramps up from 250 rad/s to 350 rad/s with a positive slope and

from 6 s to 8 s the speed ramps down from 350 rad/s to 250 rad/s.
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Figure 5.3: Simulation result regarding the performance of the proposed FOSMO observer under the step
change in reference speed.
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Figure 5.4: Simulation result regarding the performance of the proposed FOSMO observer during ramp-change
in reference speed.
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5.5.3 Performance of the proposed FOSMO observer under the step change in mutual induc-
tance

Since the mutual inductance is the most significant parameter of the DFIG, the variation of it

greatly affects the speed estimation algorithm [70]. Observer performance is evaluated under the step

change in mutual inductance Lm, and the performance curves are shown in Figure 5.5. The designed

observer works fine under the change of mutual inductance Lm, and the estimated speed follows the

reference speed quiet accurately. At 3 s the Lm is changed from 365 mH to 182.5 mH, i.e. 50% of the

nominal value, while the machine runs at 250 rad/s. The speed estimation error goes to zero within

100 ms, thus proving the efficacy of the designed observer under the parametric variations.

5.6 Experimental results and discussion

The effectiveness of the designed observer with the sensorless voltage control is validated by

implementing it in the laboratory test setup. The test setup consists of a 3-hp wound rotor induction

machine used as a DFIG coupled with a 3-hp DC motor. Four current sensors are used to sense the

stator and rotor currents, respectively. Three voltage sensors are used to sense the stator voltages and

DC link voltage, respectively. A 150 MHz, TMS320F28335 digital signal controller (DSC) kit is used

to implement the sensorless voltage control scheme for the DFIG. The observer and the controller

run at 5 kHz while the converter’s PWM frequency is set as 2 kHz. Steady-state performance of the

observer is tested for the speeds 209.5 rad/s (1000 rpm), 293.5 rad/s (1400 rpm) and 331.2 rad/s (1580

rpm) approximately. The dynamic performance of the observer is evaluated near the synchronous

speed (314.159 rad/s or 1500 rpm) by applying a sudden step change in armature voltage of the DC

motor, and the speed goes supersynchronous to subsynchronous region. The experimental setup of

the DFIG system is represented in Figure 5.6. The picture of the full setup is given in the Appendix

A (Figure A.2). Due to the low maximum speed limit of the DC motor coupled with the DFIG, the

maximum speed range is restricted to +5.5% above the synchronous speed approximately.
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Figure 5.5: Simulation result regarding the performance of the proposed FOSMO observer during step change
in mutual inductance (a) Step change in mutual inductance (50%). (b) Reference and estimated speed.
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RSCSensors

TMS320F28335

DSC kit

Signal Conditioning circuit

DC bus

DFIG DC Motor

Figure 5.6: Laboratory test rig.

5.6.1 Steady-state performance evaluation of the proposed FOSMO observer

The steady-state performance of the observer in the subsynchronous mode of operation is eval-

uated for the speeds 209.5 rad/s (1000 rpm), and 293.5 rad/s (1400 rpm). From Figures 5.7(a) and

5.8(a), it is observed that the measured speed and the estimated speed are very close to each other and

the error between the estimated speed and the measured speed is less than ±2%. The estimation error

for the rotor position is shown in Figures 5.7(b) and 5.8(b). The estimated position closely matches

the measured position, and the error is less than 0.1 rad (5.73◦). A similar type of performance char-

acteristics is observed for the supersynchronous (331.2 rad/s) mode of operation. The performance
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curves for the supersynchronous mode are shown in Figure 5.9.

Measured speed 

Estimated speed

Speed error

209.5 rad/s

Speed: 150 rad/div 

(a)

Measured rotor position 

Estimated rotor position

Position error

Angle: 2.4 rad/div

Time: 10 ms/div

(b)

Figure 5.7: Experimental result regarding the performance of the proposed FOSMO observer at speed 209.5
rad/s (1000 rpm); (a) Measured and estimated rotor speed. (b) Measured and estimated rotor angle.
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Time: 10 ms/div

(b)

Figure 5.8: Experimental result regarding the performance of the proposed FOSMO observer at speed 293.5
rad/s (1400 rpm); (a) Measured and estimated rotor speed. (b) Measured and estimated rotor angle.

5.6.2 Dynamic performance evaluation of the proposed FOSMO observer

The dynamic performance of the observer is tested around the synchronous speed, where the rotor

speed is changed from supersynchronous (327 rad/s or 1560 rpm) to subsynchronous (306 rad/s or

1460 rpm) speed by applying a sudden change in armature voltage of the DC motor coupled with the

DFIG. From Figure 5.10, it is observed that the estimated speed closely follows the measured speed
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(a)

Measured rotor position 
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Position error

Angle: 2.4 rad/div

Time: 10 ms/div
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Figure 5.9: Experimental result regarding the performance of the proposed FOSMO observer at speed 331.2
rad/s (1580 rpm); (a) Measured and estimated rotor speed. (b) Measured and estimated rotor angle.

during the transition from supersynchronous to subsynchronous operation and the maximum speed

error is within 5 rad/s during the transition. Here, to capture the dynamics, the time scale is set as 500

ms/div. Rotor current and estimated slip position
(
θ̂sl = θ

∗
s − θ̂r

)
is plotted to show the phase changing

of the rotor current, and slip angle during the transition.

327 rad/s (1560 rpm) 306 rad/s (1460 rpm)

Measured speed Estimated speed
Speed error

Estimated slip position

Phase-a rotor current Speed: 109 rad/div

Rotor current: 1 A/div

Figure 5.10: Experimental result regarding the performance of the proposed FOSMO observer during speed
transition.

