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Abstract

In recent years, electric power generation using renewable energy sources has experienced an
exponential growth in the world energy market. Their unprecedented large scale penetration
foresees a 100% renewable based power generation in near future. These sources require
power electronic converters at various levels for power conversion and grid integration. The
converters are fast acting devices and use advance control techniques in a hierarchical
manner. With the retirement of the conventional synchronous generators, the modern power
electronics based power system lacks the inertia property. Hence, they are more vulnerable to
several grid transient events; for instance grid faults. Control functionalities classify these
converters as grid-forming and grid-following. Both these types can act as grid supporting
devices during grid fault. In contrast to grid-forming type, grid-following type converters are
mostly used to support the grid. The act of supporting the grid with reactive power instead of
tripping during a fault for a pre-defined duration is known as fault ride-through. These
converters rely on a separate synchronization unit to inject grid current during both normal
and fault condition. Recent grid fault events across the globe have revealed the inefficiency
of such synchronization units. This is attributed to the delayed grid parameter estimation that
eventually leads to the tripping of the converters rather ride-through. It indicates that the
performance robustness of the synchronizing unit while considering the fault ride-through of

converter needs to be further investigated thoroughly.

In lieu of the above, accurate and fast grid voltage parameter estimation is essential for grid-
connected converters. To achieve this objective, the contributions of this thesis are classified

into two parts.

The first part of the thesis deals with the fault detection for converters during a grid fault
using digital signal processing (DSP) techniques. Faster fault detection is vital to safeguard
the power converter as they have limited fault current carrying capacity. Hence a hybrid fault
detection technique is proposed. The technique combines the features of two DSP techniques,
Hilbert-Huang Transform (HHT) and Teager Energy Operator (TEO). This is called Teager-
Huang in this thesis. With this proposed technique, several grid faults, balanced and
unbalanced, in both the grid voltage magnitude and phase-angle jumps are detected. Further,
comparisons of the fault energies are presented, which provides a benchmark for the severity

of the grid faults.



In the second part of the thesis, the synchronization aspect of the converter is investigated.
For the purpose of analysis, the synchronization using the classical synchronous reference
frame phase-locked loop (SRFPLL) is considered. Initially, the synchronization inefficiency
of SRFPLL during the grid fault is explained in regards to the loss of synchronization (LOS)
instability. It is shown that the cause for LOS during a fault may be initiated as results of very
low grid voltage magnitude, high grid impedance or high current injection. The analysis
emphasises on the occurrence of phase-angle jump (PAJ) during a fault. The thesis indicates
that the conventional SRFPLL design parameters result in synchronization delay and

insufficient damping to ride-through such PAJs.

The decrease in the SRFPLL synchronization robustness highly affects the grid-connected
converters. To enhance the grid synchronization performance during a grid fault with PAJ, a
hybrid grid synchronization concept is proposed. It consists of both hybrid phase-angle
estimators and hybrid frequency estimators. The hybrid frequency estimators contain several
improved adaptive and PLL independent frequency estimation techniques. The proposed
technique is designed to be compatible with both the three-phase and single-phase grid
synchronization. To avoid voltage transients during the transition between the estimators, a
transition scheme is presented. This is controlled based on the instantaneous phase-angle

error measured by the estimators.

The three-phase grid-connected converter is modelled using the proposed hybrid grid
synchronization technique. The current controller of the converter is designed both in
stationary and synchronous reference frame. Further, the fault ride-through (FRT) strategy is
embedded in the converter controller. With the developed model, the FRT of the converter is
tested during a fault. Both symmetrical and asymmetrical grid faults with PAJs are
considered. The efficacy of the proposed technique is evaluated using both simulation and

experimental validations.

The last part of the thesis explores the FRT of single-phase power converters employing the
proposed hybrid grid synchronization transition. The synchronization performance along with

the current controller robustness during FRT is investigated.

ii
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Chapter 1

Introduction

1.1 Background

1.1.1 Power Generation using Renewable Energy Sources

The need for environmentally friendly (free from greenhouse gas emission), cost effective, safe
and clean energy has attracted the attention to deploy several renewable energy resources
(RESs) [1], [2]. They include hydro, marine, geothermal, bio, solar, wind energy, etc. Large-
scale penetrations of these renewables have accelerated the replacement of the conventional
synchronous generator based power generation to achieve the new energy paradigm of 100%
renewable grid [3]. Out of the above-mentioned RESs, solar and wind energy systems have
experienced an exponential growth in the world energy market in recent years [4]. Based on
the recent study, in the last decade the RESs have added 75% of the total energy generation in
which the amount of energy added in 2019 is more than 200 gigawatts as shown in Figure 1.1
[5]. Out of this total power, the contribution by solar is around 118 gigawatts, by wind is 60

gigawatts, and 22 gigawatts by the rest of RESs.

Energy generation using solar is a Worldwide proven technology. In this case, the sun’s energy
is exploited to generate electricity using either solar photovoltaic (PV) or concentrating solar
power systems [6]. The solar energy system can operate for both off-grid and on-grid (grid-
connected) applications. Off-grid operation of solar energy is an efficient replacement of diesel

generators in rural areas [7]. In contrast, on-grid solar energy application is more cost effective
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as it does not depend highly on extra energy storage system. On the other hand, wind energy is
considered as one of the most emerging and sustainable RES in the era of 20" century [8], [9].
In this technology, the wind energy is converted to useful form of electricity using wind
turbines. Despite the advantages obtained by the use of RESs in place of conventional energy
sources, integration of these RESs to the existing grid poses several techno-economic

challenges to the classical power system [10].
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Figure 1.1 Power generation statistics using renewable energy resources (RESs) till 2019: (a)
Amount of power generation in GWs and (b) Percentage contribution by the RESs [5].
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1.1.2 Power Electronics Converters and Control

Power converters are the key power electronic components used for the grid integration of
RESs especially solar and wind energy systems. The control architectures for these converters
are hierarchical which consists of inner control, primary control, secondary control, and tertiary
control [11]-[13]. On the basis of control functionalities at different control layers, these
converters are called ‘Grid-following (or Grid-feeding)’ and ‘Grid-forming’ [14], [15] as

shown in Figure 1.2.
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Figure 1.2 Basic converter control structure: (a) Grid-following mode and (b) Grid-forming
mode [15].

The ‘Grid-following’ types of power converters require a dedicated grid synchronization unit
to follow the grid voltage reference. Most RESs use these types of converters for grid
integration. Based on the power references they supply the power to the grid (both active and

reactive power) [16]. The controllers of these converters are designed either in the synchronous
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reference frame or stationary reference frame [17]. These converters work efficiently provided
the grid is stiff. With the growing penetration of RESs, the point at which these converters are
connected to the grid becomes weak due to the increased amount of grid impedance. Hence the
stability of the controllers used by these converters is highly affected due to such weak grid
connection. On the contrary, ‘Grid-forming’ type of converters is resistive to the weak grid
operation. They have the self-synchronization ability which is mainly derived from the droop
concept [ 18], [19]. Such type of synchronization is often termed as power synchronization [20].

These converters are vulnerable to large grid disturbances such as grid faults [20].

1.1.3 Grid Synchronization and Challenges

Grid-connected power converters especially the ‘Grid-following” types require grid
synchronization unit to remain connected with the grid. Using the grid synchronization, the
essential grid voltage parameters such as amplitude, frequency and phase-angle are estimated
for several applications. These include control of converters, fault detection, and fault-ride

through operation.

a) Grid synchronization techniques:

Based on the control architecture, synchronization is classified as: a) Open-loop grid
synchronization and b) Closed-loop grid synchronization as shown in Figure 1.3 (a) and Figure
1.3 (b) respectively. Open-loop grid synchronization techniques do not use any kind of
feedback signals during the estimation process. Hence they feature unconditional stability. The
grid synchronization dynamics are also fast for open-loop control. They require some filtering
techniques for synchronization purposes. Filtering techniques use discrete Fourier transform
(DFT) [21], [22], least square estimation [23], [24], low-pass notch filter [25],[26], Kalman
filter [27], delayed-signal cancellation [28], moving average filter [29], etc. These filters need

to be frequency-adaptive to avoid any amplitude or phase-angle offset during off-nominal
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frequency variations. This necessitates an additional frequency detector which either degrades

the open-loop features or adds more computational complexity.

4 N
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"

Figure 1.3 Grid Synchronization control architecture: (a) open-loop structure and (b) closed-
loop structure.

In contrast, synchronous reference frame phase-locked loop (SRFPLL) is a widely used closed-
loop grid synchronization technique. It consists of a phase detector, a loop-filter and a voltage
controlled oscillator [30]. It offers a good trade-off between the accuracy and disturbance
rejection capability during normal grid operating conditions. However, during grid unbalances
and in the presence of lower order harmonics it requires extra filtering techniques. Moving-
average filters (MAF) are used with SRFPLL in [31], [32]. This increases the filtering
capability at the cost of slower dynamic response. The use of notch filter along with SRFPLL
is proposed for selective harmonic elimination [33]. This increases the overall computational
burden for the synchronization implementation. During grid voltage unbalances, to extract
positive and negative sequence components use of two SRFPLL named as decoupled doubled
SRFPLL (DDSRF-PLL) is proposed in [34]. This technique degrades the dynamic performance
of the SRFPLL due to the inclusion of extra low-pass filters (LPFs). Additionally, during a

fault having phase-angle jumps DDSRF-PLL highly suffers as the LPFs rely on the phase-
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angle coupled frequency feedback from the SRFPLL. Similarly, at the cost of extra
computational burden, use of complex band-pass filters (BPFs) as in-loop or pre-loop to
SRFPLL is presented in [35]. The BPFs in this case require the frequency feedback from PLL
as well. Hence, they are vulnerable to grid voltage phase-angle jumps like DDSRFPLL. The
filtering capability of the classical SRFPLL can also be enhanced by using delayed-signal
cancellation (DSC) as pre-filter. Their frequency-adaptive nature makes the implementation
complex [36]. In contrast to DDSRF-PLL, dual second-order generalized integrator (DSOGI)
based PLL has received attention due to its higher harmonic rejection capability and
comparatively lower computation burden [37]. Its resonant frequency is dependent on the
SRFPLL frequency estimation. Hence during any phase-angle jump based grid faults, the large
oscillations observed in the PLL estimated frequency degrade the dynamics response of
DSOGI. Apart from filtering requirements, attempts have been made to design adaptive
synchronization techniques to improve the dynamics response during grid transients. These are

adaptive SRFPLL [38] and enhanced PLL (EPLL) [39].

It is observed that though several advanced grid synchronization techniques have been
proposed in the literatures, only few of them have considered the grid synchronization
performance during the grid interaction of the power converters. This is the main objective of
this thesis work. Industrial converters have not yet used these advanced grid synchronization
techniques due to either of their computational complexity or cost. They still rely on the
conventional SRFPLL technique as it provides accurate grid synchronization with simplicity
in implementation. Due to the frequency and phase-angle coupling, SRFPLL suffers during
grid faults having PAJs. Accordingly, the grid-connected converter’s fault ride-through (FRT)
performance is highly affected. An overview of synchronization challenges with the SRFPLL

during grid faults is provided below.
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b) Grid synchronization Challenges:

Grid synchronization challenges during a grid fault are studied as the ‘loss of synchronization
(LOS)’ in the literatures. The LOS of the power converter during a grid fault may arise as a
result of low voltage, high grid impedance or high current injection during FRT. The LOS
phenomena can be explained referring to either large-signal instability (transient instability) or
small-signal instability. As studied in [40], during grid faults having a low voltage level, the
higher amount of active/reactive current injection by the converter leads to large-signal
instability. The low frequency non-linear behaviour of SRFPLL is revealed as the cause for
large-signal instability in [41]. In both [40] and [41], it is suggested that to avoid LOS the
current injection during fault should be limited by the steady-state fault current limit. On the
other hand, ref [42]-[45] claim that the LOS phenomenon is highly dependent on the existence
of equilibrium points during fault and post-fault. The insight into the equilibrium point
existence during grid fault is explained using phase portrait analysis [46]-[48]. This analysis
provides high computational complexity and less physical insight [49]. The use of Lyapunov’s
direct method is proposed in [50], [51] to analyse the large-signal instability based LOS
phenomenon which is considered an unresolved issue [49]. The concept based on classical
power system fault analysis of conventional synchronous generators such as ‘equal area criteria
(EAC)’ and ‘swing equation’ have been recently proposed for the understanding of LOS [52].
Apart from the stability analysis as mentioned in [40]-[52], several control enhancement
methods have been proposed to improve the large-signal instability. For instance, the idea of
‘freezing PLL’ is proposed in [53], [54] which are less effective during the grid faults having
PAJs. The ideas like zero current injection, line X/R dependent current injection, reduction of
active current based on voltage drop are proposed in [55]-[57]. All these techniques either
violate the grid code that delivers 1.0 pu/0.0 pu current injection or require precise

measurement of grid impedance. The concept of modification to the SRFPLL by resetting its
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integrator is proposed in [58], [59]. In this case, the proportional gain should be properly

deigned to give a robust stability margin.

In contrast to large-signal, LOS can also happen due to small-signal instability. Small-signal
instability is attributed to the weak grid interaction of the grid-connected converters. In this
case, either high bandwidth of SRFPLL or high short circuit ratio (SCR) can cause instability.
Small-signal instability is studied using state-space model or impedance-based analysis [60],
[61]. Lower bandwidth of SRFPLL can enhance the small-signal stability by reducing the
negative resistance offered by the SRFPLL in the low frequency region [62]. However, the low
bandwidth of PLL highly degrades the dynamics of the converter controller during FRT. To
improve small-signal stability, control techniques such as active damping on SRFPLL, virtual
impedance, and feedforward are proposed in [63]-[66]. Insufficient damping and high settling

time can lead to LOS during grid faults having PAJs.

The topic of loss of synchronization will be explained with the illustration of suitable examples

of grid faults and FRT in Chapter-3 which is the main motivation and objective of this thesis.

1.1.4 Grid Faults and Fault Ride-through

As stated in 1.1.3, the main objective of the thesis relates to grid synchronization issue during
a grid fault while the converter is operated in the FRT mode. In classical power systems, the
faults are classified as: a) Symmetrical faults and b) Asymmetrical faults. The frequency of
occurrence of symmetrical (balanced three-phase) faults is only 5% while for asymmetrical
faults, the contributions from single-line to ground fault is 70%, line-line fault is 15% and
double-line to ground is 10% [67]. The three-phase fault is considered as the most severe grid
fault. During either symmetrical or asymmetrical grid faults, there are also chances of
occurrence of phase-angle jumps (PAJs). The PAJ occurs due to the unequal X/R ratio between

the fault and grid impedance values which further classify the faults into seven types [68].
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These seven types of faults consider both magnitude sag and PAJs that can happen in a three-

phase voltage during fault.

At the advent of any grid fault, the grid-connected converters are suggested to remain
connected instead of suddenly tripping. Also they are expected to inject reactive power based
on the grid code compliances (depends on the grid code of the country). Such phenomenon is
called as the fault ride-through (FRT) or low voltage ride-through (LVRT). The reactive current
is injected in accordance to the voltage level measured at the converter connection point
(generally the PCC). This is considered as one of the stringent grid code requirements by the

transmission system operator (TSO) or distribution system operator (DSO) of any country.

An ample amount of research work has been carried out in the literatures on the FRT of wind
turbine energy system [69]-[78]. The rise of DC-link voltage during the occurrence of
symmetrical fault is encountered and hence the implementation of chopper (in the form of extra
resistance) is suggested to enhance the FRT in [69]-[71]. Similarly, the use of induction motor
load near the PCC point is proposed to enhance the FRT and reactive current injection
dynamics in [72]. The scheme for the reactive current injection by the wind turbine based on
the improvement of the angle stability of nearby synchronous generator is proposed in [73]-
[75]. The enhancement of FRT of wind turbine by advanced control methods that ensure the
mitigation of overcurrent during fault is proposed in [76]. Other FRT studies based on the
stability perspective are also proposed [77], [78]. All the aforementioned studies do not include
the LOS phenomena during grid fault which can affect the FRT of the power converters due to
synchronization instability as mentioned above. In contrast to wind energy, FRT of solar energy
systems have recently received attraction due to their large-scale penetration and grid
integration [79]-[82]. It is suggested that during grid faults, solar PV based power converters

should inject reactive current in addition to riding through of the fault [83]-[86].
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1.2 Motivation and Objectives

The motivation to carry out the research work is initiated from the occurrence of recent grid

fault events across the world as shown in Figure 1.4 [87]-[90].

[ Real-time Grid Fault Events ]
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Figure 1.4 Real time grid fault event details.

From all these events, it is observed that the major cause of the failure of power converters is
the inaccurate and delayed grid parameter estimations by the grid synchronization unit. Despite
the extensive contributions in the field of grid synchronization in academia as mentioned in
1.1.3, the industrial converters are still relaying on the conventional synchronous reference
frame phase-locked loop (SRFPLL). Most of the advanced grid synchronization techniques
mentioned above have not been benchmarked with the consideration of the grid interaction of

power converters (grid impedance is considered). As mentioned earlier, such interaction of the
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grid-following converters lead to loss of synchronization during grid fault and degrade the FRT

as a result of either large-signal [40]-[59] or small-signal instability [60]-[66]. Hence, the

behaviour of the grid synchronization (especially SRFPLL) during grid faults having PAJ

needs to be reinvestigated considering the converter interaction with the grid. To sum up,

during a grid fault having PAJ, faster fault detection, accurate and smart grid synchronization

along with the design of robust current controller is of utmost importance to enhance the FRT

of power converters. To achieve these requirements, the objectives for the research work in

this thesis are set as below:

1)

2)

3)

4)

5)

Faster fault detection in grid-connected converter using advanced digital signal
processing (DSP) techniques.

Reinvestigate the synchronization performance of SRFPLL and its adaptability to
design parameters (proportional and integral gain) that account for the damping factor
and settling time while considering several grid faults having PAJs. This is one of the
tasks carried out in the thesis as in Chapter 3. This is done to understand and analyse
the details of the loss of synchronization issue with SRFPLL as reported recently in real
time during grid faults. The solution to this is presented in detail in the contribution
section Part-II of Chapter 1.

Propose adaptive/hybrid grid synchronization techniques for both three-phase and
single-phase power converters during PAJ associated grid faults.

Develop robust current controller with the proposed adaptive/hybrid grid
synchronization to enhance the FRT of power converters (both three-phase and single-
phase).

Investigate and compare the FRT of the power converters synchronized with the
proposed technique with that of conventional SRFPLL and state-of-the-art adaptive

PLL techniques considering both non-severe grid faults (voltage without PAJ) and

11



Chapter 1

severe grid faults (voltage with PAJ) that illustrate the loss of synchronization (LOS)

phenomena.

1.3 Methodology and Tools Used

The research work in this thesis is carried out using the switching model of a grid-connected
voltage source converter (VSI). The model is built using software simulation tools such as
MATLAB®/SIMULINK and PLECS® Blockset [91], [92]. The power circuit of the model is
built using the PLECS toolbox. The version used is 4.1.8. The power circuit consists of the
model for DC power supply, three-phase VSI (2-Level IGBT converter), single-phase VSI
(Full-Bridge inverter), plant model (represented by LCL filter), the Thevenin equivalent of the
grid model (represented by controlled AC voltage source with series impedance) and the Pulse-
width Modulation (PWM). The control circuit for the grid-connected VSI is modelled using

the SIMULINK toolbox (Version used is MATLAB® R2018b).

The outcomes deduced from the simulation analysis are validated using experimentation in
real-time. For that purpose, a small laboratory-scale prototype of the grid-connected power
converter is developed. In the prototype, the DC power supply is generated using the ‘Magna-
Power Electronics DC Power Supply Series’ [93]. The VSI used for the experimental test set
up is a commercial product from Danfoss A/S [94]. The actual grid is presented using a
programmable AC power supply provided by the REGATRON 4-quadrant grid simulator [95].
Using this simulator, several grid fault voltage characteristics are programmed for testing
purposes. The controller developed by the SIMULINK is interfaced with the experimental set
up using the dSPACE-DS1103 controller board [96]. The details schematic of both the
simulation model and experimental set up are provided in the appendix (refer Section B and

Section C in the Appendix)
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1.4 Major Contributions

The major contributions presented in the thesis consist of two parts. The first part (Part I) deals
with the fault detection in grid-connected power converters. The second part (Part II)
emphasises on the improved fault ride-through of power converters using hybrid grid

synchronization transition. The details of these contributions are provided in the following.
Part I: Fault detection in grid-connected power converters.
Contribution: Hybrid Fault Detection for Grid-connected Power Converter

A hybrid fault detection technique is proposed that consists of two digital signal processing
techniques Hilbert-Huang Transform (HHT) and Teager Energy Operator (TEO). The three-
phase grid voltage measured at the point of common coupling (PCC) is sampled and fed to the
fault detection unit. Using the empirical mode decomposition (EMD), the first intrinsic mode
function (IMF-1) of the fault voltage signal is extracted. Based on the HHT principle, the
instantaneous amplitude and frequency information of the IMF-1 is acquired. These amplitude
and frequency information of IMF-1 are used to calculate the Teager Energy which is equal to
the square of the multiplication of the absolute values of amplitude and frequency. The energy
calculated for IMF-1 is used to detect the fault conditions. With the proposed technique, grid
faults having both voltage sags and phase-angle jumps (PAJs) are detected. The proposed fault
detection technique is also used to classify the seven types of grid faults which include the
unbalances in both grid voltage and PAJ. It is observed that the average teager energy
calculated for three-phase symmetrical faults having PAJ (Type-A fault) is highest among other

types of faults which illustrate the severity of three-phase faults.
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Part II: Improved fault ride-through (FRT) of power converters using hybrid grid

synchronization transition.

Contribution 1: Novel Three-phase Hybrid Grid Synchronization Transition

In the second part of the thesis, the concept of three-phase hybrid grid synchronization for grid-
connected power converter is introduced. It consists of hybrid phase-angle estimator for the
current controller of the converter. The main objective behind the proposition is to improve the
fault ride-through of converters during grid faults having phase-angle jumps (PAJs). The hybrid
phase-angle estimator estimates the phase-angle of the grid voltage measured at the point of
common coupling (PCC) using the conventional second order synchronous reference frame
phase-locked loop (SRFPLL) during normal grid operating conditions. On the occurrence of
the grid faults it switches to the arctangent based phase-angle estimation in the stationary
reference frame (af-frame). On the recovery of the fault, it again switches back to the SRFPLL
estimation. A novel transition scheme is proposed to control the hybrid phase-angle estimation.
The scheme generates two pre-defined ramp functions as gain functions for the phase-angle
transition by taking the phase-angle error as input signal. The phase-angle error is the difference

between the arctangent and SRFPLL estimated phase-angle.

The proposed hybrid phase-angle estimator based hybrid grid synchronization works well
considering three-phase balanced faults. In contrast, during the three-phase voltage unbalance
as a result of asymmetrical faults, the hybrid grid synchronization concept is extended to
enhance the frequency adaptability of the dual second-order generalized integrator (DSOGI)
used as pre-filter (positive sequence extractor). The extension contains hybrid-frequency
estimator which feeds the arctangent derived frequency to the DSOGI during PAJ associated

grid faults instead of SRFPLL estimation.
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The proposed hybrid frequency and phase-angle estimator under the concept of hybrid grid
synchronization transition is tested during both symmetrical and asymmetrical grid faults
having PAJ. Additionally, a benchmarking of its grid synchronization performance with the
conventional second-order SRFPLL and other state-of-the-art techniques is presented.
Accurate grid synchronization along with the minimization of the synchronization delay is
achieved with the proposed technique. The contributions discussed above are included in

Chapter-4.

Contribution 2: Novel Single-phase Adaptive and Hybrid Grid Synchronization Transition

To improvise the frequency adaptability of the single-phase grid synchronization using second-
order generalized integrator phase-locked loop (SOGIPLL) during grid faults having PAJs, two
PLL independent frequency estimators are proposed. The estimators are: a) Teager Energy
Operator (TEO) and b) Fixed Delay (FD) method. These two estimators provide the frequency
estimations of the single-phase voltage signal using only a few samples, provided the voltage
input to the estimators are normalized. Two types of normalization techniques are
implemented: 1) using the cascade structure recursive discrete Fourier transform and inverse
recursive discrete Fourier transform based band pass filter (BPF) and i1) using the in-phase and
in-quadrature output from SOGI based BPF. From the computational complexity point of view,
the second option is selected by exploiting filtering capability of SOGI BPF. The normalized
in-phase output signal of the SOGI is fed to the frequency estimators. The phase-angle is
estimated using the arctangent function as done for three-phase systems. The frequency and
phase-angle estimations are used for grid synchronization and current controller for grid faults
having PAJs. The hybrid grid synchronization transition scheme proposed for three-phase
systems is used for single-phase systems for the transition between hybrid frequency and phase-

angle estimators.
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It is revealed that during the normal grid operating conditions and faults having only voltage
sag the SOGIPLL can serve as an efficient single-phase grid synchronization unit. On the other
hand, for grid faults having PAJs, the SOGIPLL suffers due to the linearized phase-angle
approximated frequency estimation feedback by SRFPLL. In such cases, the proposed adaptive
and hybrid grid synchronization can be considered as an alternative to enhance the grid
synchronization performance. All the above-mentioned contributions are addressed in Chapter-

4.

Contribution 3. Fault Ride-Through of Power Converters using Hybrid Grid

Synchronization Transition.

This is focused on modelling of the current controller of the power converters that use the
proposed hybrid grid synchronization transition during grid faults to deliver fault ride-through
(FRT) capability. This discusses the control of both three-phase and single-phase power
converters. For symmetrical faults, the converter’s current controller is modelled in the
synchronous reference frame (dg-frame) using the hybrid phase-angle estimator based hybrid
grid synchronization. On the other hand, during asymmetrical grid faults, performances of the
two types of current controllers are evaluated to inject positive sequence current during the
FRT. The controllers implemented are: a) proportional plus integral plus second resonant
(PIR2) and b) proportional plus resonant (PR) along with both the hybrid frequency and phase-

angle estimator based hybrid grid synchronization.

The FRT of three-phase power converter with the proposed hybrid grid synchronization is
investigated during several grid faults having PAJs using both simulation and experiments. The
test scenarios considered under study are, i) Non-severe symmetrical faults and PAJs, ii) severe
symmetrical faults and PAJs and iii) Asymmetrical faults and PAJs. The comparison of current

controller performance during FRT is made with the conventional SRFPLL and other modified
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PLL structures. A comparison of the proposed technique with the addition of PCC voltage

feedforward compensation is also carried out. The details of the FRT of three-phase converters

are provided in Chapter-5.

In contrast to three-phase converters, the FRT of single-phase converters are modelled using

the proportional plus resonant (PR) current controller. The frequency adaptability of the PR

current controller is enhanced using the proposed adaptive and hybrid single-phase grid

synchronization during the grid fault having PAJ. The performance comparisons of the FRT of

the single-phase converters are made using simulation studies. The responses along with the

converter control model are addressed in Chapter-6.
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Research work carried out in this thesis have also been contributed to other co-authored

publications related to inverter-interfaced Microgrid. The contents are not included in this

thesis.

However, the work below greatly enhanced the understanding of inverter control
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1.6 Thesis Organization

The aforementioned research contributions and outcomes are addressed and incorporated by

organizing the thesis into seven chapters as follows:

Chapter-2 begins with an overview of existing fault detection techniques in classical power
systems and modern power electronic based power systems using digital signal-processing
techniques. Further, the proposed ‘Teager-Huang’ based fault detection for grid-connected
converter is detailed with detection principle, algorithm and test scenarios such as grid faults

having different voltage sags and PAJs.

Chapter-3 explores the loss of grid synchronization (LOS) phenomena during grid faults. A
clear picture of the difference between the chances of large-signal and small-signal instability
based LOS with the SRFPLL are provided with mathematical analysis. To this end, with

suitable grid fault events the occurrences of LOS are illustrated via simulation analysis.

Chapter-4 introduces the concept of adaptive/hybrid grid synchronization transition for both
three-phase and single-phase grid voltages. The control implementation, and transition scheme
along with the mathematical details are provided in this chapter. Finally, benchmarking of the
grid synchronization performance of the proposed technique with the state-of-the-art

techniques is carried out separately for three-phase and single-phase grid voltages.

Chapter-5 deals with the design of current controller for three-phase converters and the fault
ride-through strategy synchronized with the proposed hybrid grid synchronization transition.
Detailed model development with the consideration of grid synchronization (SRFPLL) and
voltage feedforward compensation is presented. The FRT response of the developed current
controller using both simulation and experiments are presented in this chapter along with
comparisons with the other techniques by considering both symmetrical and asymmetrical grid

faults having PAJs.
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Chapter-6 investigates the FRT of single-phase converter during grid faults. The model
development including reference current generation scheme and frequency adaptability of the
current controller are discussed. The converter is synchronized with the proposed
adaptive/hybrid grid synchronization principle. The simulation analyses are presented to
validate the improved FRT with the proposed technique in comparison to the conventional

technique.

Chapter-7 summarises the research outcome presented in the above chapters. Additionally, it
provides an insight to the future research directions to the current research work discussed in

the thesis.
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Chapter 2

Fault Detection in Grid-Connected Power

Converters

Power electronic converters are widely used for the grid integration of various renewable
energy sources to deliver fossil fuel free power demand. The source side intermittency during
such renewable based power generation along with the grid side disturbances affect the normal
operating conditions of such power converters. One of the vital grid side disturbances is the
occurrence of grid faults. In such scenarios, the limited fault current tolerance (2-3 times of
rated current) of power converters during their grid-connected application demands the
necessity of faster and accurate fault detections. Knowledge and application of several digital
signal processing (DSP) techniques have been proposed in the growing body of literatures to
achieve faster fault detection to safeguard the power electronic interface during grid side
disturbances. This chapter initially provides an overview of such DSP techniques for fault
detection. In addition to this, it proposes a hybrid technique that includes two well-known
signal processing techniques, Teager Energy Operator (TEO) and Hilbert-Huang Transform
(HHT). The combined principle is called a Teager-Huang technique, which can detect different
line faults using the teager energy of the Hilbert-Huang based empirical mode decomposed
signals. The fault detection technique is verified by creating various symmetrical and
unsymmetrical faults at the inverter connection point to the grid, using MATLAB/SIMULINK

and PLECS.
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2.1 Introduction

The environmental concerns of greenhouse gas emission with the energy production using the
conventional sources e.g., oil and natural gas, demand for the new regime of renewables and
hence foresee the future growth of the energy sectors. The expeditiously evolving renewable
energy sources (RESs) such as solar and wind energy systems under the new power generation
paradigm are becoming successful to provide clean energy and thereby replacing the
conventional energy sources. The favourable climatic condition in addition to the
unprecedented large-scale penetration of such renewables has propelled the supply of efficient

and uninterruptable energy to fulfil the customers’ demand.

Grid integration of these renewable energy sources is an emerging topic in both academia and
industry. The primary purpose of this is to feed in the energy generated (in the form of DC) to
the existing utility grid (in the form of AC). Power electronic converters are key components
which are used mainly for power conversion at different stages (DC/DC or DC/AC) and grid
integration of RESs. These power converters feature advanced control systems, reduced size,
low cost along with higher energy efficiency during the power conversion and grid integration

[97].

On the other hand, unlike the conventional synchronous generator, these converters provide
less inertia or inertia-less control performance. This makes them vulnerable to either source
side or grid side disturbances. The disturbances from the grid side may occur due to various
faults such as symmetrical or asymmetrical which result in voltage sags and phase-angle jumps
(PAJs) [68]. Due to these disturbances, the power electronic converters are exposed to issues
like over current stress, grid synchronization error, and distorted grid current injection, to name
a few. These may eventually lead to the trip of the converters provided the fault current

magnitude injected by them exceeds 2-3 times their rated value [98]. Further, the impose of
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stringent modern grid code by the transmission system operator (TSO) and distribution system
operator (DSO) of any country on these power converters requires them to stay connected with
the faulty grid to inject reactive power for a specified amount of time (known as “Fault Ride-

through”).

All the above-mentioned issues and requirements during the grid fault, urge to go for the fast
and accurate fault detection to safeguard these power electronic components and hence their
tripping to offer resilient grid-connected operation. There have been a large amount of
literatures in the last couple of decades devoted to the fault detection either in the conventional
power system or modern power electronic based power systems [99]. It is worth noting that
many fault detection techniques that are applicable to the conventional power system having
synchronous generator are not suitable for the power electronic based system due to their
limited fault current carrying capacity [100]. Out of several fault detection methods, digital
signal processing (DSP) technique based detection are well appreciated due to their faster and
accurate detection in power electronic based power systems which is the main objective of this

chapter.

2.1.1 Contribution and Organization of this Chapter

This chapter begins with an overview of digital signal processing (DSP) techniques used for
fault detection in Section 2.2. The classification is presented based on three categories: a)
Frequency Domain Techniques, b) Time-frequency Techniques, and c¢) Hybrid Techniques.
Section 2.3 proposes a hybrid fault detection method that uses the combination of two signal
processing techniques, Hilbert-Huang Transform (HHT) and Teager Energy Operator (TEO).
Under this section, sub-section 2.3.1 provides the fault detection principle and sub-section 2.3.2

explains the system model under study for fault detection. Section 2.4 presents the simulation
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analysis of fault detection considering the typical seven types of power system faults. The

summary of this chapter in provided in Section 2.5.

2.2 Overview of Digital Signal Processing Techniques for Fault

Detection

The flow-chart of the classification studied is shown in Figure 2.1.

Digital Signal Processing ’

Techniques
! ! !
Frequency Domain Time-frequency Domain Hybrid Detection
Techniques Techniques Techniques
EENEREl [ wr | | HT |
v v v v
WT and Least-square and ST and HHT and TEO
’ Sliding window ‘ ’ ADALINE ‘ lWT s J [ EKF J ‘ (Proposed) ’

Figure 2.1 Overview of digital signal processing (DSP) techniques for fault detection.

*DFT: Discrete Fourier Transform, FFT: Fast Fourier Transform, ST: S-Transform, WT:
Wavelet Transform, HHT: Hilbert-Huang Transform, KF: Kalman Filter, EKF: Extended

Kalman Filter, ADALINE: Adaptive Linear Neuron or later Adaptive Linear Element
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2.2.1 Frequency Domain Techniques

a) Discrete Fourier Transform (DFT)

It is used to transform finite sequence equally-spaced samples of a time domain signal to the
same length sequence of equally spaced frequency domain signal [101]. The DFT of any

sampled signal x[x], can be given by

X[k] = x[n]le N (2.1)

In (2.1), N represents the total number of samples present in the signal x[#], k is the number of
frequency bins: k=0, 1, 2, ....., N-1. Both magnitude and phase-angle information of the signal

can be obtained from X[k]. The frequency resolution (Af) for a sampling frequency (fs) can be
calculated as Af = % The frequency domain components of X[k] are used to detect any fault

instant happening in the time domain by extracting the magnitude and phase-angle information.

DFT has been used widely for fault detection in the field of conventional power system and for
Microgrid (MG) applications. A fast recursive DFT is used for adaptive numerical relay
settings in [102], and the application is further extended to both islanded and grid-connected
MG in [103]. A DFT based fault feature extraction is proposed in [104] for the protection of
MG. Here, the features like magnitude, phase-angle and frequency of the measured voltage and
current signals are considered to provide fault information. DFT provides faster and intelligent
fault detection performance in a stiff grid-connected system (low rate of change of frequency
(ROCOF). However, in case of autonomous Microgrid, either interpolated-discrete Fourier
transform with variable time window or Hilbert Transform (HT) can be used to arrest large
ROCOF due to any transient disturbance. Further, with this technique scenarios like fault

location, and high impedance fault (HIF) have not been researched thoroughly.
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b) Fast Fourier Transform (FFT)

This is an optimized implementation of DFT discussed above. Performance wise it is much
faster and efficient than DFT. It is the collection of various fast computing DFT techniques. It
highly reduces the computational time as compared to DFT. For instance, FFT based DFT
computation provides complexity of NlogN while it is N° times for direct DFT technique.

Additionally, FFT reduces the round-off errors during the computation.

FFT has been used extensively in power systems to detect several transient phenomena along
with faults [105]-[109]. The main drawback of FFT algorithm is the leakage effect. This

method is also sensitive to frequency deviations.

¢) S-Transform (ST)

This is an extension of wavelet transform (WT) and short-time Fourier transform. It is mainly
used for PQ disturbance detection [110]. The mathematical expression for ST of a time domain

signal x(7) can be expressed by

S(T,j)Zf x[tlw(t —,j)dt (2.2)

In (2.2), w(t-1, j) is time-scaled replication of the mother wavelet which will be defined in the
next sub-section. The width of mother wavelet and the resolution of transformation are

determined by the dilation parameter ‘¢’.

To extract features like mean, entropy of time-frequency contour, and standard deviation
energy from the measured current of the distribution feeder, S-transform is used in [104] for

pre-processing. Moreover, a differential protection scheme based on S-transform is presented
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in [111]. The protection scheme is used to detect various faults in a varying network

configuration of MG. The fault location and classification is not included in the scope of [111].

2.2.2 Time-frequency Domain Techniques

a) Wavelet Transform (WT)

It is an efficient digital signal processing tool which analyses different frequency components
of the time domain signal individually with a unique resolution for each frequency component.
In contrast to Fourier Transform, WT represents the time domain signal by the summation of
different mother wavelet functions [112]. Mother wavelets are implemented as bandpass
impulse response filters with an adjustable time width that corresponds to the frequency
component of the signal, i.e., it provides a narrow time width for higher frequency components
and a wider time width for lower frequency components. The necessary condition to be

satisfied by any mother wavelet (y(?)) is given by

j W) dt <o (23)

Various mother wavelets are available such as morlet, daubechies (db), symlets, Mexican hat,
haar, biorthogonal, coiflets, etc. All these mother wavelets can follow a common mathematical

operation for scaling/dilation and translation/shifting as given by

1

bas® = =0 () 4

Where the dilation/scaling is done by factor ‘a’ and translation/shifting is done by factor ‘b’.
The scaling factor for the wavelet function is decided by the length of the filter corresponding
to a particular mother wavelet. WT is used either in the form of Continuous Wavelet Transform

(CWT) or Discrete Wavelet Transform (DWT).
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WT is used for transient disturbance detection in [113]. Fault feature extraction based on WT
function for MG protection is proposed in [114]. Similarly extracting useful features such as
energy change, entropy and standard deviation of the measured fault current using WT is
presented in [115]. The calculation of WT coefficients by the positive sequence current
components measured at the point of common coupling for fault identification is proposed in
[116]. A wavelet packet transform (WPT) based digital protection scheme is proposed in [117]
where the high frequency components present in the synchronous reference frame (dg-frame)
are extracted by the WPT coefficients which are further used for fault identification in both

islanded and grid-connected applications [118].

The challenging part of the fault detection using WT is the selection of mother wavelet function
and the number of signal decomposition levels. Higher number of signal decomposition levels
provides higher accuracy at a higher cost and computational complexity. Mother wavelet

selection should be done based on the sampling of the input signal data.

b) Hilbert-Huang Transform (HHT)

Any non-linearity and transient events contained in a sinusoidal signal can be decomposed in
to various layers of signals containing varying frequencies. The process of such decomposition
of signals from the highest frequency content to the lowest is called empirical mode
decomposition (EMD). Each decomposed layer is called the intrinsic mode function (IMF).

The extractions of IMFs are done following certain conditions as:

1. Maximum and minimum of the signal x(z) is identified and spline interpolation is used
to construct the upper and lower envelop as en(f) and em(?). Using these two parameters

the mean value m(t) is calculated as
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em(t) + ey (t) 2.5)

m(t) = >

2. New signal 4(?) is constructed as (2.6)

h(t) = x(t) — m(t) (2.6)

It follows two conditions: (a) its average value is zero and (b) the local extrema are

equal to the number of zero crossings or differ at most by one.
3. Steps (1) and (2) can be repeated until /(¢) satisfies the conditions to be an IMF.

4. The residual 7(¢) can be calculated as

M
(6 = x(t) — 2 IMF,, 2.7)

The magnitude and frequency of each IMF (analytical signal) can be estimated using Hilbert-

Huang technique. Any analytical signal (IMF) can be represented as

z(t) = x(t) + jy(®) (2.8)

Instantaneous amplitude and instantaneous frequency of z(¢) can be estimated as

A(t) = Jx2() + jy2 () (2.9

f@) = %tan‘l% (2.10)
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2.2.3 Hybrid Techniques

Apart from the DSP techniques in frequency and time-frequency domains described above,
recently the combination of multiple DSP techniques are used for fault detection purposes.
They are called hybrid techniques. The combination of WT and sliding-window is proposed
for the detection of voltage sag during a fault in [119]. Further, fault detection using the
combination of Least Square (LS) and ADALINE is presented in [120]. With lower
computational complexity, both the WT and Kalman Filter (KF) are used for voltage
disturbance detection in [121] along with Fuzzy-expert system for classification. Detection of
short duration disturbances using the combination of Extended KF (EKF) and ST is proposed

in [122].

Motivated with the performance improvement using the hybrid fault detection unit during
several faults, in this thesis, the combination of two DSP techniques is proposed to detect
various types of fault occurrences at the PCC of a grid-connected converter system. The
techniques are HHT and Teager Energy Operator (TEO) [123]. The hybrid technique is called

‘Teager-Huang’.
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2.3 Teager-Huang based Fault Detection

Authors in [124] suggested that the use of the Teager Energy Operator (TEO) technique
provides faster fault detection. As reported by [124], its speciality is that it can identify
disturbances in a signal using only 3-5 samples of the frequency and amplitude. The TEO
method is used in various studies such as induction motor fault diagnosis [125], negative
sequence current energy [126] estimation during both symmetrical and unsymmetrical faults,
and low frequency oscillation detection [127], [128]. However, researchers paid a little
attention [129], [130] to use this technique to detect the faults in an inverter-interfaced grid
faults. It appears that the TEO technique in combination with the HHT can be used to detect
several types of grid faults that are measured at the PCC where the inverter is connected. This
fault detection principle, the system model which is used for the study and simulation results

are presented below.

2.3.1 Hybrid Detection Principle

Any of the single-phase signal (x,(t)) of the measured three-phase voltage signal can be represented

as a sinusoid (sine/cosine) as
xq(t) = X,cos (ot + 6,) (2.11)

The discrete equivalent of the time domain signal sampled at T;= 10 kHz can be represented as

xXq(n) = X cos (On + 6,) (2.12)

where 0 = (2 XII X fXx Tg) , f = analog frequency and 6, is any arbitrary phase angle
associated with signal x,(n) .It requires three samples as x,(n), x,(n — 1), and x,(n + 1) to

find out the energy as given by
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E[xa(n)] = % [xa(M)? = (xo (M — 1) X x5 (M) (n + 1))] (2.13)

S

With these three samples the energy of the signal x,(n) can be found with the help of teager

energy operator using (2.13)

From (2.13) the previous and future samples of x, (1) can be written as

xan—1) = X,cos (Qn—1)) + 6, (2.14)

Xq(n+1) =X, cos (Qn+ 1))+ 6, (2.15)

Equations (2.14) and (2.15) can be solved using trigonometric identities given by equations as

cos(a + B) cos(a — B) = 0.5 X [cos(2a) + cos(23)] (2.16)
cos(2a) = 2 [cos(a)]? —1 =1 — 2 [sin(a)]? (2.17)

On solving equations (2.16) and (2.17), equation (2.13) can be written as

Flra)] = 7 [Fan)? = (raln = 1) X x4 )] = 5 P sin(@)] (219)

For small values of £, sin(Q)) = Q

So, the teager energy of the signal can be calculated instantaneously from the squared

multiplication of the amplitude (X,) and frequency (w) as given by

E[xa(n)] = %[Xazﬂz] = Xazwz (2.19)
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Figure 2.2 Flow-chart implementing Teager-Huang based fault detection.

Based on the two signal processing techniques, HHT and TEO, the flowchart for the
combined technique in order to detect various symmetrical and asymmetrical grid faults in
inverter-based MG is shown in Figure 2.2. It is observed that teager energy operator requires
instantaneous amplitude and frequency to estimate the energy of a signal. These amplitude and
frequency values are extracted using Hilbert-Huang technique and given to the energy operator
to calculate the energy. This is done for every extracted IMF for each faulty voltage signal. It is

noticed that in each fault case, the maximum information of amplitude and frequency is
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contained in the IMF-1 compared to other IMFs. So in order to extract accurate information

about the faulty phase energy, the IMF-1 energy alone is calculated using the teager operator .

2.3.2 System Description

The schematic of the grid-connected three-phase converter used for fault detection study is
shown in Figure 2.3. The converter and controller parameters used to model the system are
provided in TABLE 2.1. It consists of plant model (LCL-filter), thevenin model of grid, grid
synchronization, outer DC-link voltage control, inner current control and pulse width
modulation (PWM). Several types of short-circuit faults are created at the grid side and the
voltage measured at PCC is fed to “Teager-Huang’ fault detection unit to generate the ‘trip’

signal as shown in Figure 2.3.