5.6.3 Voltage controller performance with the proposed FOSMO observer

The objective of the control strategy is to maintain a specified voltage magnitude and constant

frequency under different dynamic conditions. The performance of the voltage controller is tested for
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two different dynamic conditions while the voltage magnitude is set as 125 V. The first test is done

with fixed speed and load change. The second test is done with a fixed load and change in speed. At

291.4 rad/s (1390 rpm) the stator terminal load resistance of DFIG is changed from 313 Ω to 156 Ω.

From Figure 5.11(a), it is observed that the estimated speed closely matches the measured speed and

the voltage magnitude is appropriately regulated at 125 V during the change in the load connected

to the DFIG. Since the load is changed from 313 Ω to 156 Ω, the stator current is also increased, as

shown in Figure 5.11(b). To mitigate the increased demand, the rotor current is also increased, as

shown in Figure 5.11(a).

Measured speed

Estimated speed

Speed error

291.4 rad/s

Voltage: 20 V/div
Stator voltage magnitude

Phase-a rotor current

Speed: 105 rad/div

Current: 1A/div

(a)

Phase-a stator voltage
Phase-a stator current

Voltage: 50 V/div Current: 500 mA/div

(b)

Figure 5.11: Experimental result regarding the performance of the proposed sensorless control scheme during
load change; (a) Voltage magnitude, measured speed, estimated speed and phase-a rotor current. (b) Phase-a
voltage and current of the DFIG stator terminal.

For the second test, a sudden change in armature voltage of the DC motor is employed, and the

speed is changed from 295.6 rad/s (1410 rpm) to 268.3 rad/s (1280 rpm). It is evident from Figure

5.12 that the voltage controller can regulate the voltage magnitude and the estimated speed closely

follows the measured speed during the speed transition. Since the DFIG speed is changed from 295.6

rad/s to 268.3 rad/s the frequency of the rotor current (Figure 5.12(a)) is also changed from 2.95 Hz

to 7.29 Hz approximately. Since the test is done at a fixed load, the stator current (Figure 5.12(b))

remains constant during the speed transition.
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Measured speed

Estimated speed

Speed error
295.6 rad/s (1410 rpm)

268.3 rad/s (1280 rpm)

Speed: 105 rad/div

Stator voltage magnitude

Phase-a rotor current

Voltage: 20 V/div

Current: 1 A/div

(a)

Phase-a stator voltage Phase-a stator current

Voltage: 50 V/div Current: 500 mA/div

(b)

Figure 5.12: Experimental result regarding the performance of the proposed sensorless control scheme during
speed change; (a) Voltage magnitude, measured speed, estimated speed and phase-a rotor current. (b) Phase-a
voltage and current of the DFIG stator terminal.

5.7 Summary

A new approach in the form of a sliding mode observer (SMO) is used here to estimate the rotor

speed, and position/angle for the sensorless voltage and frequency control of the standalone DFIG

system. The stator current and rotor flux are utilized here as the state variables to design the observer.

Lyapunov stability criteria are utilized to formulate the sliding gains, which makes the estimation

algorithm stable. Sign function is replaced by tan sigmoid function to minimize the chattering ef-

fect. The designed observer exhibits excellent performance under different steady-state and dynamic

conditions while complying different performance criteria like fast convergence, high accuracy. The

proposed estimation technique is found robust against machine parameter variations, and it does not

require any mechanical parameters of the DFIG system for its design. The performance of the voltage

controller and the estimation algorithm are found robust towards the load variations at the generator

terminals. The estimation algorithm is scalable and can be implemented for larger DFIG system.
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6. Development of a second-order sliding mode observer (SOSMO) for the rotor speed and position
estimation of DFIG

6.1 Introduction

Inherently sliding model-based techniques are robust to parametric uncertainties and insensitive to

bounded external disturbances. However, output chattering is the main problem for first-order SMO

(FOSMO). Implementation of low pass filter (LPF) at the FOSMO output can reduce the chattering

effect. In addition to that, saturation function can be used to diminish the chattering problem. In

contrast to that, second-order sliding mode observer (SOSMO) gives a continuous type of output,

hence filtering is not required. Owing to these attributes, a SOSMO observer is proposed here to

estimate the rotor speed and position. The proposed technique is tested rigorously in different steady-

state and dynamic conditions. The stability and convergence analysis is provided for the designed

observer and given in the subsequent subsection.

6.2 Observer design

The SOSMO observer for the speed estimation of the DFIG system utilizes the same dynamic

model (5.1) used in the previous Chapter (Chapter-5). Based on the dynamic model (5.1), an observer

model is shown below (5.1):

dîαs

dt
= aiαs + cψ̂αr + dω̂rψ̂βr + bvαs − hvαr (a)

dîβs

dt
= aiβs − dω̂rψ̂αr + cψ̂βr + bvβs − hvβr (b)

dψ̂αr

dt
= giαs − f ψ̂αr − ω̂rψ̂βr + vαr (c)

dψ̂βr

dt
= giβs + ω̂rψ̂αr − f ψ̂βr + vβr (d)


(6.1)

where îαs and îβs are the estimated rotor currents, ψ̂αs and ψ̂βs are the estimated rotor fluxes, ω̂r is the

input to the observer model.

The error dynamics (6.2) is obtained by subtracting (6.1) from (5.1) and can be represented as

given below.
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dĩαs

dt
= cψ̃αr + dωrψ̃βr + dω̃rψ̂βr (a)

dĩβs

dt
= −dωrψ̃αr − dω̃rψ̂αr + βψ̃βr (b)

dψ̃αr

dt
= − f ψ̃αr − ωrψ̃βr − ω̃rψ̂βr (c)

dψ̃βr

dt
= ωrψ̃αr + ω̃rψ̂αr − f ψ̃βr (d)


(6.2)

where ĩαs = îαs − iαs and ĩβs = îβs − iβs are defined as current estimation errors and ψ̃αr = ψ̂αr −ψαr and

ψ̃βr = ψ̂βr − ψβr are the flux estimation errors.

The switching surface is defined as

s = ĩβsψ̂αr − ĩαsψ̂βr. (6.3)

6.2.1 Observer structure

Choosing the observer inputs ω̂r as

ω̂r = k1

√
|s| sign (s) + ω1

ω̇1 = k2 sign (s)
(6.4)

where k1, k2 > 0 are the chosen gain parameters, the expression for ṡ is expressed as

ṡ = ψ̂αr
dĩβs

dt
+ ĩβs

dψ̂αr

dt
− ψ̂βr

dĩαs

dt
− ĩαs

dψ̂βr

dt
. (6.5)

Expanding (6.5), ṡ is further represented as

ṡ = c
(
ψ̂αrψ̃βr − ψ̃αrψ̂βr

)
− dωr

(
ψ̂αrψ̃αr + ψ̃βrψ̂βr

)
− dω̃r

(
ψ̂2
αr + ψ̂

2
βr

)
− ω̂r

(
ĩαsψ̂αr + ĩβsψ̂βr

)
− f s + g

(
iαr ĩβr − iβr ĩαr

)
+ vαr ĩβs − vβr ĩαs

(6.6)

The expression (6.6) can be further expressed as

ṡ = f1

(
ĩαβs, iαβs, ψ̃αβs, ψ̂αβs, ωr

)
− f2

(
ĩαβs, ψ̃αβr, ψ̂αβr

)
ω̂r (6.7)
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where

f1

(
ĩαβs, iαβs, ψ̃αβs, ψ̂αβs, ωr

)
= c

(
ψ̂αrψ̃βr − ψ̃αrψ̂βr

)
− dωr

(
ψ̂αrψ̃αr + ψ̃βrψ̂βr

)
+ dωr

(
ψ̂2
αr + ψ̂

2
βr

)
− f s + vαr ĩβs + g

(
iαsĩβs − iβs ĩαs

)
− vβr ĩαs

(6.8)

and

f2

(
ĩαβs, ψ̃αβr, ψ̂αβr

)
= dψ̂2

αr + dψ̂2
βr + ĩαsψ̂αr + ĩβsψ̂βr (6.9)

Based on the assumption of boundedness on the system states and system input, it can be said

that f1

(
ĩαβs, iαβs, ψ̃αβs, ψ̂αβs, ωr

)
and f2

(
ĩαβs, ψ̃αβr, ψ̂αβr

)
are bounded. Thus it is reasonable to say that∣∣∣∣ ḟ1

(
ĩαβs, iαβs, ψ̃αβs, ψ̂αβs, ωr

)∣∣∣∣+ ∣∣∣∣ ḟ2

(
ĩαβs, iαβs, ψ̃αβs, ψ̂αβs, ωr

)∣∣∣∣ ≤ A and 0 < Bm ≤ f2

(
ĩαβs, ψ̃αβr, ψ̂αβr

)
≤ BM,

where A, Bm, BM are positive constants. Thus according to [92], the above gains (k1, k2) should obey

the following conditions (6.10) to make s = 0 and ṡ = 0 in finite time.

k2
1 ≥

4A
B2

m

BM(k2 + A)
Bm(k2 − A)

k2 >
A

Bm

(6.10)

Now choosing k1 and k2 sufficiently large, the objective of speed observer is met. A detailed analysis

is available in [92].

The choice of the gains is directly influenced by the above expression (6.10). Hence, before

choosing the gains, it is compulsory to choose different bounds (A, Bm, BM). These bounds have

been achieved by a comprehensive simulation study of the system. The system has been studied for

different modulation indexes, with different load conditions at the stator terminal and with different

speeds. Finally, the bounds have been found as: A = 1000, Bm = 1.4 and BM = 5 and the correspond-

ing values for the gains are selected as k1 = 132 and k2 = 2500.

6.2.2 Convergence and stability

Once sliding mode occurs ĩαs, ĩβs = 0, which implies that s = 0 and ṡ = 0. Putting ĩαs, ĩβs = 0 and

s = ṡ = 0 in (6.6) the expression for the equivalent control ω̂eq
r is written as

ω̂eq
r = ωr +

c
d
ψ̂αrψ̃βr − ψ̃αrψ̂βr

ψ̂2
αr + ψ̂

2
βr

− ωr
ψ̃αrψ̂αr + ψ̂βrψ̃βr

ψ̂2
αr + ψ̂

2
βr

(6.11)
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For the SOSMO observer in (6.4), ω1 substitutes ω̂eq
r as equivalent control. ω̂r is the input to the

observer model which is the output of an integrator and it is automatically continuous. From (6.11) it

is evident that if ψ̃αβr = 0 then, ω̂eq
r = ωr.