- )
Voltage Source LCL Thevenin
Converter Filter PCC
/ Model
G b 2
VDC/Z_E —ijﬁ —ICF I {{ml_ﬁ g&g Ii,, Z,'| Z, GRID
N, m Equivalent
L — T
Voo2== | i3 | g3 | g3 GTIT Vece ‘|2
QR 1T e
Synchronization [q 4
| PWM | 0, %2
n Teager-Huang
---------------- 4
Vpc/2—& i
du,bc u, I‘:; It‘l Lufoc voitage| Voo Pre EE
urren
G Mq U Control 1, OControl

Figure 2.3 Grid-connected converter model for fault detection study.
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TABLE 2.1: CONVERTER AND CONTROLLER PARAMETERS

Parameters and Symbols Values
Rated Power (Prqteq) 2.2 kW
DC voltage (Vp¢) 400 V
Grid voltage (Secondary side) (V) 240 Vims
PCC voltage (Primary side) (Vpcc) 120 Vims
Nominal current (Primary side) (Iy) 8.65 Apeak
Grid Frequency (f,) 50 Hz
Proportional gain of the voltage control (Kpy) 8
Integral gain of the voltage control (K;) 7000
Proportional gain of the current control (K;) 12
Integral/Resonant gain of the current control (Kj; /K;;-) 7000
Settling time of the SRFPLL (tz.;) 120 ms
Grid side filter inductance (Lgg) 1.8 mH
Converter side filter inductance (Ly) 0.5 mH
Sampling frequency (fsq,m) and Switching frequency (f5,) 10 kHz

The computational time of the proposed Teager-Huang method is recorded in an Intel ®, Core
™ 17-6700 CPU @ 3.40Ghz processor computer. On average, the Teager energy calculation
for one cycle (200 instantaneous energy calculations) takes 3ms. This is less than the

recommended fault detection as per IEEE C37.114-2014 standard (10 ms to 50 ms).
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2.4 Simulation Results

The simulation results to detect the faults using the proposed technique are provided in three
scenarios. The first scenario results are provided for the model description provided in [123].
Second and third scenario results are the further analysis of the proposed fault detection
technique corresponding to different characteristics of grid faults such as: variation in sag depth

and phase-angle jumps (PAJs) during the grid fault occurrence.

a) Variation with Fault Resistance

For a single-line to ground (AG) fault, phase A voltage and all the IMFs of the phase A
voltage are plotted in Figure 2.4. Here, the fault has occurred at the 0.7" second. It can be clearly
seen that the first IMF (IMF 1) is carrying more information of the fault. Hence, only the IMF

1 is considered for further analysis. The teager energy is calculated from (2.19).

The maximum teager energy depends on the fault resistance value as well. As shown in Table
2.2, the teager energy for low resistive faults is much higher compared to high resistive faults.
The threshold set value should be able to detect all types of faults including the high resistive
faults. The Teager energy during normal operation of the system is identified as 0.1x10'J. To
maintain the grid code in a MG, the voltage sag value allowed is 0.9 times the rated value.
Therefore, at this magnitude of each phase voltage, the energy of the first IMF signal is
calculated and chosen as threshold value by performing the test simulation for several times. If
energy value of any IMF signal rises above the threshold, then it is considered as fault energy

and the IMF corresponding to the phase (phase A, B, or C) is declared as faulty phase.
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Figure 2.4 Phase-A voltage and all its IMFs during single-line to ground (AG) fault.

TABLE 2.2: TEAGER ENERGY AND FAULT RESISTANCE

Fault type Fault resistance () Teager energy (J)

<1011

0 Eaml
LL 110 2.706x10"!
11
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b) Impact of addition of PAJ to Voltage Sag

As mentioned previously, the teager energy during a fault is proportional to square of the
magnitude of the 1% intrinsic mode function (IMF-1) derived by performing the empirical mode
decomposition of the phase voltage using the HHT technique. The impact of voltage sag depth
measured at the PCC point during the fault is studied by varying it from 10% (0.1 pu) to 90%
(0.9 pu) of the rated voltage. The estimated teager energy for varying sag depth is shown in
Figure 2.5. The instantaneous energy values of the IMF-1 for each of the phases (A, B and C)
are shown. Additionally, the average energy values of all the three phases are plotted. It is

observed that the average teager energy significantly increases after voltage sag of 70% (0.7

pu). The average teager energy for 90% sag (0.9 pu) is calculated as 1.5x10'8].

0 —8—%
0.1 0.2

03 04 05 06 07 08 09
Sag [p.u.]

Figure 2.5 Variation of teager energy of IMF-1 with respect to different sag depth of the
voltage during the grid fault.
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In addition to the voltage sag, there is also a chance of occurrence of phase-angle jumps (PAJs)
during a grid fault. PAJs occur due to the unequal X/R ratios between the fault and the grid
impedance [68]. The impact of PAJ with a common 80% voltage sag on the estimated teager
energy is shown in Figure 2.6, where PAJ is varied from -60° to 60°. It is observed that
irrespective of the sign of the PAJ, the average teager energy of all three phases’ increases with
the increase in PAJ with respect to sag depth. This is due to the fact that during a PAJ both
amplitude and frequency of the voltage signal abruptly changes which in turn affects the IMF-

1 and hence the teager energy.

18
6 x10
- - .TEA
5 |- o TEB ()

Figure 2.6 Variation of teager energy of IMF-1 with respect to different PAJ with 80% sag
depth of the voltage during the grid fault.
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c¢) Teager Energy of 7-types of Faults

The proposed Teager-Huang based teager energy is calculated for the standard seven types of
power system faults [68]. In these faults, both unbalances in the voltage magnitude and PAJ
are considered. The scenarios studied for all the seven types of faults to calculate the teager
energy for IMF-1 are provided in TABLE 2.3. ‘d’ is referred as the voltage sag depth and ‘0’

is referred as the PAJ associated with the voltage sag during a specific fault.

TABLE 2.3: TEAGER ENERGY OF IMF-1 FOR DIFFERENT TYPES OF FAULT

Sag Depth Phase-angle Teager Energy Average
Fault Jump (0) (°) of IMF-1 (TE) (J) Teager
Type (d) (pu) Energy of
IMF-1 (J)
d ds de 04 Os Oc TE, TE3 TE. TEavr
TYPE - | 0.65 | 0.65 | 0.65 - -45° | -45° | 3.43¢el7 | 6.73el6 | 7.25¢el6 1.60el7
A 45°
TYPE - | 0.65 0 0 - 0° 0° | 3.43el7 | 2.8915 | 7.15¢el5 1.17el7
B 450

TYPE - 0 03 | 0.6 | 0° | -35°| 11° | 5.81el4 | 4.09¢14 | 4.94el5 1.97e15

TYPE- | 0.6 | 0.22 | 0.02 - 17° | -20° | 1.17e17 | 7.19¢16 | 8.78el5 6.58¢e16
D 30°
TYPE - 0 | 0.65 | 0.65 - 3° | -25° | 7.15el15 | 6.31e16 | 8.56el5 2.62el6
E 40°
TYPE-| 0.6 | 05 | 0.2 - 3° | -25° | 2.22el17 | 5.79¢16 | 1.38el6 9.79¢16
F 40°

TYPE- | 0.25 ]| 045 | 0.65 | -4° | -40° | 15° | 5.07el5 | 6.11el5 | 7.15el5 6.11el5

**Type-A: Three-phase fault, Type-B: Single-phase to ground fault, Type-C and Type-D:

Phase to Phase fault, Type-E, Type-F and Type-G: Phase to Phase to Ground fault.
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Figure 2.7 shows the relationship of teager energies for various faults. It is observed that the
three-phase faults considered as Type-A faults provide the highest average teager energy value
which is 1.6x10'7]. Thus, Type-A faults are considered as the most severe and less frequent
grid fault. Type-B faults give the average teager energy value of 1.17x10'7J which is lesser
than that of Type-A faults. Similarly, Type-C and Type-D have average teager energy of Type-
D fault (6.58x10'%]) is observed to be higher than Type-C fault (1.97x10'J). Occurrence of
Type-E faults is quite rare as compared to Type-F and Type-G and gives average teager energy
of 2.62x10'°J. Among the Type-F and Type-G faults, the former has more average teager

energy value (9.79x10'°J) than the latter case (6.11x10'°]).

35 %1017

Type-A Type-B Type-C Type-D Type-E Type-F Type-G
Fault Types

Figure 2.7 Variation of teager energy of IMF-1 with respect 7-types of faults.

Higher teager energy refers to the abrupt changes in either the estimated amplitude or the
frequency during the grid faults. Higher value of teager energy in case of PAJ for a particular
phase (either a, or b, or c) reveals that it affects the frequency of that particular phase more
severely as compared to faults with only voltage sag. A converter that is connected with the
grid uses the grid voltage frequency or phase-angle for control purposes. Hence, with the higher
teager energy based grid fault, for instance the three-phase fault, there may be chances of large
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amount of current flow through the converter which leads to its tripping. Thus, adequate current
control action is necessary in case of PAJ related grid fault. This will be discussed later in this

thesis.

2.5 Chapter Summary

This chapter contributes to the thesis in two ways as:

1) It discusses the advantages/disadvantages of various digital signal processing (DSP)
techniques used for fault detection in both the conventional power system and modern
power electronics-based power system.

2) It proposes a novel hybrid fault detection technique for grid-connected power converters.

The overview of the DSP techniques is provided under three categories: a) Frequency domain
techniques, b) Time-frequency domain techniques, and ¢) Hybrid techniques. In line with the
hybrid technique concept, the combination of Hilbert-Huang Transform (HHT) and Teager
Energy Operator (TEO) to calculate the fault energy and hence to detect the fault, is proposed.
This technique extracts the 1% intrinsic mode function (IMF-1) of the faulty voltage signal by
the use of empirical mode decomposition (EMD) under the HHT principle. Then the
instantaneous amplitude and frequency of the IMF-1 is used to calculate the teager energy using
the TEO principle. The proposed technique is used to detect several voltage sags and PAJs
during a grid fault. It is revealed that the addition of PAJ to the voltage sag increases the teager
energy content in the faulty signal. Finally, the energies for the standard seven types of power
system faults in which both the unbalances in the voltage magnitude and phase-angle in a three-

phase system are estimated.
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Grid Synchronization Issues During

Faults

Provision of fault ride-through capability during grid fault is a stringent grid code
requirement for the power electronic converters during the grid integration of renewable
energy sources. The grid-connected and grid following converters mostly use the
conventional second-order synchronous reference frame phase-locked loop (SRFPLL) for
grid synchronization. Loss of synchronization (LOS) with the grid is a common problem
witnessed by the SRFPLL synchronized converters during severe grid fault. In this chapter,
the cause of LOS with the conventional SRFPLL is explained as due to either large-signal or
small-signal instability. LOS as a result of large-signal instability mainly occurs due to the
violation of steady-state network constraints. On the other hand, even if the large-signal
stability is ensured during fault, small-signal instability due to the inaccurate PLL parameter
tuning can lead to LOS. The discrepancy of the approximated small-signal model of the
SRFPLL that ignores the grid impedance is reported in this Chapter and on top of this, the
parametric effect on the actual small-signal model of the SRFPLL is detailed. The considered
parameters include the grid impedance magnitude/angle, fault current magnitude/angle, and
phase-angle jumps during grid fault. This chapter identifies the occurrence of large phase-

angle jumps (PAJs) during grid faults as a potential factor to trigger small-signal instability
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for SRFPLL. The stability aspects relating to LOS are analysed during the occurrence of both

symmetrical and asymmetrical grid faults.

3.1 Introduction

The unprecedented availability of various renewable energy resources such as solar and wind
energy systems, have accelerated their deployment, as fossil fuel free electric power
generations. Power electronic converters are the key interfacing unit for the grid integration
of such renewables. These converters use complex and advanced control systems to deal with
the renewable based source side intermittency. On the other hand, due to less inertia or being
inertia-less, such converters are vulnerable to the grid side transients; for instance grid faults.
The transmission system operator (TSO) and distribution system operator (DSO) of any
country enforce several grid code requirements for these converters. Out of them, one of the

stringent requirements is the provision of fault ride-through (FRT) capability.

These grid-connected power converters use the conventional synchronous reference frame
phase-locked loop (SRFPLL) technique for grid synchronization due to its simple control
architecture [30]. During the occurrence of any severe grid fault, the SRFPLL synchronized
power converters face loss of synchronization (LOS) issue as reported in many real scenarios
[87]-[90]. The LOS during the fault is triggered either due to the large-signal instability or
small-signal instability of the SRFPLL control structure. The gain parameter design of the
conventional SRFPLL is generally done keeping in mind the normal grid operating
conditions. However such gain tuning provides insufficient damping and high settling time
for the converters to provide FRT during severe faults. The damping factor can be enhanced
to avoid LOS at the cost of inaccurate grid synchronization. Similarly lowering the settling
time of the SRFPLL can provide faster FRT for the converters. However by doing so, the

stability margin of the SRFPLL control structure will be at risk.
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3.1.1 Contribution and Organization of this Chapter

During the grid fault as a result of LOS the power converters fail to provide FRT capability
and hence the grid code requirement. The topic of LOS with SRFPLL grid synchronized
power converter is explored in this chapter. The sub-section 3.2 provides a fault model of a
grid-connected power converter that conveys the possibility of the occurrence of PAJs in
addition to voltage sags during a grid fault. This PAJ is highly dependent on the electrical
distance between the converter’s connection point (PCC) and the grid point where the fault
occurs. Sub-section 3.3 provides an overview of the modelling of the conventional SRFPLL
that is used as a common unit for closed-loop grid synchronization either by three-phase or
single-phase converters. The dependency of the gain parameter tuning on the damping factor,
settling time and bandwidth are studied. Sub-section 3.4 discusses the possibility of the
occurrence of LOS as a result of either large-signal or small-signal instability during both
symmetrical and asymmetrical grid faults. While considering the LOS, the contribution of the
grid impedance is also studied. Finally sub-section 3.5 summarizes the conclusion drawn

from this chapter.
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3.2 Fault Model of Grid-connected Power Converter

3.2.1 Fault Model during Symmetrical Fault

The single line diagram of a grid-connected three-phase voltage source converter (VSC)
during a fault is shown in Figure 3.1. Vpor and Opcc are the voltage magnitude and phase
angle at the PCC, Vi and 85 are the voltage magnitude and phase angle at the fault point and
Vi and 6,y are the Thevenin equivalent voltage magnitude and angle of the grid. The line
impedance connecting the PCC and the fault point is represented by Z; = R; + jwL;. The
fault impedance is represented by Zp = Ry + jwLs. The considered fault type is a voltage
sag. Also due to the nature of the equivalent impedance (combination of grid and fault) at the
fault point, a phase-angle jump (PAJ) is also associated with the voltage sag magnitude. The

short circuit fault can be associated with different grounding scenarios (different Z).

Vin£60:h
Lep Ren

Vo O\

Thevenin Model of Grid

Figure 3.2: Norton equivalent model of grid-connected VSC during symmetrical fault.

The voltage sag magnitude |(Vz)| and the PAJ [(6F)]| at the fault point can be expressed in
terms of the equivalent Thevenin impedance from the grid side and impedance provided due

to different grounding types of the fault as given by
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/sz + (wLf)?

VRs + Rep)? + (w(Ls + Lep))?
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3.2.2 Fault Model during Asymmetrical Fault

In contrast to the symmetrical fault, the converter model during asymmetrical fault can be
represented based on the sequence network decomposition such as positive, negative and zero
sequences. The asymmetrical faults can be single-line to ground (SLG), double-line to ground
(DLG) and line-line (LL) fault. The sequence decomposed networks for each of these faults
are given in Figure 3.3, Figure 3.4 and Figure 3.5 respectively. It should be noted that LL

fault do not allow the flow of zero sequence current component.

1.~ i

Vepl 246,

Ve~ 20 AV

-ve Sequence __

|3ZF|

0 Sequence
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g Ve 40p 0 Sequence
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~+ve Sequence __

-ve Sequence =71
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Figure 3.4: Norton equivalent model of grid-connected VSC during DLG fault.
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]/th+49th+ VF+49F+ VF_LHF_
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Figure 3.5: Norton equivalent model of grid-connected VSC during LL fault.

The expressions for the magnitude of positive (V#'), negative (V) and zero sequence (V7'
components measured at the fault point for all the three asymmetrical faults (SLG, DLG, and

LL) are given by

Zen " Ven™ +Ven )

Vet =V, — 3.3a
BTt 2t Zon 42" + 32 (3-32)
Zi (Ve m + V™
VF_ — Vth+ _ +th ( tf éh ) (33b)
Z ' (Ve T + V™
V.0 = +th ( tf_l gh ) (3.3¢)
Zen +Zn tZign + 3Zp
+; - - + 0
Vot = Ven" Zen +Ven Zen” )(Zen + 3Z) (3.42)
F — _ _ — .
Zon Zn” A Zen " Zen® + Zen T Zen® + 3Z5Zen™ + Z ")
+; - -7 + 0
V- = Ven Zen +Ven Zen ) (Zen +3ZF) (3.4b)
F Zo " Zen + Zen Zen® + Zen T Zen® +3Z5Zent + Zen ") .
Z e’
Vl=——v. " 3.4c
Pz 0+3z2, F (3.4¢)
Zan (VT =V~
VF+ — Vth+ _ th +( th _ th ) (35&)
Zin v Zy +Zp
_ — Zgy Vet = V)
Ve~ =V — - — (3.5b)
Zin v Zy +Zp
V=0 (3.5¢)
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In (3.4), (3.5) and (3.6), the Thevenin theorem is implemented to find out the positive,
negative and zero sequence thevenin voltages (Vt;,+, Vi, V,ho) and the corresponding positive,
negative and zero sequence thevenin impedances (Z,;,+, Za, Z,ho). During the calculations, the
power converter is replaced by a voltage dependent current- controlled source at the PCC
point. The PAJs seen at the PCC in the corresponding sequence network will be the combined

effect of the fault impedance and thevenin equivalent impedances.

As pointed out earlier, the power electronic converter requires a grid synchronization unit
along with the voltage sequence component extractor to estimate the phase-angle for the
current controller. The current controller can be implemented either in the synchronous or
stationary reference frame during the fault, which will be discussed in the Chapter 5. The
conventional synchronous reference frame phase-locked loop (SRFPLL) along with a pre-
filter is used for grid synchronization during such unbalanced grid voltages for asymmetrical
grid faults. In this thesis work, during fault, the emphasis is on the positive sequence

component (voltage and current) based control only.

3.3 Design of SRFPLL for Grid Synchronization

Accurate and faster grid parameter estimation is essential for grid-connected power
converters. This is mainly done by the grid synchronization unit which can be implemented
as closed-loop or open-loop structure. Accordingly, different types of grid synchronization
techniques have been discussed in Chapter-1. The most widely used technique for closed loop
grid synchronization is the phase-locked loop (PLL). Grid-connected converters use the
phase-angle estimation by the PLL to control the grid current in the synchronous reference
frame (dg-frame) using the PI controller. Grid synchronization using PLL requires the grid

voltage in natural frame (abc-frame) to be transferred to the dg-frame as it uses the g-axis of
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the voltage to estimate frequency and phase-angle. Accordingly, it is named as “synchronous
reference frame phase-locked loop (SRFPLL)”. The basic structure of a three-phase grid
voltage (measured at the PCC (Vpcc)) synchronization using the SRFPLL is shown in Figure
3.6. This assumes a balanced three-phase voltage. In contrast, during unbalanced grid voltage
(e.g. asymmetrical grid faults), SRFPLL deploys a positive sequence extractor as a pre-filter
to eliminate the double-frequency ripples. The extended SRFPLL based grid synchronization
in such cases is presented in Figure 3.7. The pre-filter can be implemented using various
advanced digital filters [31]-[37]. In this work, positive sequence grid voltage extraction
using the dual second-order generalized integrator (DSOGI) is used to maintain a trade-off
between accurate grid synchronization and harmonic rejection capability [37]. The control
structure and implementation details are explained in Chapter-4. It is worth noting that such

pre-filters need to be tuned with the grid voltage estimated frequency.
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Figure 3.6: Three-phase grid synchronization using SRFPLL.
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Figure 3.7: Three-phase grid synchronization using DSOGI+SRFPLL.
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For DSOGI, the frequency feedback is provided by the SRFPLL estimation in order to avoid
any phase-angle offset during off-nominal grid frequency variations. However, this frequency
feedback strategy degrades the grid synchronization dynamics of DSOGI phase-locked loop
(DSOGIPLL) which is essential from the converter’s controller point of view for instance,

FRT response. This aspect will be discussed in the subsequent chapters.

SRFPLL is also used for the single-phase grid synchronization as shown in Figure 3.8. Unlike
three-phase, single-phase grid voltage requires an extra quadrature signal generator (QSG) to
generate the three-phase equivalent in-phase (V) and in-quadrature (V) components. The V,
and V are then frame transferred to dg-frame. After this, the synchronization is similar to that
of three-phase system. The QSG used in this work is second-order generalized integrator

(SOGI). Implementation of SOGI will be detailed in Chapter-4.

. SRFPLL
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Vpcc [ Senerator 7 dq > Kppui, + Kipuy, | X
7y B s

Figure 3.8: Single-phase grid synchronization using SOGI+SRFPLL.

As it can be seen from the above figures, whether it is three-phase or single-phase voltage,
the common unit of the grid synchronization process is the SRFPLL that estimates the

frequency and phase-angle to be used for frame transformation and/or control purpose.

The basic structure of the SRFPLL unit during the phase-angle locking is given in the Figure
3.9. It uses a PI controller whose input signal is V,. The PI gains (Kpp;; and Kjpy;) are the
designed parameters that decide the estimation dynamics of the frequency and phase-angle.

The output of the PI controller is considered as the frequency estimation error and is added to
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the nominal grid voltage frequency (wy = w,) to provide the estimated frequency by the

SRFPLL. The integration of the estimated frequency provides the estimated phase-angle

(Oprr) of the grid voltage measured at the PCC (Vpcc). It should be noted that in Figure 3.9,

the PCC and the grid are assumed to be same (i.e. the grid impedance is ignored). While

designing the PI gain parameters, the closed-loop control structure provided in Figure 3.9 is

linearized around the initial grid voltage phase-angle (i.e. 8, = 0). The grid voltage magnitude

is assumed to be normalized (i.e. |V, = 1.0 pu). With this assumption, V, can be expressed as

(3.6). For small angle deviation around the initial grid voltage phase-angle, sine of the phase-

angle error is approximated to the absolute value of the phase-angle. This makes the control

loop a typical second-order control system whose transfer function relating 6p;; to 6, can be

given by
Vg = sin(8y — 0p,;,) = sin(6,) = 6, (3.6)
Wo
6 0, |74 Aw 2,
i N q. PLL
—s sin 6, > |Vg| > KpprL + Kipre | '
WpLL
Figure 3.9: Basic control structure of SRFPLL.
Kppss + (Kipyy = SEELL)
Opr PPLL IPLL T, a7
= e )
O 524 Kpprrs + (KiprL = %)
Equation (3.7) can also be presented as
Opr  20wus + wy” (3.8)

0y 524 20w,s + w,?
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Using (3.7) and (3.8), the relationship among the gain parameters (Kppr;, and Kjprr), the

natural frequency (w,,) and damping factor ({) can be given as

KppLL VKppLLTi 39
w, = ot { = T‘ (3.9
l

Linear control system analysis states that the second-order system takes four times the time
constant (4t = 4/({w,)) to reach 1% of steady-state error. Viewing (3.7) from this settling time

(t,) aspect, the relationship between the PLL gains (Kpp;;, and Kjpy;) and (¢;) can be given by

_ 9.2 20 ts (> (3.10)
KpprL = 24wy = t, T; = w, 23

One important point to be noted here is that the tuning of the Kpp;; and Kjp;; as per (3.10) is
valid provided the grid voltage is normalized. The normalization is done adaptively in the af-
frame as

Vagp
Va’ﬁ(pu) e — (311)

Vol + Vg?