Once the sliding is achieved, the current estimation error is ĩαβs = 0, hence the time derivative of

the current estimation error is also ˙̃iαβs = 0, which implies that the each terms of the right hand side

of current error dynamics given by (6.2(a)) and (6.2(b)) are individually zero. Since under the stable

operation of a DFIG, c, d, ωr , 0, then ψ̃αr, ψ̃βr, ω̃r = 0, which implies that ω̂eq
r = ωr. The schematic

diagram of the observer structure is represented in Figure 6.1. The rotor voltage input to the observer

vsl
αr and vsl

βr is generated using the relationship vsl
αβr = nmsl

αβr
Vdc
2 , where msl

αβr is the modulation index

in αβ domain, Vdc is the dc bus voltage and n is the turns ratio. The superscript sl denotes that the

quantities are in slip frequency.

sva svb

ˆ
ray ˆ

rby ˆ
rw

ˆ
rq

ˆ
sia
ˆ
sib

sl
rva
sl
rvb

sia

sib

s
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Observer model given by (6.1)
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ˆ
rje
q

ˆ
rdtwò

Figure 6.1: Schematic diagram of the proposed SOSMO observer

6.3 Simulation results and discussion

A rigorous simulation is done in Matlab/Simulink to understand the working of the sensorless

operation of the DFIG in standalone mode. The performance of the designed observer is evaluated
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for the speed of 250 rad/s to 350 rad/s and found working seamlessly for different dynamic conditions

imposed on it. The simulation results are provided below (Figures 6.2-6.3).

6.3.1 Performance of the proposed SOSMO observer under the step change in reference speed

The dynamic performance of the observer is evaluated for a step change of 25 rad/s in the reference

speed at the interval of 1 s, and the performance curve is shown in Figure 6.2. The observer estimates

the speed (±0.5% of the measured speed) approximately within 200 ms, i.e., the speed error ω̃r goes

to zero within 200 ms.
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Figure 6.2: Simulation result regarding the performance of the proposed SOSMO observer under the step
change in reference speed.

6.3.2 Performance of the proposed SOSMO observer under the ramp change in reference
speed

Observer performance is evaluated for a ramp type of reference speed input, and the performance

curve is shown in Figure 6.3. The designed observer exhibits excellent performance under the ramp

change of the speed, and the estimated speed follows the measured speed quiet accurately during

ramp change in speed. From 2 s to 4 s the reference speed ramps up from 250 rad/s to 350 rad/s with
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a positive slope, and from 6 s to 8 s the reference speed ramps down from 350 rad/s to 250 rad/s. The

speed error is less than ±1% during the ramp change in speed.
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Figure 6.3: Simulation result regarding the performance of the proposed SOSMO observer during ramp change
in reference speed.

6.4 Experimental results and discussion

Different tests are done to evaluate the performance of the observer. The observer is evaluated

both for the steady-state and dynamic conditions in a hardware test setup in the laboratory. The

experimental schematic diagram of the hardware test setup is provided in Figure 6.4, and the picture

of the DFIG based laboratory test set up is shown in Figure.5.6. The DFIG runs at standalone mode,

and the stator is connected with a fixed three-phase resistive load of 180Ω. The TMS320F28335-

based digital signal controller (DSC) has been used for the hardware implementation of the observer.

The clock speed of the DSC kit is 150 MHz. The estimation algorithm runs at 5 kHz, while the PWM

frequency of the rotor side converter (RSC) is chosen as 2 kHz.

During the test, a fixed modulation index m∗dr and m∗qr has been used to drive the RSC, and dq to

abc transformation is employed to get mar, mbr and mcr using the calculated slip angle θ̂sl = θs − θ̂r.

The observer is evaluated in steady-state at speeds 272 rad/s (1300 rpm), and 335.5 rad/s (1600 rpm),
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Figure 6.4: Schematic diagram of the experimental system.

approximately. The transient response of the observer is evaluated around the synchronous speed by

employing a sudden change in DC motor armature voltage.

6.4.1 Response of the proposed SOSMO observer in steady-state

The steady-state performance of the observer is evaluated for two cases. In the first case, the

observer is tested below the synchronous speed (272 rad/s or 1300 rpm approximately), and the per-

formance curves regarding this test are shown in Figure 6.5. For the second case, the observer is

tested above the synchronous speed at 335.5 rad/s (1600 rpm) approximately and the plots regarding

the second test are shown in Figure 6.6. From Figures 6.5 and 6.6, it is evident that the speed estimator

is working fine for both the cases. The estimation error for the speed and position is found acceptable,

and the errors are within the working boundary.
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Figure 6.5: Experimental result regarding the performance of the proposed SOSMO observer at speed 272
rad/s (1300 rpm); (a) Measured and estimated rotor speed. (b) Measured and estimated rotor angle.
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Figure 6.6: Experimental result regarding the performance of the proposed SOSMO observer at speed 335.5
rad/s (1600 rpm); (a) Measured and estimated rotor speed. (b) Measured and estimated rotor angle.

6.4.2 Response of the proposed SOSMO observer during speed change

The observer is tested for the speed change near the synchronous speed, i.e., 314.159 rad/s or 1500

rpm. The test is conducted by giving a step change in armature voltage of the DC motor. The DC

motor runs at 302 rad/s (1440 rpm) approximately, and after the step change in armature voltage of

the DC motor, the motor runs at 330 rad/s (1575 rpm) approximately. The performance curves of the

observer for the speed change are shown in Figure 6.7. It is observed from Figure 6.7, that the observer
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is exhibiting good dynamic performance during the speed change, and the speed error is found to be

within the working boundary. Figure 6.7 show the phase reversal of the rotor current during the speed

change from subsynchronous to supersynchronous. The plot also includes the corresponding change

in slip angle.
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Figure 6.7: Dynamic performance of the observer during the speed change from 302 rad/s (1440 rpm) to 330
rad/s (1575 rpm). (a) Plots of measured and estimated rotor speed, slip angle and rotor current. (b) Plots of
phase-a voltage (vas) and current (ias).

6.5 Summary

A second-order sliding mode observer (SOSMO) is designed to estimate the rotor speed and posi-

tion of a standalone DFIG-based wind energy conversion system. The rotor flux and the stator current

are used as the state variables to design the observer. Since SOSMO observer gives a continuous type

of output, filtering is not required and chattering free output is achieved. The estimation algorithm

is thoroughly tested on a hardware test setup in the laboratory. The ability of the designed observer

is tested under steady-state and dynamic conditions. The response of the observer is found to be

satisfactory for a change in the reference speed.
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7. Conclusion and future works

7.1 General remark

The main aim of this thesis work is to develop controllers and observers for the generation control

of a standalone DFIG-based WECS. The control consists of two main subsystems which are grid

side converter (GSC) control system, and rotor side converter (RSC) control system. Hence, efficient

control of these two subsystems is the most crucial requirement for the smooth operation of a DFIG

system. However, for synchronizing the GSC to the grid, the information of the phase and frequency

of the grid voltage is required. The PLL system estimates the phase and frequency of the grid voltage,

which is required to synchronize the GSC. Hence, a simple and robust PLL technique is developed to

estimate the phase and the frequency of the grid voltage.

A typical control system must be stable under disturbances and must fulfil different performance

criteria like high accuracy, fast convergence, low overshoot subject to different dynamic conditions.

In addition to that, the control system must be robust against any parametric uncertainty associated

with the plant. In light of this, efficient and robust control strategies are developed to control the GSC.

The RSC controller has a similar structure like the GSC controller; however, to implement RSC

control accurate information of the rotor speed and angle/position is required. A rotary encoder can

be used to measure the rotor speed and position. However, these encoders are expensive, and they

have reliability issues; moreover, hardware complexity is inevitable for these encoders. Hence, en-

coderless control of RSC is highly desirable for the DFIG-based WECS. Therefore, robust observers

are developed to estimate the rotor speed and angle for sensorless voltage frequency control of the

standalone DFIG system. The GSC, RSC controllers and the associated subsystems like PLL, rotor

speed and position estimators are implemented on a TMS320F28335 DSC kit and tested on a hard-

ware test setup of a standalone DFIG system. In the subsequent section, the important findings of this

thesis work are discussed.

7.2 Important findings

Chapter 2 proposes a simple yet robust technique to improve the synchronous reference frame

(SRF)-based PLL system for estimating the phase and frequency of the grid voltage. The main con-
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clusions from this chapter are drawn as follows:

• An effective and efficient technique is proposed, which can estimate the phase angle and fre-

quency of the grid quiet accurately under different grid abnormalities like frequency jump,

phase jump, harmonic distortion and unbalance in grid voltage.

• The technique employes two notch filters and one low pass filter (LPF) in the phase detector

(PD) block of the SRF-PLL system and PID type loop filter is used instead of PI type.

• The in-loop two notch filters and the LPF are designed, and the cut-off frequencies are decided

based on the small-signal analysis.

• During the implementation of the proposed PLL technique it is observed that it requires less

number of arithmetic and trigonometric operations as compared to other enhanced filter based

PLL techniques like multiple reference frame (MRF)-PLL, Multiple second-order generalized

integrator (MSOGI) based PLL, delayed signal cancellation based (DSC) PLL etc. [10].

• A comparative analysis of the proposed PLL technique with other two similar SRF-PLL tech-

niques (LPF-based SRF-PLL and MRF-PLL) has been done on a TMS320F28335 DSP kit, and

similar comparable performance with respect to the other techniques is observed.

Chapter 3 proposes an adaptive control strategy to control the GSC. The GSC controller consists

of two cascaded control loops. The inner loop is used to control the grid currents, and the outer loop is

used to control the DC bus voltage. An adaptive-MIMO current control strategy is developed here to

control the active and reactive component of the grid currents. Whereas to control the DC bus voltage,

extended state observer (ESO) based adaptive voltage control strategy is developed. To formulate the

current control law, the dq-axis dynamic model of the GSC is used. To transform the three-phase grid

variables (abc) like grid voltage and grid current into stationary DC variables (dq), the proposed PLL

technique is used. The main findings of this chapter are as follows:

• The proposed adaptive-MIMO current controller is robust towards any parametric uncertainty

associated with the grid filter. In addition to that, the proposed current controller does not
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require any apriori information about the grid filter parameters. This makes the proposed current

control strategy immune to any parameter variations.

• Lyapunov stability criteria are used to derive the proposed adaptive current control law. This

makes the proposed current controller inherently stable towards disturbances.

• Lyapunov like stability analysis is provided for the proposed current controller.

• The proposed current controller exhibits excellent performance in terms of fast convergence,

high accuracy and low overshoot under different dynamic conditions.

• The performance of the proposed current controller is compared with the linear PI current

controller under different dynamic conditions in a hardware test setup.

• Parameters section procedure is discussed regarding the control implementation.

• The ESO-based adaptive voltage control strategy includes external load disturbance as an ex-

tended state of the system.

• The design of the proposed voltage controller is similar to the proposed current controller;

however, there is a slight modification in terms of ESO. ESO is capable of estimating both the

common disturbance and the system states. Due to this, the proposed voltage control strategy

exhibits excellent performance under the dynamic load change across the DC bus.

• The proposed voltage controller is compared with the linear PI voltage regulator under the

dynamic load change in a hardware test setup.

• The proposed voltage controller shows excellent performance in terms of fast convergence, high

accuracy and low overshoot under the dynamic load change.