Usually, the value of ¢ in (3.8) is chosen to be 0.707 to provide a critically damped response
during the grid synchronization using SRFPLL [38]. Similarly, t; is selected based on the
application. It can be varied from two fundamental (40 ms) to six fundamental time periods
(120 ms). As per (3.10), lower settling time with fixed { provides higher natural frequency

(w,) and poor harmonic rejection capability. On the other hand, higher settling time improves
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the harmonic rejection capability at the cost of degrading the dynamics response. This is one

of the limitations of the SRFPLL based grid synchronization technique.

The dependency while tuning Kpp;; and Kjp;; based on either the set values of ({, tg) or ({,
wy,) is shown in Figure 3.10 and Figure 3.11 respectively. For the first set of test { is varied
from 0.3 to 1.5 and ¢t is varied from 40 ms to 150 ms. For the second set of test, { is varied
from 0.3 to 1.5 and w,, is varied from 1256 rad/s (200Hz) to 31.41 rad/s (5 Hz). It is observed
from Figure 3.10 that the Kpp;; increases sharply as tg decreases towards 2-3 fundamental
period (40-60 ms) and is independent of the { which follows the relationship as given by
(3.10). However, K;p;; is observed to be affected both by ¢ and t; as it follows an inverse
relationship to the square of the multiplication of both these factors (refer (3.7)). The rate of
increase is much higher at lower values of { and t;. This reveals the fact that to achieve faster
grid synchronization (lower tg/higher Kpprr), Kiprr needs to be returned to offer sufficient

damping during any grid voltage disturbances (transients).

In contrast, if Kpp;; and Kjpy; are designed according to w,, (or f,,) as shown in Figure 3.11, it
can be observed that for a fixed ¢, higher value Kpp;; provides a wider bandwidth and hence
will degrade the harmonic rejection capability of the SRFPLL loop filtering though it will
result in faster grid synchronization. On the other hand, K;p;; is observed to follow a square
relationship with w,, i.e. setting K;p;; to a lower value will result in higher harmonic rejection

performance by SRFPLL.
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Figure 3.11: Variations of (a) Kpprr and (b) Kiprr with respect to { and f,

The modelling of SRFPLL and its gain parameter tuning discussed above face discrepancies
during the grid voltage transients. Moreover in a weak grid where the grid impedance value is
of significant magnitude, the PCC point and the grid point cannot be assumed to be same as
considered above for PLL modelling. Additionally, during grid faults (either severe
symmetrical or asymmetrical), voltage observed at the PCC point experience phase-angle
jumps (PAJs) in addition to voltage sags [68]. In such scenarios, the assumption made in (3.6)
will lead to erroneous phase-angle estimation by SRFPLL which will have adverse impact on
the current controller of synchronized power converters. To avoid this issue with the
conventional linearized model of SRFPLL modelling, understanding of an accurate model of
the SRFPLL considering the grid interaction of synchronized power converter is needed and
explained in the following sub-sections.
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3.4 Loss of Grid Synchronization Issue with SRFPLL during

Faults

Loss of grid synchronization (LOS) phenomena mainly occurs in case of grid-connected
converter during the occurrence of severe symmetrical or asymmetrical faults. During this,
the frequency estimated by the SRFPLL sharply deviates from the nominal value and
becomes uncontrolled. This results in erroneous phase-angle estimation by SRFPLL, by
virtue of which the converter experiences uncontrolled current flow. The root causes of LOS
during faults are: 1) very low voltage magnitude, ii) high grid impedance or iii) high amount
of current injection (active/reactive). From the stability point of view LOS event can be
explained as 1) Large-signal instability and 2) Small-signal instability [40]-[66]. For the
understanding of both types of stability, quasi-static model of the SRFPLL is considered

where the grid interaction of power converter is represented by the grid impedance [40], [41].
3.4.1 Large-signal Stability Analysis

The quasi-static model used for the explanation of large-signal stability analysis is shown in
Figure 3.12. It can be seen that unlike the conventional SRFPLL model, in this case the input

to the PLL loop (V) consists of two components as given by

Vo = Vgn + Vi (3.12)

where first term is called the grid synchronization term (V,,) and it acts as negative feedback
to the SRFPLL similar to the conventional PLL design discussed above. The second term is
known as the self-synchronization term (V,,) which is a positive feedback to the SRFPLL
control loop. To maintain the large-signal stability during the occurrence of any grid fault, the

condition to be fulfilled is given by
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Van| > [Vap | (3.13)
|V, sin6,| > |1,Z, sin(6; + 6;)| (3.14)

The steady-state current limit to avoid LOS due to large signal instability thus can be
expressed by

|l{q sinBe|

I (3.15)
| < Z, sin(8, + 6,)

Equation (3.15) can be correlated with the fault variables during the fault discussed in sub-
section 3.2, where |Vg| is the amount of fault magnitude at the grid side (|Vg|), 6, is the
amount of PAJ during the grid fault (6r), Z, is the equivalent impedance seen at the PCC, 6,
is the impedance angle, 8; is the injected current vector angle and |Ig| i1s magnitude of
injected current. The maximum current limit for large signal stability limit is derived
considering the PAJ to be + 90° as given by

Vsl

6, = +90° (3.16)
Z, sin(6; + 67) @6 = £

[lgmax| <

I |Z | <« sin(0; + 07)«— P< 0, (wprr)
gl=g
Va i W
BN A v Aw 0
g %y sin 6, > |V9| 7 N , L | pLL
qn PLL

Figure 3.12: Quasi-static model of SRFPLL.
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Also, the current limit value depends on the type of current injection (6;), and/or type of grid
impedance (6,) for the same amount fault voltage magnitude. A graphical illustration of the
current injection limit is shown in Figure 3.13. Point A refers to the general case that
determines the steady-state current injection limit. Two other points A1 and A2 are also
shown in the Figure 3.13. This operating point A2 is derived by assuming a pure reactive (1.0
pu) and zero active current injection i.e. #; = -90°. This makes (3.16) dependent on the
resistance value of the grid impedance (R,) in addition to the fault magnitude. Similarly point
Al refers to pure active (1.0 pu) and zero reactive current injection i.e. §; = 0°. In this case,
the current injection depends on the inductive part of grid impedance (Xy). It can be observed
that point Al lies over A2 by considering the line impedance to be resistive (Ry > X,). If the
grid impedance is more inductive, point A1 will appear below A2. The exceptional case can
be derived from (3.16) as an infinite amount of current injection is possible without affecting
the large-signal stability. This will happen when the injected current vector aligns with that of

the grid impedance vector i.e., 0;= 6.

15| A

Vel /1X,| ===~
[Vl
|z, sin(e, — 6| ===~ !

Vel /IR f==-df

ble iUnste'lble
., Region - Reglon

¥ -
2

Figure 3.13: Graphical representation of the steady-state limit for current injection during

fault.
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Let us now examine the occurrence of LOS due to the violation of steady-state current limit
during two events: a) severe symmetrical grid fault and pure reactive current injection and b)

asymmetrical fault and pure reactive current injection.

Event I: Severe symmetrical fault and pure reactive current injection (|Vg| = 0.1 pu, 8, =-90°,
Lgmax = 9.5 Ap and R, = 0.09 pu)
In Figure 3.14(a), the current injected is of purely lagging power factor with a magnitude of

8.65A, that corresponds to 1.0 pu for a 2.2 kW three-phase inverter (considered in this work).
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Figure 3.14: (a) No LOS at I, = 8.654, and (b) LOS at I, = 104, during 90% symmetrical
sag and no PAJ.

It is observed that the frequency estimated by the SRFPLL is well maintained between 40 Hz
lower bound and 70 Hz upper bound. The reactive current injected to the grid is noticed to be
well synchronized both during fault inception at t = 0.35 s and recovery at t = 0.55 s. The
maximum current injection limit is calculated to be 9.5A, for this fault condition. On the
other hand, in Figure 3.14(b), the peak of injected current is increased to 10A,. In this case,
the frequency estimation by SRFPLL leads to LOS during the fault. Accordingly, the injected
current experiences uncontrolled flow during the fault period. This is because of large-signal
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instability based LOS caused by the violation of the steady-state current limit i.e. 10A, >

9.5A,.

b) Event 2: Asymmetrical fault and pure reactive current injection ([V¢'| = 0.3 pu, 6; = -90°,
Igmar = 9.5 A, and R, = 0.27 pu)
In contrast to the severe symmetrical fault there are less chances of LOS occurrence
during asymmetrical fault considering the same network resistance value. For instance, a
two-phase to ground fault at the grid side is considered in this case where 100% sag is
created in phase-B and phase-C. This generates 33% of positive sequence voltage
magnitude. With a resistance value of 0.09 pu and current injection of 10A,, during fault,
LOS does not occur. However, to show the LOS phenomenon, the grid resistance value
is increased to 0.27 pu (considering the fault point is far away from PCC). When the
value of grid resistance is set as 0.27 pu, no LOS is observed for positive sequence
current injection of 8.65A, as shown in Figure 3.15(a), while the inverter experiences a
LOS during the injection of 10A, as seen in Figure 3.15(b). Thus, it can be concluded that
LOS is more common to severe symmetrical fault while less for asymmetrical fault (can

happen on special cases).
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Figure 3.15: (a) No LOS at I, = 8.654,, and (b) LOS at I, = 104, during 100% sag in phase-
B and phase-C and no PAJ.
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3.4.2 Small-signal Stability Analysis

Loss of synchronization can also occur due to small-signal instability of SRFPLL control
loop. Even if the large-signal stability limit is met as discussed above, due to inaccurate PLL
gain parameter tuning, the frequency estimated by PLL can go out of synchronism and
thereby provide erroneous phase-angle estimation for the converter controller. To understand
the mechanism of LOS due to small-signal instability, the accurate small-signal model of the
SRFPLL considering the grid interaction of the converter is shown in Figure 3.16. The
linearization is done around the grid operating frequency (i.e. wpz; = o). It can be seen that
there are three constants (K;, K, and Kj3) appearing in the positive feedback loop of the
SRFPLL due to the grid interaction. The new transfer function relating the estimated phase-

angle (0prz) to the grid voltage (at the fault point) phase-angle (6,) is given by

OpLL _ (Kpprr cos0,)s + (K;py, cos 6,)

_ (3.17)
0y s*(1 — KpprolgKs) + s(Kppri c0s 0, — KippilgK3) + (Kippy cos 6e)

Lg*wo _ Rylg
1Zg(wo)|’ 2 |Zg(wo)]

where, K; = sand K3 = K2|Zg((u0)| + K, sin(6,(wy) + 6;)

It 1s to be noted that (3.17) is completely different from (3.7). Thus, the gains of PLL (Kpps1
and Kjp;;) are designed considering that (3.7) is no longer valid during the fault analysis. The

expression for damping factor and settling time considering (3.17) is given by

9.2(1-KppLLIgK3) d¢ = KpprCOS8c—KipLLIgK3 (3.18)

settling time: t; = = O Kerri Ko Kipicos o,

KppLLCOS B,
The main assumption that is made during the normal operating condition as given by (3.7) is
invalid (cosé, = 1 and siné, = 6, ) for larger phase-angle error which will occur due to the PAJ
during a grid fault. At higher PAJ, the damping factor decided by (3.8) is insufficient to avoid

LOS. This necessitates a higher damping factor for PLL during the fault. Similarly, the higher
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settling time value makes the PLL dynamics slower at higher PAJ and the converter current

controller is highly affected to provide adequate FRT during fault.

0, < ©
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3 K
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6z (wo)

Figure 3.16: Small-signal model of SRFPLL considering the grid interaction of power
converter.

A graphical presentation of the variations of damping factor ({) and settling time (%)
considering a wide range of grid impedance angle (6 varies from 0° to 90°) and phase-angle
error due to various PAJs (6, varies from 0° to 60°) are provided in Figure 3.17(a) and Figure
3.17(b) respectively. It can be observed that conventional SRFPLL is designed considering
the operating point marked in the figures ({ = 0.707 and ¢ = 120 ms assuming 6, = 0° and 6,
= 0° by ignoring the grid impedance). In Figure 3.17, a pure lagging power factor reactive
current injection is considered. It can be seen that both { and ¢ exhibit a highly non-linear
characteristics for the accurate small-signal model of the SRFPLL, during grid interaction
and PAJs. Thus, LOS occurs due to small-signal instability at higher PAJs during the grid

fault or higher impedance angle at the PCC.

64



Chapter 3

Figure 3.17: Variations of (a) { and (b) t; with respect to 8, and 0.

The small-signal instability based loss of synchronism due to various PAJs at the grid voltage
during grid fault can also be studied. The same test cases are analysed as done for large-
signal stability study. However, in this case, it is ensured that the current injection meets the
large-signal stability criteria. At first, during the severe symmetrical fault, the current
injection is maintained at 8.65 A, which is below the stability limit. At this stage PAJ of 0°, -

5°, -30° and -45° are added to the fault.
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Figure 3.18: Variations of (a) Frequency w.r.t PAJ and (b) I, at PAJ = -45° during 90%
symmetrical fault with PAJ.
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The frequency response of the SRFPLL estimation is shown in Figure 3.18(a). It is observed
that with 0° and -5° PAJ, the frequency is restored during both fault inception and recovery
time. However with -30° and -45°, the frequency seems to be uncontrolled during the fault
period and even during the recovery. It is also noticed that with higher PAJ, the point of LOS
appears earlier (i.e. for -45° LOS starts at t = 0.41 s while for -30° it occurs at t = 0.42 s). The

converter current during the -45° PAJ is shown in Figure 3.18(b).

Similar to symmetrical fault, the LOS due to small-signal instability in case of asymmetrical
faults having various PAJs are shown in Figure 3.19(a). In this case, the LOS is observed for
-45° PAJ. The positive sequence grid current injection during the -45° PAJ is shown in
Figure 3.19(b). It can be observed that though the peak current is maintained at 8.65A,, during

the fault, the converter still experiences LOS due to the occurrence of PAJ which triggers the

instability.
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Figure 3.19: Variations of (a) Frequency w.r.t PAJ and (b) I, at PAJ = -45° during 100% sag
in phase-B and phase-C with PAJ.
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As explained above, during LOS event, whether due to large-signal instability or small-signal
instability, the estimated frequency is observed to deviate at a faster rate and move towards
zero Hz or even negative value. In real cases, the frequency is not allowed to deviate so much
even during normal operating conditions. Thus in the rest of the thesis, the estimated
frequency by SRFPLL is band limited between 45 Hz to 55 Hz while carrying out the

converter’s FRT study during various grid faults with and without PAJs.

3.5 Chapter Summary

This chapter presents the theoretical discussion on the most underestimated synchronization
issue with the conventional SRFPLL synchronized power converters during grid fault known
as “loss of synchronization (LOS)”. By providing the fault model of a grid-connected
converter, the chapter details the chances of the occurrence of PAJ in addition to voltage sag
during the fault. The PAJ observed at the PCC point, where the converter is connected to the
grid, is dependent on type of grid impedance. The conventional SRFPLL modelling is
presented where the contribution of grid impedance is neglected during the gain parameter
tuning of the PLL. Additionally, the assumption of linearized phase-angle approximation as
done in conventional SRFPLL is no longer valid for large PAJs as a result severe grid faults.
Thus a more accurate model of the SRFPLL (quasi-static model) is used to study the possible
causes of the occurrence of LOS. LOS can happen either due to the large-signal or small-
signal instability experienced by the conventional SRFPLL grid synchronization. The large-
signal instability occurs when the steady-state current injection limit during the fault is
violated. On the other hand, the inaccurate gain parameter tuning of the SRFPLL can lead to
small-signal instability based LOS. The expression for the required damping factor and

settling time for the accurate small-signal quasi-static model of SRFPLL is provided which
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depicts non-linear variations with respect to parameters such as grid impedance angle and
PAIJs. It is concluded that the damping factor and the settling time set for the conventional
SRFPLL is insufficient to maintain synchronism at the occurrences of large PAJs during grid
faults. Several test cases are presented to have a clear picture of the occurrences of LOS
during both symmetrical and asymmetrical fault without and with PAJs, as the cause for

large-signal and small-signal instability respectively.

The understanding of the LOS phenomena and its adverse impact on the converter’s FRT
capability necessitates the development of a robust adaptive grid synchronization technique.
In the next chapter, the modifications done to the conventional SRFPLL during the fault to
make it adaptive will be discussed with reference to the growing body of literatures.

Additionally, a hybrid grid synchronization transition for power converters is proposed.
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Adaptive and Hybrid Grid

Synchronization Techniques

This chapter initially provides a brief overview of the existing adaptive grid synchronization
techniques for grid-connected power converters. The techniques are focused on modifying
the conventional second-order SRFPLL synchronization technique in order to mitigate the
loss of synchronization (LOS) issue discussed in Chapter-3. Understanding the limitation of
the proposed techniques, a hybrid grid synchronization technique is proposed. It consists of a
hybrid phase-angle estimation. It switches between the conventional SRFPLL to the
arctangent phase-angle estimation during the grid fault having phase-angle jump (PAJ). A
novel transition scheme is proposed for the smooth transfer between the two phase-angle
estimators. Moreover, during asymmetrical fault with PAJ, an improved frequency-adaptive
dual second order generalized integrator (DSOGI) based pre-filter is proposed which avoids

the frequency feedback from SRFPLL.

The proposed hybrid grid synchronization concept is also explored for the single-phase grid
synchronization (SOGIPLL in this thesis). With the proposed technique, SRFPLL
independent frequency estimators are proposed to feed SOGI during fault. The phase-angle is

estimated using the arctangent function on the SOGI outputs like three-phase systems.
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The frequency transition between the SRFPLL estimated frequency and the proposed PLL
free frequency estimators follows the same transition framework proposed for the phase-
angle transitions. Finally a benchmark study is performed to compare the synchronization
dynamics of the proposed hybrid grid synchronization with the existing techniques during

several grid faults.

4.1 Introduction

The renewable energy sources based power generation use power electronic converters
(inverters) for their grid integration. The intermittency during their power generation due to
uncertainty in the climatic conditions poses several techno-economic challenges to the
existing grid. Hence, the interfacing converters exploit complex control systems to deal with
source-side dynamics. On the other hand, due to less inertia or inertia-less property, unlike
conventional synchronous generators, these converters are more vulnerable towards the grid
side transients: for instance grid faults. As per the requirement by the modern grid codes,
during any fault occurrence, these converters should provide reactive power support to boost
the grid voltage magnitude for a specified amount of time instead of instant tripping. This is

known as fault ride-through (FRT) / low voltage ride-through (LVRT).

As mentioned in Chapter-1, the grid-connected converters operating in the grid following
mode requires grid synchronization unit to inject current to the grid by maintaining high
power quality. Several grid synchronization techniques have been provided by the researchers
which are discussed in Chapter-3. Nevertheless, phase-locked loop (PLL) concept has been
widely used by industries due to its simple implementation and robust performance during
normal grid operating conditions [30], [131]. The converters use the frequency and phase-

angle information estimated by PLL for their inner current control either in stationary or
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synchronous reference coordinates. On the contrary, the PLL (conventional second-order)
based grid synchronization suffers during severe grid faults having PAJs [132]. Due to
insufficient damping and larger settling time, high PAJ during fault leads to LOS [58].
Moreover, during asymmetrical faults, several advanced digital filters have been proposed
that are implemented along with SRFPLL to extract positive sequence components of the
unbalanced three-phase voltage. The use of these advanced filters always undergoes a design
trade-off between the grid synchronization dynamics and computational complexity. Out of
several pre-filters, dual second-order generalized integrator (DSOGI) is mostly used due to its
good harmonic rejection capability. The resonant frequencies of the two SOGI BPFs are
usually tuned by the SRFPLL frequency estimations and the structure is called the
DSOGIPLL. In the context of PAJ associated grid faults, the poor dynamics of the SRFPLL
frequency estimation is reflected in the delayed estimation of sequence components using

DSOGIPLL.

Single-phase grid synchronization technique is generally used by small power rated
converters (less than 5 kW) for the grid integration of residential rooftop solar (PV) systems.
In contrast to the three-phase grid synchronization, single-phase grid synchronization
technique requires a quadrature signal generation (QSG). The purpose is to generate the
equivalent in-phase (V,) and in-quadrature components (V}) of the grid voltage which are
used to extract the phase-angle information. The QSG unit combined with PLL, functions as
an equivalent three-phase system. Several attempts have been made to implement the QSG
over the years. The first technique includes a transform delay which can provide a delay of
one-fourth of fundamental period (5 ms) to the original signal to generate the quadrature
signal [133]. Due to the delay effect, this technique is found to be inefficient during transients
observed in the system. The idea of differentiating the original sinusoidal signal to get the

quadrature component is provided in [134]. This technique adds the problem of noise due to
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the differentiation process in the real time. Orthogonal signal generation using Hilbert
transform technique [135] suffers from complexities like real-time implementation and

computational burden.

QSG using second-order generalized integrator (SOGI) is developed in [136] and has gained
much attention for real time application. The SOGI in combination with the synchronous
reference frame phase-locked loop (SRFPLL) is called as SOGIPLL. It has been reported that
SOGIPLL provides a good in-loop filtering to reject noise and harmonics in the grid voltage
during synchronization [137]. SOGIPLL uses two feedback paths during grid
synchronization. One is the estimated frequency which is fed to the SOGIQSG unit to
generate the in-phase and in-quadrature components. The second one is the estimated phase-
angle which is used for Park transformation (of/dq). The presence of these two feedback
paths create interdependency between the estimated frequency and phase-angle by SOGIPLL.
The interdependency functions well during normal grid operating conditions. However,
during grid faults having voltage sag, and PAJ, SOGIPLL provides poor performance and
unable to provide fast and accurate grid synchronization for single-phase grid-connected
converters. Wrong estimation of grid parameters drives the current controller of the
converters to unstable region during the fault and hence results in poor FRT behaviour. In
addition to this, the PLL gains (similar to three-phase SRFPLL) of the SOGIPLL require
adequate tuning to provide a good trade-off between fast (high bandwidth PLL) and robust

(low bandwidth PLL and good harmonic rejection capability) grid synchronization.

In terms of control structure DSOGI pre-filter which is discussed previously for three-phase
application, is the combination of two SOGI BPFs. Hence as per above discussions, poor
frequency adaptability is the common issue for both SOGIPLL (for single-phase grid

synchronization) or DSOGIPLL (for three-phase grid synchronization) during the PAJ related
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grid faults. This will lead to poor grid synchronization performance that affects the FRT

dynamics of grid-connected converters significantly.