In Chapter 4 a smooth robust controller based on first-order sliding mode control (FOSMC) tech-

nique is proposed to control the active and reactive grid currents. To formulate this control law, the

dq dynamic model of the GSC is used. To transform the three-phase grid variables (abc) like grid
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voltage and grid current into stationary DC variables (dq), the proposed PLL technique is used. The

main conclusions are shown as follows:

• Fundamentally, first-order sliding mode techniques have an inherent output chattering problem.

An effort has been made to design a smooth robust controller in the form of a first-order sliding

mode controller (SMC) so that output chattering can be minimized.

• Lyapunov stability criteria are used to derive the smooth robust current control law. This makes

the control law inherently stable towards disturbances.

• The stability analysis and the choice of the sliding gains are discussed in detail.

• It is observed from the simulation results regarding the step changes in d and q-axis refer-

ence currents that the smooth robust current controller produces higher peak overshoot than the

adaptive-MIMO current controller; however, the smooth robust current controller settles a little

faster.

• The hardware experimentation of the smooth robust current controller shows comparable per-

formance under different dynamic conditions.

• The developed smooth robust current controller is robust to parametric variations.

Chapter 5 proposes a speed observer in the form of a first-order sliding mode observer (FOSMO)

for the estimation of the rotor speed and position of the DFIG system. To develop the observer model,

the αβ dynamic model of the DFIG is used. Mechanical parameters regarding the DFIG is not required

to develop the proposed speed observer. The main conclusions are listed as follows:

• The stator currents and rotor fluxes are used as the state variables to design the observer.

• Lyapunov stability criteria are used to derive the sliding gains for the designed observer; thus,

fast convergence and stability is guaranteed.

• To counter the chattering effect, tan sigmoid function is implemented instead of sign function.

This ensures chattering-free smooth output.
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7. Conclusion and future works

• The speed observer is rigorously tested in simulation over the whole speed range (±30% around

the synchronous speed) of the DFIG system.

• The steady-state and dynamic performance of the speed observer are evaluated on a hardware

test bench in the laboratory.

• The efficacy of the proposed speed observer is further validated through stator’s voltage fre-

quency control under different dynamic conditions like dynamic speed change of the rotor and

dynamic load change at the stator terminal.

• The dynamic response of the observer is found very encouraging to any speed variations.

• The designed observer is found insensitive towards parametric uncertainties and external dis-

turbances.

In Chapter 6, a second-order sliding mode observer (SOSMO) is proposed to estimate the rotor

speed and position of the DFIG system. SOSMO gives a continuous type of output, hence filtering is

not required. The main conclusions are listed as follows:

• Stability and convergence analysis is provided for the designed observer.

• The rotor flux and the stator current are used as the state variables to design the observer.

• The estimation algorithm is thoroughly tested on a hardware test setup in the laboratory. The

ability of the designed observer is tested under steady-state conditions and as well as in dynamic

conditions.

• The response of the observer is found very promising to any speed change.
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7.3 Thesis contributions

7.3 Thesis contributions

The main contributions of the research work are highlighted below:

• A reliable, simple, yet robust PLL is designed to estimate the grid voltage’s frequency and phase

angle accurately in the presence of different grid abnormalities.

• An adaptive multi-input multi-output (MIMO) current control algorithm and a smooth, robust

current control algorithm in the form of a first-order sliding mode control (FOSMC) are devel-

oped to control the active and reactive component of the grid current for the grid side converter

(GSC). The proposed current controllers are able to handle the nonlinearities and parameter

uncertainties associated with the GSC, and exhibit stable performance against large-signal dis-

turbances, and work seamlessly under different operating points while fulfilling the various

performance criteria like fast convergence, high accuracy and low overshoot.

• An extended state observer (ESO)-based adaptive voltage control algorithm is developed to

control the DC-link voltage of the GSC. The proposed voltage controller exhibit stable perfor-

mance against external load disturbances, and work seamlessly under different operating points

while fulfilling the various performance criteria like fast convergence, high accuracy and low

overshoot.

• Two robust speed adaptive estimation algorithms are developed to estimate the rotor speed of

the DFIG. The first observer is based on the first-order sliding mode observer (FOSMO), and

the second observer is based on second-order sliding mode observer (SOSMO). Furthermore,

the speed estimation schemes are robust to parametric variations of the machine, and can work

accurately for different operating points while satisfying the various performance criteria.

• Finally, a speed sensorless voltage control scheme is developed using the observers. The sen-

sorless scheme is able to regulate the desired stator voltage magnitude under the load change at

the DFIG stator terminal and the speed change of the rotor.
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7. Conclusion and future works

• All the control and observer algorithms are tested in real-time on a hardware test setup of a

standalone DFIG system by utilizing a TMS320F28335 DSP kit.

7.4 Suggestions for future work

The present thesis work can be extended in future, and some further works are suggested below.

• The effect of the grid harmonics on the proposed current controllers for GSC can be analyzed.

• To control the stator voltage of the DFIG more sophisticated and robust controller can be used,

and the performance of the controller can be checked under different faulty condition of the

system.

• The impact of the harmonics on the proposed observers can be explored in future.

• The sensorless voltage frequency control of the DFIG system can be studied with the nonlinear

loads attached to the DFIG stator.
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A. Power circuit specifications

A.1 Rating of the DFIG:

General rating: 3 Hp, 3-phase, 4 pole, 50 Hz

Stator rating: 415 V Y-connected 4.7 A

Rotor rating: 200 V Y-connected 7.8 A

Make: BENN Electricals

A.2 Parameters of the DFIG:

The parameters of the DFIG are given in TableA.1

Table A.1

Parameters Values
Rs 10.26 Ω
Rr 1.46 Ω
Lls 10.11 mH
Llr 10.11 mH
Lm 365.00 mH

A.3 Power Converters:
A.3.1 RSC:

Intelligent power module (IPM: IGBT based)

Specifications: 1200 V 25 A

Make: Mitsubishi

A.3.2 GSC/SSC:

Three-phase four leg IGBT based PWM Inverter

Make: Semikron

A.3.3 DC link capacitor:

2X4700µF, Electrolytic, 550 V

A.4 Sensors and interfacing circuits:
A.4.1 Current transducer:

LA55P
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A.5 Microcontroller:

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

Make: LEM

A.4.2 Voltage transducer:

LV25P

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

Make: LEM

A.4.3 Sensor interfacing 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; Output

Short-Circuit Protection

Make: Texas Instruments

A.5 Microcontroller:

DSP/DSC kit: TMS320F28335 Experimenter kit

Specification: Floating point, 32-bit, 150 MHz

Make: Texas Instruments

A.6 Grid filter:

3 X 15 mH, 5 A, Ferrite core

A.7 DC motor:

Separately excited DC motor

Armature rating: 3 hp, 220 V, 15 A, 1500 RPM

Field rating: 220 V, 1 A

Make: BENN Electricals

A.8 Experimental setup:

The experimental setup consists of two separate setups dedicated for evaluating the performances

of the grid side converter (GSC) control strategies and rotor side converter (RSC) control strategies.
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A. Power circuit specifications

The pictorial representations of the laboratory test rig regarding GSC and RSC are shown below.

Host PC for MATLAB

Simulink and Code

Composer Studio

DSO

DC power supply

current sensors

GSC

current sensors

Grid inductors

Voltage sensors

Autotransformer

Resistive load

Across DC bus

Lab supply voltage

(three-phase)

TMS320F28335 DSC kit

Interfacing circuit between the gate

driver of IGBT and the DCS kit

DC-Link

Capacitor

Figure A.1: Pictorial representation of the experimental setup of the GSC

DSO

DC power supply

Voltage &

current sensors

TMS320F28335 DSC kit

RSC

Host PC for MATLAB

Simulink and Code

Composer Studio

3-Ph Rectifier

and DC-Link

Capacitor

DFIG DC Motor

Figure A.2: Pictorial representation of the experimental setup of the GSC
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B. Dynamic model of the DFIG

B.1 Reference frame transformations:

Clark and Park transformation are used to transform the three-phase machine variables to two

phase stationary DC variables.

αs-axis

d-axis

βs-axis

q-axis

Өs Өr

Өsl

αr-axis

βr-axis

Sy
nc

hr
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s
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e
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e
Stationary reference frame

Rotor reference fra
me

Figure B.1: Different reference frames and relative positions

B.1.1 Three-phase (abc) to two-phase (αβ) transformation (Clark)

 xαs,r

xβs,r

 = [
Kαβs,r

]


xas,r

xbs,r

xcs,r

 (B.1)

where Kαβs,r is represented as [
Kαβs,r

]
=

2
3

 1 −1
2 −1

2

0
√

3
2 −

√
3

2


B.1.2 Two-phase αβ to dq transformation (Park)

 xds

xqs

 = [
Kdqs

]  xαs

xβs

 ,
 xdr

xsr

 = [
Kdqr

]  xαr

xβr

 (B.2)
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B.2 Dynamic model of the DFIG in stationary reference frame (αβ)

where Kdqs,Kdqr is represented as

[
Kdqs

]
=

 cos(θs) sin(θs)

− sin(θs) cos(θs)

 , [
Kdqr

]
=

 cos(θsl) sin(θsl)

− sin(θsl) cos(θsl)


where (θsl = θs − θr) and subscript s and r represents the stator and rotor quantities (Figure B.1).

B.2 Dynamic model of the DFIG in stationary reference frame (αβ)

The voltage equation of the DFIG in stationary frame of reference is represented considering the

αβ model (Figure B.2) as

dΨβr

dt

dΨβr

dt

ωrΨβr

Lm

+-

+

-

dt

+

-

dt

dΨαrdΨαr

iαs iαr

+

-

+

-

vαs vαr 

ωrΨαr

Lm

+ -
+

-

+

-

+

-

+

-

vβs vβr 

iβs iβr

Lls LlrRs Rr

Lls LlrRs Rr

Figure B.2: αβ model of the DFIG in stationary reference frame

vαs = Rsiαs +
dψαs

dt
(a)

vβs = Rsiβs +
dψβs

dt
(b)

vαr = Rriαr +
dψαr

dt
+ ωrψβr (c)

vβr = Rsiβr +
dψβr

dt
− ωrψαr (d)


(B.3)

where Rs and Rr are the stator and rotor resistances respectively, ψαs, ψβs and ψαr, ψβr are the stator

and rotor fluxes respectively, ωr is the rotor speed.
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B. Dynamic model of the DFIG

The expression for the stator and rotor flux can be written as

ψαs = Lsiαs + Lmiαr (a)

ψβs = Lsiβs + Lmiβr (b)

ψαr = Lmiαs + Lriαr (c)

ψβr = Lmiβs + Lriβr (d)


(B.4)

where Ls and Lr are the stator and rotor inductances, Lm is the mutual inductance, and the stator and

rotor inductances can be written as

Ls = Lls + Lm

Lr = Llr + Lm

(B.5)

where Lls and Llr are the self inductances of the stator and rotor respectively.