4.1.1 Contribution and Organization of this Chapter

To avoid LOS issue with the conventional second-order SRFPLL during grid fault, four
existing adaptive grid synchronization techniques are reviewed in Section 4.2. Their control
structure and limitation in implementation are discussed. In Section 4.3, the structure of the
proposed hybrid grid synchronization principle is presented. Section 4.3 is divided into two
sub-sections to address the application of the hybrid grid synchronization in regards to three-
phase and single-phase systems separately. Sub-section 4.3.1 explains the application for
three-phase systems and 4.3.2 for single-phase systems. Both the three-phase and single-
phase hybrid grid synchronization techniques consist of hybrid frequency and hybrid phase-
angle estimators. The hybrid phase-angle estimator is common to both three-phase and
single-phase systems. It estimates the phase-angle of the grid voltage measured at the point of
common coupling (PCC) using arctangent function instead of SRFPLL estimation during
PAJ associated with grid fault. On the contrary, hybrid frequency estimator uses the
arctangent derived frequency to improve frequency adaptability of DSOGI pre-filter to

extract positive sequence three-phase voltage components during asymmetrical faults.

The idea of the hybrid frequency estimator is also implemented in the single-phase system to
feed the SRFPLL independent frequency estimation for SOGI. Three different frequency
estimators are presented in this chapter such as: 1) arctangent derived (same as three-phase
system), 2) Teager Energy Operator and, 3) Fixed Delay technique. The first one relies on the
af-components of PCC voltage while the second and third method can estimate the frequency
using either measured single-phase or a-component of the PCC voltage. A common transition

technique for the above-mentioned hybrid phase-angle and hybrid frequency estimators is
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proposed and presented in Section 4.4. Section 4.5 provides a benchmark study of the
proposed hybrid grid synchronization with the existing technique during various grid fault
scenarios. Benchmarking is done separately for three-phase and single-phase grid

synchronization applications. Finally, Section 4.6 summarises the contributions of Chapter-4.

4.2 Overview of Existing Adaptive Synchronization Techniques

4.2.1 Adaptive Gain Tuning of SRFPLL

As discussed in Chapter 3, the proportional and integral gains of the conventional SRFPLL is
designed based on the small-signal model which considers the PLL closed loop control as a
second-order transfer function. This is recalled again in this chapter and given by (4.1). The
conventional way of designing the PI gains takes into account the ideal grid condition 1.e., Z,
= (. In contrast, when the grid is weak the impact of grid impedance cannot be overlooked.
The conventional way of tuning the PI gains becomes inappropriate under such conditions.
The transfer function that defines the complete small-signal model of the SRFPLL
considering the grid interaction of the VSC is given by

OprL(S) _ 20wys + Wy
04(s) 52 4+ 20 wy,S + wy?

4.1
_ Kpprcos8,s + K;p;cos 6,
s?(1— KpprilgKs) + s(Kppricos 0, — KiprlgK3) + Kipypcos 6,

9.2(1-KppLLIgKs)
KpprLcos 8¢)

KpprLCOSBe—KipLLIgK3
2,/(1-KppLLIgK3)\/KIpLLCOS O

where settling time: t; = and damping ratio: { =

Adaptive tuning of the PI gains are proposed in [132] for the complete model of the SRFPLL.

The control structure representing such adaptive gain tuning is shown in Figure 4.1(a). It can
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be seen that both the proportional and integral gains (Kppz;, and Kjp;;) are varied in real time.
The triggering parameters are chosen as the magnitude of positive and negative sequence
voltage (||, |V|) with their corresponding transformation angle (|#"], |¢]). The gains are
updated based on a look up table containing the pre-defined gains during any fault. From
(4.1) it can be seen by varying both Kpp;; and K;p;; simultaneously, the settling time (t) for
grid synchronization can be reduced by keeping the damping factor ({) unaffected. However
this impacts the closed-loop stability of the SRFPLL. Increasing Kpp;; and decreasing Kjp;
in real time adaptively will impact current controller bandwidth during FRT, particularly if
the bandwidth of the SRFPLL is high enough to enter the instability region. Moreover, the
simultaneous update of PI gains (increasing Kppr; and decreasing Kjpr;) might give faster
FRT performance but due to the reduction of bandwidth, the higher order harmonic rejection

capability of the PLL gets deteriorated.
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Figure 4.1 (a): Adaptive gain tuning (increasing Kppy; and decreasing Kipr1) of small-signal
SRFPLL model using fault classifier-based look-up table.

The extra oscillations experienced by the conventional second-order SRFPLL due to PAJ can

be reduced by controlling the damping ratio. Such an approach is proposed in [138], where

the integral gain of the SRFPLL PI loop is made adaptive based on grid voltage amplitude

estimation. The real time variations of (K;pz.) regulate the damping ratio ({) as per relation

(4.1) without affecting the settling time (Kppz; is unchanged) as shown in Figure 4.1(b). In
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[138], the adaptive K;p;; design is chosen as the frequency error-based droop relationship.
With this technique, though the oscillations in the estimated frequency, as a result of PAJ
during the grid fault, are minimized, the unchanged settling time could not improve the FRT
duration of conventional SRFPLL synchronized VSC. To deal with this, in addition to using
an adaptive K;p;; design, Kppr; can also be varied as per strategy given in [138] to reduce the
settling time (t;). However, this may create a risk to the stability margin of the SRFPLL

closed loop system.
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Figure 4.1 (b): Adaptive gain tuning (decreasing Kipr; based on Aw or |V'|) of small-signal
SRFPLL model.

4.2.2 First order SRFPLL

As observed previously, the adaptive PI gain tuning of SRFPLL during fault either decreases
the settling time or increases the damping ratio and hence helpful for robust FRT of VSC.
From the understanding of the loss of grid synchronization as discussed in Chapter 3,
adequate damping factor is vital as compared to the settling time. This prioritises the design
for adaptive Kjpz; of the SRFPLL. On the other hand, during the boundary condition of large
signal stability limit (discussed in Chapter 3), only one equilibrium point exists during the
fault. In such a scenario any positive value of the Kjp;; leads to loss of synchronism. This
scenario is avoided by the transition of second-order SRFPLL to first-order SRFPLL during

the fault [58], [59]. This is achieved by resetting the integrator (K;p;;, = 0) during the fault
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inception and recovery time as shown in Figure 4.2. This solution provides an infinite
damping based on (4.1). In [58], the rate of change of frequency (ROCOF) error is selected
as the enabling parameter to set and reset the Kjp;;. The expression for the estimated phase-
angle in such cases is given by

Op1(s)  20wns+wp® Kppp,cos(AB)s
84(s) CS2 4+ 2{w,s + wy? s2(1 - KpprilgK3) + s(Kppyy, cos(AB))

(4.2)
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07 (wo) p—

Figure 4.2: Adaptive gain tuning (K;pr; = 0 based on rate of change of frequency error) of
small-signal SRFPLL model by switching from second-order SRFPLL to first-order SRFPLL
during fault.

The transition to first-order SRFPLL although provides sufficient damping to avoid loss of
synchronism (LOS) it is unable to provide a faster settling time required for FRT for cases
other than LOS. This is because the settling time is dependent on Kpp;; which is already
providing a trade-off between settling time and harmonic rejection capability. Such huge
settling times will not promptly inject the full reactive current (1.0 pu) during the voltage sags

of 50% or more during the FRT period (usually =150 ms).

4.2.3 Freezing SRFPLL

Based on the discussion in 4.2.1 and 4.2.2, it is understood that the adaptive tuning of the PI
gains of the SRFPLL during fault is always a trade-off between its dynamic and steady state

performance. Instance of occurrence of grid fault based transients is rare in comparison to the
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normal operating conditions. Hence, the SRFPLL parameters are designed keeping in mind
the normal grid conditions. Additionally, grid faults may or may not always have associated
PAJs. PAJs mainly occur if the X/R ratios of the fault impedance and grid impedances are
unequal [68]. Moreover, during severe symmetrical faults (= 100% sag), the PAJ seen at the
grid side does not affect the PCC voltage. Note that the SRFPLL takes the PCC voltage as the
reference to synchronise the VSC. In all these cases, where the PAJ is of no concern,
oscillations and overshoot observed in the estimated frequency by SRFPLL is very less. The
loss of synchronization as a result of severe symmetrical fault is inevitable if the large signal
stability is violated (refer Chapter 3). Thus to overcome the loss of synchronism during such
instances (as a result injecting current more than the steady-state limit), freezing of the PLL
loop is recommended [53]. The control structure of the freezing PLL is shown in Figure 4.3.
The enabling parameter to freeze the PLL during fault is selected as the amount the voltage
sag i.e. magnitude of the voltage at the PCC. In such cases, the SRFPLL is totally ignorant
regarding the event during the fault and it estimates the frequency exactly equal to the grid
frequency (w,). Accordingly, the phase-angle (6p;;) estimated is always the reference value

set during the normal grid conditions.
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Figure 4.3: Control structure of the freezing SRFPLL in the small-signal model.

During any PAJ at the grid voltage where the fault level is not so severe (sag depth is not near

to 100%), there occurs a steady-state phase-angle error between the actual phase-angle due to
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PAJ and that estimated by the freeze PLL. This leads to unregulated active and reactive

power flows during the FRT, thereby violating the grid codes.

In conclusion, the freezing PLL can provide a robust current controller performance during
the FRT, to mitigate severe fault conditions such as zero voltage ride-through (ZVRT)
requirements. However, additional phase-angle compensation is required during non-severe

faults having PAJ to follow the grid code accurately.

4.2.4 Adaptive Current Injection based Techniques

Several adaptive current injection methods have been proposed to overcome the loss of
synchronism as a result of large signal instability occurring during severe grid faults. Ref [55]
proposed to halt the current injection during severe faults (having voltage sag depth below the
impedance level) at the PCC. This method certainly avoids any LOS during fault but violates
the grid code. A limited active and reactive current injection strategy is proposed to deal with
LOS issue. This strategy is unable to inject the maximum current limit and thus is not suitable

to meet the grid code requirements [56].

Current injection based on the X/R ratio of the impedance between the fault point and PCC
can eliminate the LOS issue [57]. Such controlled current injection makes the positive
feedback to the SRFPLL to zero as a result of grid interaction of VSC, i.e. V,, = 0. Derivation
of such adaptive current injections is provided as

‘/qp =0= Ing Sin(ez + 91) =0

X, (4.3)
R,

Idr

sin(fz +6;) = 0= [6;| = 10;| = = |l =

R
Xg

[lar|
g

The control structure for such X,/R, dependent current injection is shown in Figure 4.4. The
adaptive selection of active current reference should be enabled during severe fault scenarios,

otherwise during non-severe faults or normal grid conditions, sufficient active power dispatch
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will not be possible and hence the electrical stress on the chopper resistance will increase.

Measurement of the grid impedance can be possible using either off-line or on-line methods

[139].
9 v,
: —> sin 98 —> Vg qn Wy
l 1 =,—07 (Z, estimation\/;p > =
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6z (wpL) Vip =0

Figure 4.4: X/R ratio dependent grid current injection strategy during faults.

The main challenge with such type of current injection is the precise measurement of grid
impedance (R,, X;). During severe grid faults, inaccurate measurement of grid impedance
leads to poor FRT performance of VSC. Additionally, if maximum current and the maximum
reactive current injection (as per grid code) are equal, a compromise between the full reactive

current injection and remaining active current injection will be needed.

Based on the above discussions, the main objective of this chapter is to propose a simple,
reliable and faster grid synchronization technique for improved FRT of power converters.
The proposed technique is used in parallel to the conventional SRFPLL. It is activated to
synchronize the converter only during grid faults with PAJ. It is compatible with both three-
phase and single-phase systems that use conventional SRFPLL based closed-loop
synchronization techniques. Further, the optimal design and simple control structure of the
conventional second-order SRFPLL is retained to accurately track normal grid operating

conditions. The next Section discusses the proposed hybrid grid synchronization technique.
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4.3 Proposed Hybrid Grid Synchronization Technique

The overall control schematic of the proposed hybrid grid synchronization technique is
shown in Figure 4.5(a). The overview of the frequency and phase-angle estimators used in the

proposed hybrid concept for three-phase and single-phase systems is shown in Figure 4.5(b).
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Figure 4.5: (a) Control schematic of the proposed hybrid grid synchronization transition
technique and (b) Overview of frequency and phase-angle estimators used for the proposed
technique for three-phase and single-phase grid synchronization.
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4.3.1 Three-phase Hybrid Grid Synchronization

4.3.1.1 Hybrid Phase-angle Estimator

It consists of two phase-angle estimators for the grid synchronization purposes. During the
occurrence of grid fault having PAJ, the phase-angle estimation is switched from the
SRFPLL (6p;;) to the arctangent based estimation (8,cn). The grid synchronization during
the fault with such hybrid phase-angle estimation is named as “Transition Phase-locked Loop
(TPLL)” and the corresponding phase-angle is denoted as “O7p;;”. It is worth noting that such
phase-angle estimation using the arctangent function adds computational burden for low cost
digital signal processor (DSP). To minimise the computation complexity for such DSP, a
third-order polynomial approximation of the “arctan” function followed by phase unwrapping

is presented as follows.

As shown in Figure 4.5, for phase-angle estimation, arctangent function is used over the of

components of the grid voltage measured at the PCC as

|4
earctan = tan_l <V_‘B> (4.4)
a

The above arctangent function in (4.4) can be written as a third-order polynomial function as

given by

3 2
T azx®+ax*+a.x+a
tan™(x) = = X — 2 ! 0 (4.5)
2 b3x3®+ byx? + bix+ by

4 . . .
Where, x = V—B. The numerator and denominator coefficients are calculated using the
a

properties of arctangent function as four basic constraints in the domain [0, «). Based on the

first constraint, which says tan~1(0) = 0, the value of a, =0 in (4.5). As per second

. . 2tan~?! . .
constraint, llmx_,ootanT(x) = 1, we can get the relation as a;= bz= 1. Further a third
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constraint on (4.5) is applied as tan™!(x) + tan™?! (i) = 1. On solving these three constraints

together, (4.5) leads to a single coefficient (k) based polynomial as given by

T x3 4+ x% + kx
tan~!(x) = = X (4.6)
(X)) & S X T Ak 1 dkEx 1 1

Applying an iterative process known as Remez Algorithm [140] based min-max criteria

4.6) can be solved to form a quadratic equation for k as 4k? — k — 1 = 0. On solving we get
gweg

k = 0.6404. Putting the value for k and by replacing x = I;—B , (4.6) can be rewritten as

3 2 2
Vg® + V3%V, + 0.6404V3V,, 4.7)
Vp® + 1.6404V,°V, + 1.6404V31,° + V,°
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Figure 4.6: Graphical representation of third-order polynomial approximation of arctangent
function.
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A graphical representation of such approximation during a -45° PAJ at t = 0.2 s in the grid
voltage is shown in Figure 4.6. The maximum error between (4.4) and (4.7) during the phase-
jump oscillates between + 0.00801°, while the minimum error oscillates between +0.00402°.

Such insignificant errors are neglected especially when PAJ of large magnitude is considered.

The phase-angle estimated using arctangent varies between - /2 to +m/2. This angle needs
to be unwrapped and bounded between 0 to +2m for control purposes. For unwrapping, the

four-quadrant phase-angle approximation is used as given by

T
( Vg > 0andV, > 0then Ourcran = 5 + Ogrctan; )

A
VB > 0 and V(X < 0 then Qarcmn = E + Garctan;

3
If \Vs < 0and V, <0 then Bgycran = — + Oarctan; ‘ (4.8)

3
VB < 0 and V(X > 0 then Qarcmn = 7 + earctan;

\ J

The instance of phase-angle unwrapping during a -45° PAJ at t = 0.2 s in the grid voltage is

shown in Figure 4.7.
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Figure 4.7: Graphical representation of phase-angle unwrapping of arctangent function
based phase-angle estimation.
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4.3.1.2 Hybrid Frequency Estimator

In case of three-phase unbalanced grid voltage during asymmetrical faults, phase-angle
estimation using arctangent function suffers from double power frequency oscillations. This
is avoided by using frequency-adaptive dual second-order generalized integrator (DSOGI)
based pre-filter for the grid voltage. It extracts the positive sequence three-phase voltage
components. It basically behaves as a bandpass filter (BPF) with its centre frequency tuned
by a frequency estimator. The SRFPLL structure is used to provide the frequency and hence
it is called DSOGIPLL for three-phase applications. The basic control structure of DSOGI is
shown in Figure 4.8. The drawback of this control structure is the presence of two
interdependent loops. One is for the frequency and another for the phase-angle (as shown in
red colour arrow in Figure 4.8). During grid transients like voltage sag, frequency variations
or phase-jumps such technique suffers from the PLL in-loop delay which affects the FRT of
the converter control. Further, the frequency-adaptive nature of the DSOGIPLL makes it

complex to implement and reduces the stability margin.
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Figure 4.8: Basic control structure of dual second-order generalized integrator with the
SRFPLL (DSOGIPLL).

Unlike the conventional DSOGIPLL concept, the frequency adaptability of the DSOGI pre-

filter is enhanced using transition based hybrid frequency estimations. In addition to phase-
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angle transition as discussed above, the frequency estimation is switched from SRFPLL
technique to the rate of change of arctangent phase-angle estimation. The expression for the

frequency estimation is given by

fopt = Wap* _ id(aarctanJr) _ id[tan_l(VBJr(t)/VaJr(t))]
ap 2T 2T dt 21 dt

(4.9)

RAGCIACEIAGI/NG
- [V."1? + [V ']

where ‘+’ represents the positive sequence phase-angle. The discrete implementation of the
frequency estimation is shown in Figure 4.9. A first-order infinite impulse response (IIR)

based digital filter as shown in Figure 4.10 is used at the output of the frequency estimation.

It is used to generate the filtered frequency (fyp( f)+) as given by

fapent = c(fap™) + (1 = O fupp (n — 1) (4.10)

‘c’ is called the forget factor which is related to the filter cut off frequency (f.) and sampling

frequency (foqm) and calculated as ¢ = 1 — e~2™/c/fsam

Figure 4.9: Frequency estimation using the arctangent derived function in of-frame.

The overall schematic of the hybrid frequency and phase-angle estimations controlled by the

hybrid grid synchronization scheme is shown in Figure 4.11. The positive sequence
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component of the three-phase unbalanced voltage is extracted using the proposed hybrid

frequency-adaptive DSOGI pre-filter during asymmetrical faults.

fﬂ’(a

+

+
fap (1)

Z—l

Figure 4.10: Schematic of first-order IIR based low-pass filter.
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Figure 4.11: Sequence component extraction and synchronization using adaptive DSOGIPLL
under the proposed hybrid grid synchronization principle.

4.3.2 Single-phase Hybrid Grid Synchronization

In contrast to a three-phase system, a single-phase system requires QSG unit to generate the

quadrature component of the measured single-phase voltage. A second-order generalized

integrator (SOGI) is used for this purpose. Similar to the DOSGIPLL for three-phase

synchronization discussed above, it also relies on the SRFPLL frequency estimation. The

complete control structure (SOGI in cascade with SRFPLL) is called as SOGIPLL and shown

in Figure 4.12. The implementation difficulties while feeding frequency back by SRFPLL as
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in DOSGIPLL are also applicable to SOGIPLL, especially during faults. Hence,
improvement of the frequency adaptability of SOGIPLL is the primary objective of the
proposed single-phase hybrid grid synchronization. Similar to the three-phase technique,
single-phase hybrid grid synchronization includes both hybrid phase-angle and hybrid

frequency estimators. These will be detailed in the following sub-sections.

V. V
ﬁp(;c Second Order Generalized a, dq d > 6 PLL
Integrator (SOGI) VB; ap —> SRFPLL :
A
Wpy, +Vq

Figure 4.12: Basic control structure of second-order generalized integrator with the SRFPLL
(SOGIPLL).

4.3.2.1 Hybrid Phase-angle Estimator

The hybrid phase-angle estimator used for single-phase hybrid grid synchronization is
implemented in the same way like that for a three-phase system. During the PAJ as a result of
grid faults, arctangent function is used to estimate the phase-angle using the equivalent o/f-
components (generated from SOGI) of the measured single-phase voltage. On the fault

recovery, phase-angle estimation is switched to the SRFPLL estimation.

4.3.2.2 Hybrid Frequency Estimator

Three methods are proposed for single-phase grid synchronization, to estimate and feed the
frequency to the SOGI during grid faults having PAJ. These estimators are used in parallel

with the SRFPLL estimator and thus referred as hybrid frequency estimator in this thesis. The
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three frequency estimators implemented are: 1) arctangent derived [141], 2) Teager Energy
Operator (TEO) [124] and 3) Fixed Delay (FD) method [143]. Out of these three techniques,
the implementation of the arctangent derived frequency using the of-component of the
voltages as a substitute to SRFPLL estimation is already presented during the discussion of
three-phase hybrid grid synchronization and will not be explained again. The frequency
estimation for SOGI using TEO and FD technique will be detailed as below. The frequency

estimation using these two techniques require only single-phase voltage signal.

a) Frequency Estimation Using Teager Energy Operator (TEO)

The frequency of the single-phase voltage (measured at the PCC) can be estimated using
teager energy using either 3 or 5 samples depending on the information of the PCC voltage
amplitude [124]. Accordingly, a two-step estimation of the grid voltage frequency (wy) is

carried out as follows.

Step: 1. Let us say, the sampled (sampling time 7;) PCC voltage (Vpcc(1n)) is represented

by a cosine signal as given by

Vece (n) = [V(n)| Cos(wgnTs + Qag) (4.11)

According to the teager energy operator principle, energy of Vpe-(n) can be calculated

using its three consecutive samples as given by

1
—5 X [Vpcc(n)? = Vpec(n — DVpee(n + 1)]

E[Vpec(m)] = T

(4.12)

= V)2 sin®(w,T) = [V()|*(wyTs)?
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Putting (4.11) in (4.12), we can simplify (4.12). The discrete difference of the PCC voltage

signal (Vpcc(n)) as per discrete energy separation algorithm (DESA)-II can be obtained as

[124],

Vecc(m+ 1) = Vpee(n — 1)]

VPCC. (n) = oT
S

[Vpce(n + 1) cos(wg(n + DT + (pg) — Vpcc(n — D] cos(wg(n — DT + @4)  (4.13)
2T,

= Vpcc(n) sin(wyTy) sin(wyTs + @)

The teager energy of the rate of the change of the PCC voltage (Vpcc' (n)) is given by

E[Veccm)) | =

2
AT (4.14)
X [{Vpec(m+ 1) = Vpee(n — 1)2} - (Voce(n + 2) = Vpee ()
X (Veec(m) = Vpee(n — 2))]
Putting the value for Vpc(n) in (4.14), and solving trigonometric identities we get
E[Vpcc() ] = V()2 sin* (e, Ty) (4.15)

Dividing (4.15) by (4.12) and solving for f; = (;)—f, we get

1 E[Vpce(n
f3 =5——=—=xsin™! —[ pec( ))] (4.16)
2 X I X T E[Vpcc(n)]
The implementation of (4.16) is shown in Figure 4.13.
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VD sin (——

E(Vpee (1))

Figure 4.13: Exact model of frequency estimation of single-phase voltage signal using teager
energy operator.