Further the rotor currents can be written in terms of stator currents and rotor fluxes from (B.4(c))

and (B.4(d)).

iαr =
1
Lr

(ψαr − Lmiαs) (a)

iβr =
1
Lr

(
ψβr − Lmiβs

)
(b)

 (B.6)

From the dynamic model of the DFIG (B.3(c)) and (B.3(d)), the rotor flux dynamics can be rep-

resented as

d
dt
ψαr = −Rriαr − ωrψβr + vαr (a)

d
dt
ψβr = −Rriβr + ωrψαr + vαr (b)

 (B.7)

Replacing iαr and iβr from (B.6) into (B.7), the rotor flux dynamics can be further expressed as

d
dt
ψαr =

RrLm

Lr
iαs −

Rr

Lr
ψαr − ωrψβr + vαr (a)

d
dt
ψβr =

RrLm

Lr
iβs + ωrψαr −

Rr

Lr
ψβr + vβr (b)

 (B.8)

Replacing (B.4) in the voltage equation (B.3) and then rearranging (B.3), the current dynamics
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B.2 Dynamic model of the DFIG in stationary reference frame (αβ)

can be expressed as

d
dt

iαs = −
Rs

σLs
iαs +

ωrL2
m

σLsLr
iβs +

RrLm

σLsLr
iαr +

ωrLm

σLs
iβr +

1
σLs

vαs −
Lm

σLsLr
vαr (a)

d
dt

iβs = −
ωrL2

m

σLsLr
iαs −

Rs

σLs
iβs −

ωrLm

σLs
iαr +

RrLm

σLsLr
iβr +

1
σLs

vβs −
Lm

σLsLr
vβr (b)

d
dt

iαr =
RsLm

σLsLr
iαs −

ωrLm

σLr
iβs −

Rr

σLr
iαr −

ωr

σ
iβr −

Lm

σLsLr
vαs +

1
σLr

vαr (c)

d
dt

iβr =
ωrLm

σLr
iαs +

RsLm

σLsLr
iβs −

ωr

σ
iαr −

Rr

σLr
iβr −

Lm

σLsLr
vβs +

1
σLr

vβr (d)


(B.9)

where σ = 1 − L2
m

LsLr
is the leakage factor.

Replacing (B.6(a)) and (B.6(b)) into (B.9(a)) and (B.9(b)) respectively, the stator current dynamics

can be further expressed as

d
dt

iαs = −
(

Rs

σLs
+

RrL2
m

σLsL2
r

)
iαs +

RrLm

σLsL2
r
ψαr +

ωrLm

σLsLr
ψβr +

1
σLs

vαs −
Lm

σLsLr
vαr (a)

d
dt

iβs = −
(

Rs

σLs
+

RrL2
m

σLsL2
r

)
iβs −

ωrLm

σLsLr
ψαr +

RrLm

σLsL2
r
ψβr +

1
σLs

vβs −
Lm

σLsLr
vβr (b)

 (B.10)

where ωrLm
σLsLr

Lmiβs +
ωrLm
σLsLr

Lriβr =
ωrLm
σLsLr

ψβr and − ωrLm
σLsLr

Lmiαs − ωrLm
σLsLr

Lriαr = − ωrLm
σLsLr

ψαr.

Therefore, the dynamic model of the DFIG can be expressed as given below (B.11) in stationary

αβ-frame of reference considering stator currents (B.10) and rotor fluxes (B.8) as the states.

d
dt

iαs = −
(

Rs

σLs
+

RrL2
m

σLsL2
r

)
iαs +

RrLm

σLsL2
r
ψαr +

ωrLm

σLsLr
ψβr +

1
σLs

vαs −
Lm

σLsLr
vαr (a)

d
dt

iβs = −
(

Rs

σLs
+

RrL2
m

σLsL2
r

)
iβs −

ωrLm

σLsLr
ψαr +

RrLm

σLsL2
r
ψβr +

1
σLs

vβs −
Lm

σLsLr
vβr (b)

d
dt
ψαr =

RrLm

Lr
iαs −

Rr

Lr
ψαr − ωrψβr + vαr (c)

d
dt
ψβr =

RrLm

Lr
iβs + ωrψαr −

Rr

Lr
ψβr + vβr (d)


(B.11)
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B. Dynamic model of the DFIG

Further, the dynamics (B.11) is represented as

diαs

dt
= aiαs + cψαr + dωrψβr + bvαs − hvαr (a)

diβs

dt
= aiβs − dωrψαr + cψβr + bvβs − hvβr (b)

dψαr

dt
= giαs − fψαr − ωrψβr + vαr (c)

dψβr

dt
= giβs + ωrψαr − fψβr + vβr (d)


(B.12)

where, a = −
(

Rs
σLs
+

L2
m

σLsτrLr

)
, b = 1

σLs
, c = 1

eτr
, d = 1

e , e = σLsLr
Lm

, f = 1
τr

, g = Lm
τr

,

h = Lm
σLsLr

, τr =
Lr
Rr

.

B.3 Dynamic model of the DFIG in synchronous reference frame (dq)

The dynamic model of the DFIG in syncronous reference frame is represented as

vds = Rsids +
dψds

dt
− ωsψqs (a)

vqs = Rsiqs +
dψqs

dt
+ ωsψds (b)

vdr = Rridr +
dψdr

dt
+ ωrψβr − ωslψqr (c)

vqr = Rsiqr +
dψqr

dt
− ωrψαr + ωsψdr (d)


(B.13)

where (ωsl = ωs − ωr) is the slip frequency and ωs is the stator frequency and the stator and rotor flux

expression in dq domain are represented as

ψds = Lsids + Lmidr (a)

ψqs = Lsiqs + Lmiqr (b)

ψdr = Lsids + Lmidr (c)

ψqr = Lsiqs + Lmiqr (d)


(B.14)
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