Here, it is observed that the frequency estimation takes five samples (575) to solve (4.16),
provided the amplitude of the signal i.e. |V(n)| is unknown. If the input voltage can be

normalized (i.e. |V(n)| = 1.0 pu), the frequency can be estimated from (4.12), using only

three consecutive samples (3T;) by following Step 2.

Step: 2. From (4.12) we get,

E[Vpec(m)]

sin?(w,Ts) = O

= sin?(w,Ty) = E[v,(0)], if [V(n)| = 1.0 pu @17

1 . 1 /
= Wy = -sin YWEWpcc(M)] - fy = 2nr, oM ' E[vg(n)]

Approximation of ‘sin™!’ to reduce computational burden is done using its Taylor series

expansion under the assumption that sampling frequency (f; =10 KHz) > 8 times the

fundamental frequency (f =50 Hz). This gives

sinTl(x) = x (4.18)

thus (4.17) is simplified as

fg = fteo = XTI XT. X/ [Vocc(M)? = Veee(n — DVpee(n + 1)] (4.19)
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and the approximation model is shown in Figure 4.14. This is called the approximated model

for frequency estimation using teager energy operator.

Secl e

Wteo

E(Vpee ()

Z—l
Normalization
Woce ()

Figure 4.14: Approximated model of frequency estimation of normalized single-phase voltage

signal using teager energy operator.

Two normalization methods are presented below to normalize the single-phase PCC voltage
and feed to the teager energy operator to estimate the frequency using (4.19) for SOGI during

fault.
i) Normalization Method-1

The Normalization Method-1 normalizes the single-phase voltage signal (Vpcc(n)) using an
additional band pass filter (BPF) as shown in Figure 4.15. A recursive discrete Fourier
transform (DFT) and inverse DFT (IDFT) concept is used to implement the BPF, whose
centre frequency is made adaptive in nature as shown in Figure 4.16 [142]. The frequency

estimated by the TEO is provided as a feedback to decide the number of samples as N =

ceil (fsﬂ) The ceil function is used to round off the sample size during non-integer
teo

frequency jumps. The designed BPF takes 20 ms extra time to provide the normalized PCC

voltage signal. The transfer function of the BPF is represented in the discrete domain as

Vpu(z) B 1—-27Z7N

TF(z) = (4.20)

Vpee(2) N(1- eJZWﬂZ—1)
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where Vpcc(n) is the measured single-phase voltage signal and V,,(n) is the filtered and

normalized signal which is fed to the TEO.

1
O E)—1TD iwm\

&) E(Vpcc(m))

D

_>Z—l Z—l

Normalization
using ‘_VPCC (n)
Vpu (1)  RDFT-IRDFT BPF

f‘teof % — l“lolll';ier /

Figure 4.15: RDFT-IRDFT based normalization of single-phase voltage.

A

Vou (M)

Figure 4.16: Schematic of RDFT-IRDFT based normalization.

The schematic of the proposed adaptive SOGIPLL (shown in green colour) [142] along with
the hybrid grid synchronization scheme to feed the SOGI filter with the hybrid frequency
(wrrrr) 1s shown in Figure 4.17. The phase-angle required for the Park transformation can be
provided by 87p;; as discussed previously. Such hybrid frequency and phase-angle estimation
is controlled by the common transition logic which will be discussed later in this chapter.
Moreover, the current control of single-phase converter during fault having both voltage sag
and PAJ along with FRT strategy using the hybrid grid synchronization shown in Figure 4.17

will be detailed in Chapter-6.
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VPCC Second Order Generalized

BPLL
Integrator (SOGI) VB: af SRFPLL >
tOTFLL % ¥
Hybrid Transition T 1
e OrpLL
] Wteo  tOPLL |
ETyyry—. Hybrid
Frequency Estimation _1 Equation [ . Tra};lsiﬁon
ing RDFT-IRDFT — @7 g i

using arctan Logic

BPF+Teager energy operator

Figure 4.17: Hybrid Frequency adaptive SOGI using frequency estimation by the
combination of RDFT-IRDFT BPF and teager energy operator during grid faults.

ii) Normalization Method-2

As it can be observed from Figure 4.17, the implementation of adaptive and hybrid grid
synchronization includes an additional BPF along with the SOGI BPF. This makes the whole
structure computational intensive for low cost DSP though it outperforms the conventional
SOGIPLL during grid transients. To simplify the structure given in Figure 4.17, the
normalization of the single-phase voltage is using the outputs from SOGI BPF. The
normalized in-phase component i.e. the a-component of the PCC voltage (V,) is fed to the
teager energy operator for frequency estimation as shown in Figure 4.18. This is named as

Normalization Method-2. The normalization of V, is done using

v
Vi = ——— (4.21)

/Vaz + Vg?

The estimated frequency by teager (wy,) 1s fed to the SOGI BPF to retain its frequency-
adaptive nature like SOGIPLL. Such frequency estimation will be used during grid transients
such as voltage sag or PAJ. During normal operating condition, frequency estimation will be
switched back to the SRFPLL estimation for accurate frequency tracking along with good
harmonic rejection capability. Phase-angle estimation will be followed in the same way as

described in Normalization Method-1.
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Frequency Estimation
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Figure 4.18: Hybrid Frequency adaptive SOGI using frequency estimation by the
combination of SOGI BPF and teager energy operator during grid faults.

b) Frequency Estimation using Fixed Delay Technique

The frequency of any single-phase voltage signal can be estimated by providing fixed amount
of delay to it [143]. Such frequency estimation technique provides faster grid synchronization
property provided the input voltage signal is purely sinusoidal. However, during distorted
voltage conditions (lower and higher order harmonic contents), the estimated frequency is
diluted with harmonics in addition to fundamental component (50 Hz). To deal with this issue
[143] used various advanced pre-filters such as second-order low pass filter (LPF) and
cascaded delayed signal cancellation (CDSC). With the use of this filter, though the estimated
frequency contains pure 50 Hz component, such implementation increases the computational
complexity of the whole frequency estimation process. During off-nominal (frequency # 50
Hz) variations, such filters add additional phase-angle delay to the actual phase-angle unless
the pre-filters are made frequency adaptive. In order to estimate the phase-angle using the
arctangent function, [143] used additional QSG unit (to generate Vj) that needed the

calculation of trigonometric functions (sine and cosine terms).

To reduce the computational burden and avoid the use of additional trigonometric functions

to generate V3, in this thesis, the frequency estimation principle is used with the SOGI filtered
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V, signal. SOGI acts as a BPF that effectively eliminates the lower and higher order
harmonics in the measured single-phase voltage signal. The resonant frequency of the SOGI
BPF is made adaptive with estimated frequency feedback. The peculiarity of this
implementation is that it simultaneously generates the V3 by the principle of SOGI using two
integrators. The phase-angle is estimated using the third-order polynomial approximations of
the arctangent function on the ¥, and V3 as mentioned earlier. The proposed SOGI BPF does
not add any additional phase-angle delay during off-nominal frequency variations as its
frequency-adaptive behaviour is retained (like SOGIPLL). The frequency estimation

technique is explained as below:

The in-phase component (V,(n)) of the measured single-phase voltage signal (measured at

the PCC) can be expressed as

Vo(n) = [V(n)| cos(wynTs) (4.22)

Two fixed delayed signals of V,(n) are generated by delaying by ‘7, and ‘T’ as given by

T
Var(n) = Vg (n - Fs) (4.23a)
2Ty
Vaa(n) = Vg (n - TS) (4.23b)
The signal s1(n) can be evaluated as given by
s1() = Va1 (M)? = Vo (M) Vo () (4.24)
Similarly another signal s2(n) is calculated as
SZ(Tl) = Val’ (Tl)2 - Va’ (n)Vazr(n) (425)
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where V1 (n) = Vyy (n - ZTTI) and V,,/(n) and V,,/(n) are delayed with respect to V,/(n) by

‘T;” and ‘T’ respectively.
Dividing (4.25) by s1(n — %), the frequency of the single phase voltage signal (fy=wy/2m)

can be obtained as

~1[0.5Xs2(n)
-3

S

cos 1 (4.26)

fo(m) = 4nT,

The relation between ‘7T;” and ‘7T, is chosen to be 7, = 27, to simplify the trigonometric
identities for frequency estimation. The value for 7} is tested as 1ms, 2 ms, 4 ms and 8 ms to
observe the overshoot and settling time of the estimated frequency dynamics. The optimum
value is chosen to be 2 ms. At the output of the frequency estimation, first-order IIR filter is
used to provide noise immunity. The complete schematic of the frequency estimation process

is given in Figure 4.19.

Vo (1)

AN L 1 order
»‘ 2Ty sin™ () —>| IR a;D

Figure 4.19: Exact model of frequency estimation of single-phase voltage signal using fixed
delay (FD) technique.

It is worth noting that, if the input voltage signal can be normalized then the frequency can be
estimated using only signal s1(n) by approximating the sin~! x = x under the condition that
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sampling frequency (f; = Tl =10 KHz) > 8 times the fundamental frequency (f =50 Hz) and

as given by

fg = frp = \/[Valpu(n)z - Vapu(n)VaZpu(n)] (4.27)

— X
2xMxTs

Normalization Method-2 is chosen over Normalization Method-1 to provide priority to faster
estimation with lower overall computational complexity to normalize V,(n) and (4.27) is

followed to estimate the frequency as an alternative way as shown in Figure 4.20.

isin—l S _ | 1** order _

1)
Ts/ 2T IR [Wpgp

Y

A
A

Z_(

Va(n) Normalization V;xpu (Tl
Method-2

7 _(%)

Figure 4.20: Approximated model of frequency estimation of single-phase voltage signal
using fixed delay (FD) technique.
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Figure 4.21: Hybrid Frequency adaptive SOGI using frequency estimation by the
combination of SOGI BPF and fixed delay method during grid faults.
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As per the hybrid grid synchronization principle, the frequency estimation using the fixed
delay technique will only be used to provide robustness to PAJ during grid faults. During the
normal grid operating condition, the frequency and phase-angle estimation will be switched
back to the SRFPLL estimation. The complete hybrid frequency adaptive and phase-angle fed

SOGIPLL is shown in Figure 4.21.
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4.4 Proposed Transition Framework for Hybrid Grid
Synchronization

In Section 4.3, it is observed that to cope with the spurious PAJ during a grid fault, faster
phase-angle and frequency estimation techniques are proposed to provide an efficient grid
synchronization and robust converter controller performance during FRT. On the contrary,
during normal operating conditions (no Fault), the frequency and phase-angle estimations are
switched back to the SRFPLL technique. A smooth transition framework as discussed below

is therefore required.

The flow chart of the proposed transition framework is shown in Figure 4.22. The phase-
angle error (AB;;;) limit is initialized at first. The phase-angle difference between the
SRFPLL estimated phase (8p;;) in the dg-frame and arctangent estimated phase (84ctqn) In
the af-frame is calculated. The phase error (A6,,,) is compared with the A8;;,,ir, which is
set as +7° [144]. As soon as PAJ occurs due to the grid faults and AB,,, exceeds A8yjp;; in
the rising slope, the counter (t.,;) counts for 10 samples (i.e. tz; =10T;). If the error still
exits, then the first transition process is enabled. During this transition, the phase-angle
required for the frame transformation and current controller will switch from SRFPLL to the
arctangent based phase estimation. Once the fault is cleared, and A@,,, = 0°, the second
transition is activated. Before switching back to SRFPLL during second transition, the
counter t;, =ty is delayed for at least the settling time of the SRFPLL to ensure smooth
recovery of the phase estimation from arctangent to the SRFPLL in the steady-state. An
instance of such phase-angle transition is shown in Figure 4.23. During the same transition
time, the frequency estimation changes from SRFPLL to the open-loop (PLL independent)
techniques. During the transition, instead of directly switching between the phase-angle and

frequency estimation techniques, two weight functions (w; and w,) are defined to act as
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gains for the two estimated phase-angles i.e. SRFPLL and arctangent. w; and w, are two
positive and negative ramp functions ranging from 0 to 1, which decide the transition time for
the hybrid synchronization technique. During the occurrence of grid fault having PAJ, the
converter is switched to the LVRT mode following the proposed hybrid grid synchronization

transition.

[ Initializations ]

ABjimie tar ta Eer

e vY
— Y Enable Transition-1
Initializations o
tone taz = 0 during ‘t.
> Op11>Oarctan wppy —» Wopenloop,
Y
( Read GPLL and earctan)
v
Calculate
1. |A0err| = BPLL - earctan
2. DOgr(k—1) = Z_lAeerr(k) Y
Enable Transition-2

during ‘t.’
||AA00€TT| >| Oarctan—>OpLL Wopenloop> WPLL
limit
&
|86, (K)| >
|Aeerr(k - 1)'

End

Figure 4.22: Flow chart for the proposed phase-angle transition based hybrid grid
synchronization.

The mathematical expression for the phase-angle required for frame transformation as well as

current controller operation (87p;;) as a function of weighted 8p;; and 0,,crqrn 1S given by

Orpr, = w1 (kT)0pr, + wWo(kTs)Ogrcran (4.28a)
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Similarly the frequency (resonant frequency) (wrp.;) required for the SOGI /DSOGI based

pre-filter is estimated by the combination of wpy;, and wypenioop as given by

wrpr, = Wi (kT)wpyy, + wy (kTs)wopenloop (4.28b)

The wopenioop 18 referred here as any one of the techniques (e.g. arctan derived (in af-frame)
for both three-phase and single-phase, teager energy operator and fixed delay method for

single-phase grid-connected converter applications) provided in Section 4.3.

g 1 1
£ \ w g \V/
2 0.5 £
S w2 0.5
= 0 ' g A\
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Figure 4.23: Instance of phase-angle transition between SRFPLL and Arctangent.
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Figure 4.24: Transition framework for the proposed hybrid grid synchronization technique
with various transition times (t,) during -45° PAJ.
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Figure 4.25: Transition framework for the proposed hybrid grid synchronization technique
with various counter times (t.n,) during -45° PAJ.

In (4.28), the relation between the two weight functions is, w, (kT,) = 1-w, (kT). The value
of k can be decided depending on the transition time set for the proposed technique. The

value of Ty is kept the same as sampling time, i.e., 0.1ms. The value for k is varied between 1
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to 20, which implies a variation in the transition time (#,) from 0.1 ms to 2 ms respectively as
shown in Figure 4.24. All the tests are performed with a transition time of 2 ms to ensure a
smooth transition. Higher transition time is not suitable for the current controller to respond
during grid voltage PAJs. Similarly, an observation is made with varying the counter time
(tene) from 0.5 ms to 5 ms during the occurrence of the PAJ (fault inception point) as shown in
Figure 4.25. The ¢, is maintained at 2 ms for all of the #.,. It is noticed that the sum of
counter time and transition time (Z.,, + t,) should be selected in such a way that the transition
process will avoid discontinuity of sawtooth wave (phase-angle with modulo 2m). Simulation
is done by considering the transition at the discontinuity point and a worst case scenario in
terms of overshoots in the current controller is observed. The values chosen for #.,~= #5; and #,
in this work are 1 ms and 2 ms respectively considering the PAJ occurs at 7 radian points of

the sawtooth wave as shown in Figure 4.24.

Such transition between the two phase estimation techniques (SRFPLL and arctangent) can
help the converters to operate robustly during grid faults as compared to the SRFPLL
technique, which delays the phase estimation for more than 100 ms. The converter’s current
controller performance during FRT when subjected to various PAJ as a result of grid fault
(both symmetrical and asymmetrical) using the proposed hybrid grid synchronization
technique will be detailed in Chapter-5 (three-phase converter) and Chapter-6 (single-phase

converter).
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4.5 Benchmark of Hybrid Grid Synchronization Performance

The performance of the proposed hybrid grid synchronization transition is tested by using
both simulation and selected real time experiments. Grid synchronization performance of

three-phase and single-phase grid connected applications are discussed separately.

For benchmarking the performance of the proposed hybrid grid synchronization in the
context of three-phase grid-connected application, other PLL techniques are implemented.
They include: i) the conventional second-order SRFPLL, ii) first-order SRFPLL and, iii)
freeze PLL. It has already been proven that the first-order SRFPLL outperforms the other
adaptive gain tuning of the PLL during grid faults having PAJ (discussed in sub-section
4.2.1). The test scenarios chosen for comparison are: a) Non-severe symmetrical fault with
PAJ (60% sag and -45° PAJ), b) Severe symmetrical fault with PAJ that leads to loss of grid
synchronization (90% sag and -45° PAJ) and c¢) asymmetrical fault with PAJ (90% sag in
phase-B and phase-C with -45° PAJ). During asymmetrical fault, DSOGI pre-filter is used to
extract the positive sequence of the unbalanced grid voltage. The resonant frequency of the

DSOGI is made adaptive with hybrid frequency estimator during fault.

In the single-phase grid connected applications, the performance is compared with the
SOGIPLL technique. Test cases chosen are: 1) 60% sag, i) -45° PAJ, iii) frequency
variations, 1v) addition of DC offset and v) addition of lower order harmonics in the voltage.
Initially, the performance of the proposed improved frequency-adaptive SOGI is compared
with the conventional SOGIPLL during the above grid conditions. Then the transition scheme
of the proposed hybrid grid synchronization is applied considering a symmetrical fault (60%
sag and -45° PAJ simultaneously). During the fault, the transition dynamics among the hybrid
frequency and phase-angle estimators are compared with the SOGIPLL. The resonant

frequency of the SOGI BPF is tuned with the proposed phase-angle decoupled frequency
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estimators during the fault under the hybrid grid synchronization principle such as a)

estimation using Teager Energy Operator and b) estimation using Fixed Delay method.

4.5.1 Benchmark of Three-phase Hybrid Grid Synchronization Performance

Case A: Non-severe Symmetrical Fault with PAJ

The symmetrical fault occurs at the grid voltage (V) between time t = 0.35 s and t = 0.55 s.
The sag depth generated is 60% of the rated voltage. PAJ of -45° is added to the fault
inception and recovery point. The three-phase voltage measured at the PCC (Vpcc) is fed to
the grid synchronization unit. The parameters plotted for comparison are of-and dg-
components of Vpce, estimated frequency and phase-angle. The grid synchronization
dynamics for the conventional second-order SRFPLL is shown in Figure 4.26 (a). The
synchronization delay observed at the event of fault is 120 ms which is typically the settling
time of the PLL. The damping ratio is set to 0.707. Such low damping ratio results in
oscillating frequency. For the first-order SRFPLL, such oscillations are absent as shown in
Figure 4.26 (b). This is due to the fact that, the first-order SRFPLL provides infinite damping
ratio (K;prz = 0) during grid fault while the settling time remains the same as 120 ms. The
proportional gain of the PLL (Kpp;;) is not affected by switching from second-order SRFPLL
to first-order SRFPLL during the fault. The dynamics of freezing PLL is shown in Figure
4.26 (c). Due to the deactivation of PLL block, it is unable to track the PAJ. This leads to the
steady-state error in V, during the fault. The steady-state error in the estimated phase-angle
(8py;, (Freeze)) is shown in Figure 4.26 (¢). In contrast, the proposed hybrid synchronization
technique quickly synchronizes with the grid after a PAJ during grid fault and avoids PLL

settling time as shown in Figure 4.26 (d) (refer Orp;; in the Figure).
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(a) (b)

(©) (d)

Figure 4.26.: Grid synchronization performance comparison during 60% symmetrical sag
with -45° PAJ, (a) conventional second-order SREPLL (b) first-order SRFPLL (c) Freeze
PLL and (d) proposed hybrid grid synchronization transition.
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Case B: Severe Symmetrical Fault with PAJ

The performance comparison of various grid synchronization techniques during a severe

symmetrical fault (90% sag with -45° PAJ) are presented in Figure 4.27.

(a) (b)

() (d)

Figure 4.27: Grid synchronization performance comparison during 90% symmetrical sag
with -45° PAJ, (a) conventional second- order SRFPLL (b) first-order SRFPLL (c) Freeze
PLL and (d) proposed hybrid grid synchronization transition.
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Such a severe fault leads to loss of grid synchronization in case of second-order SRFPLL due
to insufficient damping factor (0.707) as shown in Figure 4.27 (a). The lower level of
saturation for estimated frequency for all the grid synchronization technique is set to 45 Hz
while the upper limit is 55 Hz. The first-order SRFPLL shows an improvement to LOS with
improved damping ratio as shown in Figure 4.27 (b). The freezing PLL behaves the same
way as observed during non-severe symmetrical and PAJ and the response is shown in Figure
4.27 (c). The proposed hybrid technique is observed to smoothly transit during the fault
inception and recovery (refer Figure 4.27 (d)). On the transition back to second-order
SRFPLL during the fault period, it is observed to follow the uncontrolled SRFPLL frequency
for a period of 80 ms until the fault recovery happens at the end of 200 ms duration i.e. at t =
0.55 s. Such ill condition during the severe symmetrical fault can be avoided by adding an
adaptive damping technique in addition to the proposed hybrid grid synchronization

technique which is not within the scope of this thesis.

Case C: Asymmetrical Fault with PAJ

The dynamic performance comparisons during the asymmetrical fault are shown in Figure
4.28. As mentioned earlier, frequency adaptive DSOGI pre-filter is used to extract the
positive sequence component of the unbalanced three-phase voltage during the fault. As
anticipated, the conventional DSOGIPLL exhibits the poorest performance among all of the
techniques which is shown in Figure 4.28 (a). The frequency dynamics of the first-order
SRFPLL is observed to be faster with improved damping during asymmetrical fault as
noticed in Figure 4.28 (b). Freezing PLL results in a steady-state frequency error as shown in
Figure 4.28 (c) (refer 8p,, " (Freeze) in the figure). In contrast, the proposed frequency-

adaptive DSOGIPLL with hybrid grid synchronization principle provides a robust dynamic
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performance in terms faster settling time with adequate damping during both the inception

and recovery of the asymmetrical fault with PAJ as shown in Figure 4.28 (d).

(a) (b)

(c) (d)

Figure 4.28: Grid synchronization performance comparison during asymmetrical sag (90%
sag in phase-B and phase-C) with -45° PAJ, (a) conventional second-order SRFPLL (b) first-
order SRFPLL (c) Freeze PLL and (d) proposed hybrid grid synchronization transition.
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Case D: Selected Experimental Results

The grid synchronization performance of the proposed hybrid synchronization technique is
compared with other grid synchronization techniques using real time experiments. The
laboratory set up used for experiments is provided in the Appendix. The fault created is a
non-severe symmetrical fault which contains 60% symmetrical voltage sag at the grid voltage

along with -45° PAJ. The fault duration is 150 ms which is typically a low-voltage ride-

through period.
Vpce
Va Va
Vq Vq
friL fru (first-order)
.......................... ) 120 ms ()120 ms
OpLL O p1, (first-order)
(a) Vi)
Vpce Vpce
Va Va
Steady-state error \ Vq Vq
frLL (Freeze) - 6](: T;I;éL
Bpi (Freeze) OrrLL
() (d)

Figure 4.29: Experimental validation of the grid synchronization performance comparison
during 60% symmetrical sag with -45° PAJ, (a) conventional second-order SRFPLL (b) first-
order SRFPLL (c) Freeze PLL and (d) proposed hybrid grid synchronization transition.

The performance of the second-order SRFPLL is shown in Figure 4.29(a). The settling time
is observed to be 120 ms that matches with simulation results. The dynamics of first-order

SRFPLL and freezing PLL is shown in Figure 4.29 (b) and (c) respectively. The proposed
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hybrid grid synchronization performance is presented in Figure 4.29 (d). The experimental

results are found to match with obtained simulation analysis done in Case A.

4.5.2 Benchmark of Single-phase Hybrid Grid Synchronization Performance

A. Simulation Results

The performance of the conventional SOGIPLL is compared with the adaptive SOGIPLL in
which the three types of frequency estimators are used to feed the SOGI BPF. The first one is
using TEO with the “Normalization Method -1” (nor-1), second is with “Normalization
Method -2 (nor-2) and the third one is frequency estimation using fixed delay (FD)
technique with “Normalization Method -2 (nor-2) . Initially, their transient performances are
evaluated as shown in Figure 4.30 (a). The transient events are: 60% voltage sag att=0.25 s,
-45° PAJ at t = 0.5 s and frequency variations of +1 Hz at t = 0.8 s. All the techniques exhibit
maximum impact during the PAJ. The settling time is highest for the conventional SOGIPLL
(more than 100 ms) during all the transient events and it is observed to be the lowest for
SOGI+TEO (nor-2) technique (around 40 ms). The frequency overshoot during the PAJ for
both SOGI+TEO (nor-2) and SOGI+FD (nor-2) technique are around 8 Hz. For conventional
SOGIPLL and SOGI+TEO (nor-1) frequency overshoots are around 9 Hz and 5 Hz
respectively. As shown in Figure 4.30(b), with the addition of lower-order harmonics in the
measured voltage (10% THD), the SOGI+TEO (nor-1) provides the robust estimation
performance. The SOGIH+TEO (nor-2) and SOGI+FD (nor-2) are affected equally with
harmonically polluted grid voltage. Conventional SOGIPLL’s harmonic rejection capability
is observed to be better than SOGI+TEO (nor-2) and SOGI+FD (nor-2) and less than
SOGIHTEO (nor-1) technique. This is because SOGI+TEO (nor-1) use an additional BPF

formed by the cascade combination of RDFT and IRDFT as discussed previously.
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Figure 4.30: Single-phase grid synchronization performance comparisons by adding (a)
transients (60% sag at t = 0.25 s, -45° PAJ at t = 0.5s and +1 Hz frequency variations at t =
0.8 s) (b) harmonics (lower-order with 10% THD) (c) 5% DC offset and (d) 5% DC offset
with the use of DSC.
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Similarly, with the addition of 5% DC offset in the measured voltage, the conventional
SOGIPLL, SOGI+TEO (nor-2), and SOGI+FD (nor-2) are noticed to contain ripples in the
estimated frequency (refer Figure 4.30 (c)). Moreover the estimated amplitudes by all the
four techniques are equally affected by the presence of DC offset. With the use of '
fundamental period delayed signal cancellations (DSC) filter at the SOGI output, the problem
is mitigated as shown in Figure 4.30 (d). The DSC filter is made frequency-adaptive with the

estimated frequency to avoid any phase-angle offset during off-nominal frequency variations.

This thesis is more focused on the impact of short-term grid faults (voltage sag with PAJ) on
conventional SOGIPLL and improvement with hybrid grid synchronization. Hence, in the
second part of performance benchmarking, the hybrid grid synchronization transition
principle is investigated in single-phase systems. The adaptive techniques chosen are first-
order SRFPLL with SOGI, and freeze PLL with SOGI. These techniques are compared with
the conventional SOGIPLL and the proposed adaptive SOGI techniques during the
occurrence of a fault having 60% voltage sag and -45° PAJ at t = 0.5s. During the PAJ
associated fault, the frequency and phase-angle estimation for SOGIPLL is switched to the
proposed adaptive frequency estimators (e.g., Teager Estimator and FD technique based

estimator) and arctangent based phase-angle under the hybrid grid synchronization principle.

The comparison of conventional SOGIPLL with the proposed adaptive techniques
(SOGIHTEO (nor-1), SOGI+TEO (nor-2) and SOGI+FD (nor-2)) is shown in Figure 4.31 (a).
Similarly, the comparison of SOGI + first-order SRFPLL and SOGI + freeze PLL with the
proposed technique are shown in Figure 4.31 (b) and (c) respectively. Out of all these
comparisons, it is observed that adaption to first-order SRFPLL from second-order PLL with
conventional SOGI performs almost equally as compared to SOGI+TEO (nor-1), and

SOGI+TEO (nor-2) in terms of overshoot and settling time of the frequency estimation
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during the fault occurrence. The SOGI+FD (nor-2) technique is observed to show a delayed
response but it is faster than the conventional second-order SOGIPLL. As anticipated, for
SOGI + freeze PLL there is a steady-state error observed in the estimated frequency due to

PAJ and erroneous frequency when fed to SOGI BPF providing oscillatory behaviour in the

estimated amplitude.

s “IINAANAANAAN = CUNAANAANAAN = “NINANAANAN
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200 0.5 O;?ifne . 0.6 0.65 200 0.5 O._?i?ne - 0.6 0.65 200 0.5 Ol-?i?ne . 0.6 0.65
(a) (b) ©

Figure 4.31: Grid synchronization performance comparison of the proposed frequency-
adaptive SOGI during 60% symmetrical sag with -45° PAJ, with respect to (a) conventional
second-order SRFPLL (b) first-order SRFPLL (c) Freeze PLL.
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B. Selected Experimental Results
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Figure 4.32: Experimental validation of frequency transition from conventional SOGIPLL to
(a) Teager estimation and (b) FD technique based estimation using the proposed hybrid grid
synchronization transition principle.

The experimental validation of the transition of the conventional SOGIPLL frequency
estimation to teager frequency estimation and to Fixed Delay technique based estimation is
shown in Figure 4.32(a) and Figure 4.32(b) respectively. The experiential set up is briefed in
the appendix. The considered fault is 50% sag and 45° PAJ in the voltage for duration of 150
ms. The transition happens under the proposed hybrid grid synchronization principle

explained for three-phase systems previously.

The FRT behaviour of single-phase grid connected converter using the proposed adaptive and
hybrid single-phase grid synchronization techniques will be discussed in Chapter-6.
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4.6 Chapter Summary

This chapter summarizes the adaptive and hybrid grid synchronization techniques applicable
for three-phase and single-phase grid connected converter operation. It begins with the
insight to various existing adaptive grid synchronization techniques for three-phase grid-
connected converters. The adaptation is done by modifying the second-order SRFPLL
depending upon the grid fault conditions. The objective of these techniques is to provide
faster settling time and adequate damping during any PAJ associated severe grid fault that
may create the loss of synchronization issue for the converters. The limitations of these

techniques are highlighted as well.

In contrast, a hybrid grid synchronization transition technique is proposed which includes
hybrid phase-angle and frequency estimation. The hybrid phase-angle estimator uses the
arctangent based phase-angle estimation for grid synchronisation when the grid voltage faces
a PAJ during either symmetrical or asymmetrical faults. The peculiarity of the proposed
hybrid estimator is that it provides faster estimation by avoiding the design trade-off of
SRFPLL loop gain. Upon the recovery of the fault; it switches back to the SRFPLL
estimations to get advantageous features such as accurate frequency tracking and harmonic

rejection capability.

Moreover, during asymmetrical fault and PAJ, the frequency adaptability of the DSOGIPLL
is enhanced by the hybrid frequency estimator that uses the arctangent derived frequency
instead of the SRFPLL estimation. On the recovery of the fault, the frequency estimation
again switches back to the SRFPLL estimation. It is observed that such hybrid frequency
estimators enhance the frequency adaptability of the conventional DSOGIPLL. They are

controlled by a common phase-angle error based bump-less transition framework.
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For single-phase grid-connected converter application, the frequency dependency of SOGI
BPF on the SRFPLL estimation is replaced during the PAJ associated grid fault by proposing
two frequency estimators excluding the arctangent derived frequency. The estimators are
Teager Energy Operator and Fixed Delay method. These estimators take the SOGI BPF in-
phase component of the single-phase voltage signal to estimate the frequency. Such
implementation enhances the frequency adaptability of the SOGI by avoiding the dependency
of PLL loop gains. The phase-angle is estimated using the arctangent function on the in-phase
and quadrature phase signals of the improved frequency-adaptive SOGI BPF. Similar to the
concept applied in three-phase system, such improved frequency and phase-angle estimators

use the principle of the proposed hybrid grid synchronization transition.

In the final part of this chapter, a benchmarking of the proposed hybrid grid synchronization
transition technique is carried by using both simulation and real time experiments. The
comparisons are done separately for three-phase and single-phase techniques. For three-phase
comparisons, other existing techniques such as first-order SRFPLL, freezing PLL are
considered in addition to second-order SRFPLL. For single-phase comparison, the improved
frequency-adaptive SOGI techniques are compared with the conventional SOGIPLL during
various grid conditions. They include both transients (like voltage sag, PAJ and frequency
variations) and steady-state disturbances (like DC offset and harmonics). The transition
principle proposed for the hybrid grid synchronization of three-phase converter application is

also tested for single-phase configuration.

It can be concluded that for either three-phase or single-phase configuration of the grid-
connected converters, the proposed hybrid grid synchronization transition principle provides
robust grid synchronization dynamics especially against the grid faults with PAJ. It is
expected that this efficient grid synchronization performance will lead to the improved
current controller dynamics during FRT of the converters. The FRT of three-phase and
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single-phase power converters using the proposed hybrid grid synchronization transition

technique will be detailed in Chapter-5 and Chapter-6 respectively.
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Fault Ride-Through of Three-Phase

Power Converters

Loss of grid synchronization is one of the major causes for the failure of converters
during grid faults. To overcome this issue and to make the converter’s current controller
robust during faults, this chapter proposes the hybrid grid synchronization transition
technique. This transition method is already discussed in Chapter -4. In this Chapter, this
transition technique is implemented with the current controller of a three-phase voltage
source converter. The current controller using the hybrid grid synchronization is implemented
both in the synchronous reference frame (dg-frame) and stationary reference frame (af-
frame). The performance of the converter during both symmetrical and asymmetrical grid
faults along with the fault ride-through strategies is tested by both simulations and

experiments.

5.1 Introduction

Due to the increasing price and environmental pollution issues, fossil fuel based power
generation are gaining less importance in recent years. Hence, many countries are switching
towards the renewable energy sources (RESs) based power generation. In such cases, the
conventional synchronous generators are getting replaced by solar PV and wind energy

systems. The RESs use power electronic converters for grid integration purpose. These power
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converters poses several risk on the existing power systems due to the lack of inertia. Thus
stringent grid codes are being imposed on them by several countries such as provision of the
fault ride-through (FRT) during grid fault, and maintaining the power quality of the grid
current during normal operating conditions. This chapter focuses on the FRT capability of the

power converters.

During FRT, the converters are expected not to trip (stay connected) for a specific pre-
defined time duration. The connection/disconnection duration of these converters depends on
the amount of voltage drop as a result of faults, which is decided by the low voltage ride-
through (LVRT) curve of a specific country. Additionally, the converters supply active and
reactive current to the grid during the fault depending upon the grid voltage sag depth. During
severe fault, i.e., for sag depths more than 50%, only reactive current is injected by the

converters making the active current injection zero.

Large scale solar PV or wind energy systems use three-phase converters (inverters) to inject
grid current. During grid faults, current controllers of these converters need to be designed
properly to provide enhanced FRT. Most of the industrial converters use either proportional
plus integral (PI) current controller in the dg-frame or proportional plus resonant (PR) current
controller in the af-frame. Both these types require either the phase-angle or the frequency
information of the grid voltage. Additionally, to provide reactive current, fast and accurate
grid voltage amplitude (sag depth) estimation is necessary. All these information are provided
by a dedicated synchronization unit for these grid-connected and grid following converters.
Inefficient grid synchronization performance may result in poor FRT of the converter due to
loss of synchronization (LOS). Recently grid fault as a result of LOS is reported by the North
American Electric Reliability Corporation (NERC). According to the report, the LOS of the
PLL with the grid during a fault triggered the trip of a 900 MW solar PV plant in Southern

California [89]. Other records from industries illustrate that voltage sags of 20-100 ms
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duration contribute to 46% of all types of other voltage transients [145]. During such adverse
grid scenarios, it has always been a challenge to design an immune, fast, simple and yet

robust PLL for the purpose of grid synchronization.

In Chapter-4, the commonly used synchronous reference frame phase-locked loop (SRFPLL)
[131], [132] and its variants [53]-[59] are discussed regarding their synchronization
performance, when subjected to various grid faults. It is shown there that the PLL based grid
synchronization techniques are not suitable for the grid faults with phase-angle jumps (PAJs).
Its insufficient damping and higher settling time degrade its synchronization performance
during PAJs. Additionally, Chapter-4 detailed the proposed hybrid grid synchronization
concept and its synchronization improvements are proven in comparison to PLL based
techniques. This chapter will not repeat the synchronization schemes. However, it will use

them to design the current controllers.

Apart from the synchronization improvement, adding voltage (at PCC) feedforward
compensation terms to the output of the current controller (in case of PI controller in the dg-
frame) can overcome the negative impact of the PLL dynamics during grid faults.
Nevertheless, such feedforward compensation acts as a positive feedback to the closed-loop
control of the converters. Hence, it decreases the system stability margin, especially in a
weak grid where the grid impedance is of utmost concern [148]-[150]. It also adds harmonics
to the current to be injected to the grid as a result of large grid impedance seen at the PCC

[151].
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5.1.1 Contribution and Organization of this Chapter

This chapter explores the PI and PR current controller design and investigate the FRT
performance of the converter during the grid faults. Here, the conventional grid
synchronization using PLL is replaced by the proposed hybrid grid synchronization
technique. Section 5.2 outlines the reduced order model of the three-phase converter. Section
5.3 provides the insight to the impact of voltage feedforward compensation on the current
controller especially in a weak grid during grid faults. In Section 5.4, the model of current
controller including grid synchronization dynamics (PLL) is explained. Section 5.5
investigates the Fault Ride-through (FRT) of the power converter during symmetrical and
severe symmetrical grid faults having both voltage sag and PAJs. The reactive current
injection requirement to meet the grid code is presented. Section 5.6 provides detailed
simulation analysis and experimental validations of the proposed hybrid grid synchronised
power converter’s enhanced FRT operation. Additionally, comparisons with other adaptive
grid synchronization techniques are performed based on the dynamics of current controller,
DC-link voltage, power profiles (active and reactive) and current injection angle. The
adaptability of voltage feedforward compensation in the current controller is tested during the

faults as well.

In Section 5.7 special attention is given to the FRT operation during asymmetrical grid faults
having PAJs. During the asymmetrical faults, two types of current controllers are
implemented such as Proportional plus Integral plus Resonant, (PIR2) and only Proportional
plus Resonant (PR) along with the proposed hybrid grid synchronization technique. The
performance comparisons are done in Section 5.8. Lastly, Section 5.9 provides the chapter

summary.
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5.2 System Description

The overall system description of the grid integration of the DERs is shown in Figure 5.1.

Wind Energy

/%@ LC/LCL filter DEPELACDC DC-AC /el fiter Grid
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Figure 5.1: Overview of grid integration of distributed energy resources (DERs) and control
layers for interfacing power converters.

The DERs shown are wind energy and solar (PV) systems. The power electronic converters
are observed to act as the interface between the DERs and the grid. The converters are used
as rectifiers (DC/DC) and/or inverters (DC/AC). Inverters are responsible for the grid
connections. There are three control layers used during such grid-connected operation such
as: (a) basic control as lower level controller, (b) specific control actions required by the
solar/wind energy systems as intermediate level controller and (c) ancillary services as the
higher level control. The lower level controller includes grid synchronization, inner current
control and outer voltage control. The purpose is to inject grid current synchronized with grid
voltage. The basic function of intermediate level controller is to extract maximum energy
from the large penetration of DERs using MPPT or other power maximization technique.

Apart from this, it provides the necessary Fault ride-through capability for power converters
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by injecting reactive power following grid codes during grid faults. The outermost or the high

level control layer takes care of generation-demand balance, protection schemes and black

start functionalities.

In the present study, the detailed model shown in Figure 5.1 is reduced to the Figure 5.2

based on the following assumptions.
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Figure 5.2: Reduced-order model of the grid-connected three-phase power converter.

(a) The interaction between the generator side and grid side converter is replaced by the
constant DC-link voltage source. This is done by properly maintaining the DC voltage
using the outer loop control.

(b) During any fault, only grid side converter controller dynamics are studied. For
instance, current controller as the inner control layer and DC voltage control and/or
grid synchronization control as the outer loop control layer.

(c) During the FRT, the reference current generation is decided by the grid code

requirement and thus outer control layer is deactivated.

127



Chapter 5

(d) During fault, the power imbalance between the DC side and AC side (active power) is
assumed to be dissipated using a chopper circuit (equivalent resistance is interfaced in
the DC link) to avoid DC-link overvoltage.

(e) The actual grid is assumed to be a Thevenin equivalent voltage source and the fault is
created at the bus connected to the grid voltage. The PCC for the converter is at an

electrical distance (line length) from the fault point assuming a radial system.

The schematic of system configuration of a grid-connected three-phase VSC along with its
local controller is shown in Figure 5.2. It consists of the plant (LCL filter), grid model (grid
voltage with series impedance), grid synchronization unit, DC voltage controller, reactive
power controller, the current controller, and the pulse width modulation (PWM) unit. Each

controller layer implementation is explained in the following sub-sections.

5.2.1 LCL Filter Plant Model

During the integration of DERs to the grid, the interfacing power electronic converters
(inverters) use passive filters in order to mitigate the switching harmonics at their output
terminal. The harmonics are generated during the PWM control of such inverters. The
passive filter can be configured as a simple inductor (L) filter (first-order plant model),
combination of inductor-capacitor (LC) filter (second-order plant model) or combination of
inductor-capacitor-inductor (LCL) filter (third-order plant model). Compared to L and LC,
LCL filter plant model has the superior harmonic attenuation characteristics in the high
frequency range [152]. Thus it is mostly preferred for practical grid-connected applications
which aim to maintain the total harmonic distortion (THD) below 5% as per IEEE-519
standard [153]. In this work, LCL filter is used as the plant model. A typical structure of the

plant is given in Figure 5.3.
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Figure 5.3: LCL filter Plant model for grid-connected inverter application.

The transfer function of the LCL filter in the Laplace domain can be derived as the ratio of
the superposition of the ratios of grid current (I;) (a) to the inverter input voltage (V;y,) by
making the grid side voltage (V) as zero and (b) to the grid voltage by making inverter
voltage zero as given by

I Vinv + Vg(l + SZCfo + SCfRf)
= 5.1
9 $3CiLrLge + 52Cr(LyeRr + LiRye) + S(CrReRye + Ls + Lye) + (Rf + Rye) (5.1)

By neglecting the internal resistance of inductor (5.1) can be further simplified as

Vinv + Vg(l + SZCfo)

I =
97 $3C LyLge + 5(Ly + Lge) (52)
The resonance frequency (f;..s) for the LCL filter is expressed by
Fooe = i(ﬂ) (5.3)
21 CfoLge

For grid-connected inverter operation, while taking the grid current as feedback

control, the resonance frequency is selected as per the thumb rule [154] as f;, < fres <

fSTW, where f;, is the current controller bandwidth (= 1 kHz) and f;,, is the switching
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frequency for the inverter (10 kHz used in this work). In this work, f,..¢ is chosen to be 3.7

kHz to avoid any resonance with that of the current controller.

5.2.2 DC-link Voltage Control Loop

The DC-link voltage control is considered as the outer loop control based on control time
scale [155]. Its response is slower as compared to the inner current control. This control layer
maintains the DC-link voltage (Vp() to its reference value (VDCref ). Based on the power
balance between the DC side and the AC side, the reference current (d-axis) for the current
controller is extracted from the output of the DC-link voltage controller. The closed-loop
control of DC-link voltage along with the plant model is shown in Figure 5.4. The current

controller gain is given by G;(s)).

- Vd +1 WOLge

VDCref Ky | 1y U,
Kyy + vis Gi(s) Gici(s) Id)
ng s

Voct 6.(5)

Figure 5.4: DC-link voltage control Loop.

The gain function (G, (s)) shown in the feedback path of the d-axis current is given by
3V,
G,(s) = <—]‘3 ) (5.4)
ZVDC CDcs
where V,; is the d-axis voltage component of the PCC voltage and Cp. is the DC-link
capacitance. The control action is mainly performed using the proportional and integral (PI)

controller as given by
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K; re
Lar(s) = (Kpy +—22) (V"™ = Vi) (5.5)

5.2.3 AC Current Control Loop (ACC)

The grid current is measured using analog to digital converter (ADC) for AC current control
purpose. It can be controlled either in the natural reference frame (abc-frame), the
synchronous reference frame (dg-frame) or in the stationary reference frame (af-frame). For
current control either in af-frame or dg-frame, the sensed three-phase grid current is frame
transferred using either frequency or phase-angle information from the grid synchronization
unit (PLL). The dg-frame current control using the PI controller is shown in Figure 5.5.
Adequate decoupling term and voltage feedforward in dg-axes are added at the output of the

current control action. The expression for reference voltages for inverter is given by
_ Ki; 56
udqr(s) - Kpi + ? (qur - qu) ( . )

The bandwidth of the current control loop is kept much closer to the inverter switching
frequency and accordingly the gain parameters are designed. The effect of voltage
feedforward terms on the current controller in a weak grid will be discussed later. The
reference for the dg-axes ACC is provided by the outer loop control. For instance, I, is
generated using the outer DC-link voltage control loop and I, is generated by the reactive
power control loop. Usually I, is set as zero in the normal operating condition to maintain
unity power factor (UPF) operation. On the contrary, the reference current generation is
decided by the grid code of a particular country during FRT operation as a result of grid
faults. Firstly, the reactive current injection limit is decided based on the grid voltage sag and

then active current reference is decided by the maximum current injection limit during fault.
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In this chapter, more focus is given during the FRT operation and thus outer loop will not be

discussed further.
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Figure 5.5: AC current control Loop in synchronous reference frame.

5.2.4 Grid Model

The performance of the grid-connected inverters is highly depended on the characteristics of
the power grid. The strength of the grid is measured by its sensitivity to any disturbances
either load changes, harmonic current injections or any transients for instance grid faults. On
the basis of this, grid can be a stiff grid or a weak grid. Topology wise grid model can be
represented as radial, looped or mesh type. Out of these, radial presentation of the grid is
common in rural regions having low power, long transmission lines with fewer consumers. In
this work, radial configuration is used. In fact, in the analysis, the grid model is replaced by

its Thevenin equivalent (a voltage source in series with grid impedance).

The tolerance of the grid towards a fault is characterized by the short circuit power that is

required to be injected to the fault point. Based on the rating of the power apparatus (nominal
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power), such power transfer is related by the short-circuit ratio (SCR). It is defined as the

ratio between the short circuit power level (S,.) to the nominal power (S,,) and given by

2
scr = 3¢ _ Vo /2 (5.7)
Sn Sn

It can be seen that, the grid impedance (Z,) is inversely proportional to SCR. Higher Z,
results in lower SCR and vice versa. The SCR for a stiff grid is above 20-25 while for a weak
grid is 2-10 [156]. The impact of low SCR (weak grid) on current controller during FRT will
be analysed in this chapter. The grid is mainly resistive for low voltage level and inductive
for medium/high voltage applications [157]. The inductance to resistance value (X/R) of the
grid also affects the dynamics of the current controller through the grid synchronization

which will be discussed in the later sections.

5.2.5 Pulse Width Modulation

The sinusoidal input voltage reference to the inverter generated from the output of the current
controller is used for the Pulse Width Modulation (PWM) process. The PWM strategy can be
of natural sampling (sine wave and triangular carrier wave) or regular sampling. Natural
sampling provides complexity for the digital implementation, while regular sampling
provides sample delay which is suitable for digital implementations. Regular sampling can be
either symmetrical or asymmetrical based on the mode of sampling of the carrier wave’s
positive and negative peak. In this work, asymmetric regular PWM technique is implemented

[158].
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5.2.6 Grid Synchronization

The grid parameter estimation at the PCC is essential for grid synchronization and current
control for inverters during both normal and FRT modes of operation. It is done by SRFPLL.
The basic modelling of the SRFPLL and other state-of-the-art modified SRFPLL suitable for
FRT are already discussed in detail in Chapter 4. In this chapter, their impact on the
converter’s current controller during grid fault is included in this chapter. The comparative
improvement in the FRT of the three-phase converter using the proposed hybrid grid

synchronization will be discussed in the subsequent sections.

Apart from the adaptive and hybrid grid synchronization proposed in Chapter 4, there are
other methods, namely, grid voltage feedforward compensation and SRFPLL with faster
settling time, which can improve the transient disturbance (FRT) performance of the
converter. However, these methods have negative consequences in case of the weak grid
connection of the converter. In the next two sections, the details of these consequences will

be discussed.
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5.3 DQ Current Control Model with Voltage Feedforward

Compensation

In this section, the impact of PCC voltage feedforward compensation on the dg-frame current
controller is explained in relation to the grid strength such as stiff grid and weak grid. In grid-
connected applications, voltage feedforward compensation at the output of the current
controller is conducive for inverter operation and control during various transient events.
These include inverter starting process, load switch on and off, etc. Such compensation is
also feasible to provide improved FRT of converter during a grid fault. Apart from the
transient disturbance rejection, this feedforward compensation has certain disadvantages
especially when the grid is not stiff (weak grid). In weak grids, the PCC and grid point are not
the same. They are separated by the grid impedance. In stiff grid, this impedance is
negligible. On the other hand, in weak grid due to low SCR values, this grid impedance is of
significant magnitude to influence the feedforward compensation process. The current control
loop with and without voltage feedforward compensation considering the weak grid is shown
in Figure 5.6. With the addition of PCC voltage, the necessary changes in the current
controller are shown in black colour arrows. It can be observed that, the grid current feedback
adds extra feedforward compensation to the current controller. This feedforward gain is
dependent on the impedance value seen from the PCC (line plus grid impedance - refer
Figure 5.2). Therefore, it has the tendency to destabilize the current controller during varying

grid impedance values (as in a weak grid) [150].
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Figure 5.6: AC current control Loop in synchronous reference frame with and without PCC
voltage feedforward compensation.

The mathematical expressions to show the impact of the grid impedance dependent

feedforward compensation in the current controller gain is as follows:

Equation (5.2) yields the transfer function of grid current in relation to inverter voltage

(G1(s)) and grid voltage (G,(s)) as given by

lag(s) _ ! (5.8)
Vaq(s)  s3CrLyLge + s(Ly + Lge)

G1(s) = Gper(s) =

I34(s) 1+ s2CrL
62(9) = YD1+ 61cr(IG(9) = s = s 69
ge ge

The PCC voltage expression with respect to the grid voltage is given by
Vaq () = Vgaq(s) + 1uq(s)(Z,(s) + Z4(s)) (5.10)

Zan(s)
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The current controller loop gain without the consideration of voltage feedforward

compensation can be obtained as (the control delay is assumed to be unity):
GiOpenloop (s) = Gi(s) Grer (s) (51 1)
The closed loop current controller gain is given by

Gi(s)GrcL(s) (5.12)

GiCloseloop (s) = 1+ Gi(s)Gc(s)

While considering the PCC voltage feedforward compensation in the current control loop,

(5.11) and (5.12) can be modified as

. (s) = Gi(5)Grer(s) (5.13)
iopenloopFF\S) = 1— Zgn(s)GLCL(S)

G

c (s) = Gi ()G (s)
iCloseloopFF\S) = 17+ (Gi(s) = Zgn(5))Grcr(s)

(5.14)

It is observed from (5.14), that when the grid impedance is of non-negligible magnitude, it
will certainly impact the closed-loop stability of the current controller. As studied in [148],
with the high magnitude of net grid impedance (Zz,(s)), the closed loop poles will shift
towards the positive real axis. This is not the case in stiff grid as the grid impedance is of
minimum magnitude and thus can be neglected (Z, (s) = 0) while performing the stability
analysis. Even without this voltage feedforward compensation, the plant transfer functions
have a great coupling with the grid impedance. So in any case, in weak grid, such large grid
impedance will bring the resonant frequency and phase margin of the current controller much

below than that in the case of a stiff grid.
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Direct voltage feedforward compensation to the current controller could enhance the
harmonics in the injected grid current in weak grid [150]. This is because, the assumption of
the control delay to be unity as in (5.11), overlooks the introduction of the negative resistance
in the low and middle frequency band of the current controller and thus degrades its lower

order harmonic rejection capability.

The impact of PCC voltage feedforward compensation on the current controller is usually
studied for weak grids having grid impedance variations. Nevertheless, it is also interesting to
see this impact on the current controller dynamics during FRT of inverters in case of grid
faults having PAJs. This is investigated in the simulations and experiments sections of this

chapter.

5.4 DQ Current Control Model with SRFPLL

The interaction between the grid side current controller and the SRFPLL happens during the
frame transformation (abc-dq) of the instantaneous three-phase grid current. The phase-angle
information required for such transformation is provided by the SRFPLL. Unlike the case in
stiff grid, in weak grid the actual phase-angle observed at the PCC (6,) differs from that
estimated by the SRFPLL (6p;;). This results in a phase-angle deviation of (A8 = Afp;;)
between the actual dg-frame and the estimated dg-frame by the SRFPLL. This A8 is highly
dependent on the tuning of the SRFPLL control loop (discussed in Chapter 4). Accordingly,
the dg-components of the PCC voltage and the grid currents are affected in relation to this A8
during the frame transformation. This dependency can be well understood from the small-
signal modelling of dg-frame current controller including the SRFPLL controller [159]. The
controller loop including the SRFPLL along with d- and ¢- axes control is shown in Figure

5.7.
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Figure 5.7: AC current control Loop in synchronous reference frame with SRFPLL.

The small-signal modelling is as follows. The variables estimated by SRFPLL is denoted by

superscript “PLL” and those in the actual (grid side) frame are denoted “g” in the derivations.

The mathematical relationship between these two frames with respect to A8 is given by

AvquLL/AiquLL — Avdqg/Aidqg[l — jAB] (5.15)

The relation of A8 to the g-axis of the PCC voltage (Avqg ) can be expressed by the closed-

loop gain of the SRFPLL as given by

A6 GprpLL(S) (5.16)
Gpi(s) = i
Ay, S+ VaGpipr(S)
where KipLL

GpiprL(S) = Kpppp + S

PLL

The expression for transformed dg-components of voltage (Avy, ) and those for currents

can be given by
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Av "M = Avy9 + A0V,

(5.17a)
AP = A, ? + AV,

Aig"™t = Aig? + 061,
(5.17b)
Aig" = Ai9 + 061,

Accordingly, the small signal net grid current as per Norton’s equivalent can be given by

Aidqg = GiCloseloop (S)Aidqr - Yinv(s)Avdqg - YPLqu (S)Avdqg (5-18)

It can be seen that an extra admittance term (Yp;; (s)) is fed forward to the current controller.

The expression for Yp;; () is given by
Yi1 Y12] (5.19)

Yp10(8) = Giopentoop ($)GiprL(s) + GreL ($)Gypri(s) = Yy1 Yo

and current gain terms (G;p;; (S)) as given by

0 VaGpro(s) 0 I4Gpp(s) (5.20)

G = ,and G; =
‘UPLL(S) 0 _ VdGPLL(S) an LPLL(S) O — IdGPLL(S)

In a weak grid, the dg-axes PCC voltage and grid voltage are related as
Av,9 Av,q? Z,(s 0 [aiz?
e e B
Av, Avg, 0 Zy;(s)]||Aiq4

On solving, (5.18), (5.19), (5.20) and (5.21), the net Y bus matrix for grid-connected inverter

and expression for g-axis current is given by
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Y11(8) = Yipy(5), Y12(8) = Y21(8) = 0,Y2,(s)

(5.22)
= Iiny (s) — (IeriCloseloop (s) + VaYiny (S))GPLL (s)

_ GiCloseloop (S) i (5.23)
14+ Y()Zg(s) 7

;g
Alq

The expression is given assuming V= 0 and unit power factor (UPF) operation.

It can be observed from (5.22) and (5.23) that the SRFPLL parameter tuning affects g-axis

Yzz(S)Aiquzz (S)Yzz(s)zg (s)

Sections 5.3 and 5.4 revealed that, either voltage feedforward compensation or SRFPLL with
faster settling time can improve the FRT of the converter by compromising with its closed-
loop control stability. Thus in this chapter, the settling time of the SRFPLL is kept high (120
ms) to not disturb the stability as part of the hybrid grid synchronization. A test case with and
without voltage feedforward compensation during the FRT is provided in the simulation
section 5.6. Other investigations are carried out without adding the voltage feedforward

compensation.

The following sections will explain the FRT setting of the converter controller for various
grid faults (both symmetrical and asymmetrical). Both simulation and experimental analysis

are performed.
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5.5 Fault Ride-Through during Symmetrical Grid Faults

This section explains the FRT strategy embedded in the converter’s current control, which is
the main theme of the thesis. Under normal grid operating conditions, the d-axis reference
current (1) is decided by the outer DC-link voltage control loop as explained in 5.2.2.
Similarly, g-axis reference current (/;;) is kept zero to maintain unit power factor (UPF)
operation. These references switch from the outer loop control to FRT mode on the
occurrence of any grid fault. The control structure used during the FRT using the proposed
hybrid grid synchronization for the VSC is shown in Figure 5.8. In the FRT mode, the I, is
chosen based on the voltage sag depth seen at the PCC. The sag is calculated by the hybrid

grid synchronization unit.

Imax
0 Vecc<
— TPLL ?
Iqr Idr = mingllimitv‘ ImaJr2 - Iqr2¥ ng.,l H
_> ) :
dq/ Habe ol -
/N —g R#fo{ Grid
OrpLL abc
Vo2
A
Vsag Vp.u. 1.0 <>
ol I RS
[Vgl = ] 1 -Kpﬂ TPLL — Vsag
0 05 09 1, —> Orp1L
Vp.u.

Figure 5.8: Grid current control loop using the proportional plus integral (PI) during
symmetrical grid faults.

Based on the sag depth, different countries follow different grid codes to decide the reactive

current injection support to the grid as given by

, 0, if 09<V, <10, Zone-—3 (5.24)
|1 ) ={(k =2)(1 = V), if 0.5<V,, <09, Zone — 2
max 1.0, if 0.0 <V, <0.5, Zone — 1

The value of “A” can be chosen from 2 to 10. Higher values of “k” drive the PCC voltage to

dead zone (0.9 pu -1.1 pu) as per the grid code. This in turn results in undamped oscillations
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in the injected active and reactive power. Due to these oscillations, the converter may fail to
provide robust FRT support during faults. Hence, the optimal value of “A” is chosen to be 2 in
this chapter. Once the /- is decided, it is fed to the current priority unit to decide /i The

current priority unit also contains the previously set . La- is chosen as given by

2 2} (5.25)

4 = min {Ilimit» Imax qr
The voltage profile along with reactive current injection pattern followed during fault is

shown in Figure 5.9.
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> 0.4
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to  tiso 750 Vou(pw)
Time [ms]

Figure 5.9: (a) Voltage profile and (b) reactive current injection following fault ride-through
operation.

5.6 Simulation and Experimental Results

The FRT operation of the grid-connected three-phase voltage source converter (VSC) is
simulated using the switching model as given in Figure 5.2. The model is built in the
MATLAB/SIMULINK and PLECS Blockset software environment. The converter and
controller parameters used for modelling are given in TABLE 5.1. The fault at the grid side is
a three-phase symmetrical fault of 60% voltage sag depth at t = 0.35s which is cleared at t =

0.55s. The PAJs are chosen to be both +45° and -45° along the fault inception and recovery.
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The reasons for selecting these two PAJs (+45° and -45°) are:

1) During balanced faults, the PAJ seen by the grid-connected converter at PCC varies
between +10° and -60° [68]. On the other hand, during the unbalanced faults, the
voltage sag observed at the high voltage (HV) side of the transformer is propagated to
the low voltage (LV) side depending on the transformer connection type.
Accordingly, the PAJ observed by the converter connected at the LV side can vary
between +45° and -45° for different sag magnitudes.

2) At this higher angle, the linearity assumed by the SRFPLL control loop during grid
synchronization becomes invalid, which leads to the poor FRT of the converter. To
improve the converter’s FRT during such PAJs using hybrid grid synchronization is

the objective of this thesis.

The results obtained by simulation for various test scenarios are discussed below.

TABLE 5.1: THREE-PHASE CONVERTER AND CONTROLLER PARAMETERS

Parameters and Symbols Values
Rated Power (Prqteq) 2.2 kW
DC voltage (Vp¢) 400 V
Grid voltage (Secondary side) (V) 240 Vims
PCC voltage (Primary side) (Vpcc) 120 Vims
Nominal current (Primary side) (Iy) 8.65 Apeak
Grid Frequency (fy) S0 Hz
Proportional gain of the voltage control (Kpy) 8
Integral gain of the voltage control (K;) 7000
Proportional gain of the current control (K;) 12
Integral/Resonant gain of the current control (K;; /K;;-) 7000
Settling time of the SRFPLL (tg,;) 120 ms
Transition time for TPLL (¢;,) 2 ms
Grid side filter inductance (Lgg) 1.8 mH
Converter side filter inductance (Ly) 0.5 mH
Sampling frequency (fsq,) and Switching frequency (fs,) 10 kHz
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5.6.1 Comparison with and without PAJ during Symmetrical Fault

Initially, the FRT operation of VSC synchronised with the classical second-order SRFPLL is

simulated during the symmetrical fault without the addition of any PAJ.
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Figure 5.10: FRT of Three-phase VSC synchronized with second-order SRFPLL during 60%
sag: with (a) no PAJ, (b) -45° PAJ and (c) 45° PAJ.
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The plots for grid current (/;), dg-axes components of grid currents (/4), active and reactive
power (P/Q), DC-link voltage (Vpc) and the fault current angle (6;) are shown in Figure
5.10(a). It is observed that there is a smooth tracking of the grid current to inject the rated
reactive current as per the grid code requirement. The injection of the full reactive current and
null active current is noted with the active power injection of 0 W and the reactive power
injection of 925 Var. The pure reactive current injection can also be viewed from the grid

current injection angle which is of 90° lagging PF.

With the addition of PAJ during fault inception, it is observed that, /; dynamics is affected
and due to the dg-axes coupling behaviour, settling time for /; is increased as shown in Figure
5.10(b) and Figure 5.10(c). The dynamics of I, can be well understood as a result of the
delayed response of the SRFPLL while estimating the V. I, gets affected due to the SRFPLL
dynamics during a PAJ in relation to ¥, through the g-axis self-admittance (Y22 (s)) as shown

in (5.22) and (5.23).

It is observed that with the change in the sign of the PAJ, the dynamics of the grid currents,
power profiles, and DC-link voltage are complementary to each other. During +45° PAJ, the
overshoots observed in the grid current is higher as compared to that in the case of -45° PAJ.
The settling time for /; during both the sign of PAJs are observed to be 70 ms while the
settling time for P and Q are around 120 ms due to delayed estimation of dg-axes voltage

components by the SRFPLL.
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Figure 5.11: FRT of Three-phase VSC synchronized with proposed TPLL during 60% sag:
with, (a) -45° PAJ, and (b) +45° PAJ.

The performance of the proposed transition phase-angle (TPLL) based hybrid grid
synchronized VSC is tested during the symmetrical voltage sag with both -45° and +45° PAJs
as shown in Figure 5.11(a) and Figure 5.11(b) respectively. The settling time for /, is greatly
improved for the proposed technique during both fault inception and recovery point. It is
observed to be 8 ms in both the cases. The faster settling of /; helps in improving power
profiles (P/Q) during fault and post-fault time. The transition is enabled until the time the
SRFPLL takes to settle to the steady-state equilibrium point (which is the settling time for the
SRFPLL i.e. 120 ms in this work). Assuming the phase-angle error to be negligible between

the SRFPLL estimation and arctangent estimation after 120 ms, both the estimators swap
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among themselves and accordingly the VSC uses the phase-angle for current controller. The
transition time is kept 2 ms. The transition scheme is observed to be smoother for -45° PAJ
as compared to +45° PAJ during the FRT period. In power systems during grid faults,

positive PAJs are less realistic as compared to the negative PAJs [68].
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Figure 5.12: FRT of Three-phase VSC synchronized with second-order SRFPLL with PCC
voltage feedforward compensation during 60% sag: with, (a) -45° PAJ, and (b) +45° PAJ.
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As studied in the Section 5.3, the addition of PCC voltage feedforward compensation can also
minimize the disturbance in the current controller caused due to PAJ in SRFPLL
synchronised VSC (settling time). Thus, FRT with the addition of voltage feedforward
compensation is compared with the proposed TPLL synchronization in terms the transient
dynamics of current controller during fault inception and recovery as shown in Figures 5.12
(a) and (b). It can be noticed that the current controller tracking is greatly improved with the
voltage feedforward addition as compared to without compensation in SRFPLL synchronized
VSC. The power profile dynamics on the other hand (P/Q) is not improved in comparison to
the proposed technique. The settling time /; during -45° PAJ is observed to be slightly higher
than the proposed TPLL. On the other hand, the response time during +45° PAJ is almost

identical.

5.6.2 Comparison in a Weak Grid

The addition of direct PCC voltage feedforward compensation in SRFPLL grid synchronised
VSC improves the disturbance rejection capability as shown in 5.6.1. On the other hand, such
addition adds harmonics in the injected grid current due to high line impedance. On the same
note, the proposed TPLL uses the arctangent phase-angle estimation during fault which
suffers in such weak grid due to the lack of inherent filtering. However, the TPLL improves
the grid current distortions in weak grid using SRFPLL filtering during normal operating
condition. The total harmonic distortion (THD) measurements of the grid current for the
SRFPLL with voltage feedforward compensation and the proposed TPLL technique are
shown in Figures 5.13 (a) (b) respectively. The measurements are done after the fault
recovery. The THD improvement with TPLL can be observed when it switches back to

SRFPLL at t = 0.67 s (Transition point). The SRFPLL, in this case does not include the
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voltage feedforward terms. To improve the filtering capability of the proposed TPLL during
FRT during grid unbalance and harmonics, dual second-order generalized integrator

(DSOG]I) is used as the pre-filter which is discussed in Chapter 4.

S
TI‘aIlSIItIOI‘l point

| | | | |
0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

Figure 5.13: FRT of Three-phase VSC synchronized with (a) second-order SRFPLL with
PCC voltage feedforward compensation and (b) proposes TPLL during 60% sag with -45°
PAJ.

5.6.3 Comparison during loss of synchronization (LOS)

One of the common issues with the conventional SRFPLL based grid synchronization is the
loss of synchronization (LOS) during severe symmetrical faults [49]. The details of the LOS
phenomena and how this affects the FRT of VSC are explained in Chapter 3. It is understood
that the LOS can be due to either the large signal or the small signal instability. Both the
cases are simulated for SRFPLL by creating a symmetrical fault with 90% voltage sag depth.
During this fault level, the rated reactive current is injected which is kept 8.65A,k as decided
by the grid resistance i.e. (0.09 pu). The steady-state current limit is =10 Apk. In Figure
5.14(a), the VSC is able to inject the 8.65 Apk during the 90% symmetrical sag with no PAJ.

In Figure 5.14(b), it is shown that while trying to inject current =10 Apk, which is the
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violation for steady-state current limit, grid current destabilizes during FRT period. In Figure
5.14(c), the current magnitude is maintained 8.65Apk to ensure large-signal stability. The
addition of -45° PAJ to the 90% voltage sag triggers the small-signal instability of SRFPLL
due to less damping and high settling time. Under such conditions, the adaptability of the
proposed TPLL is compared and the response is shown Figure 5.14(d). It is observed that, it
provides a robust current controller dynamics from fault inception to the end of FRT. The
transition back to SRFPLL during the post fault recovery is not smooth as during that time
the frequency estimated by SRFPLL is out of synchronism that creates a huge and

unregulated phase error for the proposed TPLL to malfunction.

The LOS discussed above is under the assumption that the estimated frequency by SRFPLL
is not bandlimited. Further the LOS is tested with the lower and upper limit for the frequency
estimations set as 45 Hz and 55 Hz respectively. With this frequency band limit the test cases
and responses shown in Figure 5.14 (c) and Figure 5.14 (d) are reinvestigated. It is observed
from Figure 5.14 (e) and Figure 5.14 (f), that both the SRFPLL and the proposed technique
provide improved FRT during the fault. The resynchronization process is noticed to be poor
for SRFPLL resulting in huge oscillations in l;, P, Q and Vpc. In contrast, the proposed

technique takes around 60-70 ms to resynchronize during the post-fault condition.

151



Chapter 5

— 10 Kannk l
<
_U)
-10 F
035 04 045 05 055 06 065 07
g 10 _\ l7_ ]
- or 1 | |
dr d
10 I | I ! I
0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
10 : v : : ; : v
< oj
(=2
— 10| .
L 1 I 1 ar 9
0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
Time [s]

3 2000 F '
S
=S 01—
9 2000 |- P Q
o | i | i T T
035 04 045 05 055 06 065 07
401 — . . . .
Z oo LN
© 400
[a]
>
399 L | . | . | .
035 04 045 05 055 06 065 07
o , . — .
pid L 9 o
=)
_1007 1 L 1 L 1 L d 1 :
035 04 045 05 055 06 065 07
Time [s]

- § 2000 ] | Fivi
— E 0
_Cl
9 2000 -
L L L L h L o L L L L L
035 04 045 05 055 06 065 07 035 04 045 05 055 06 065 07
401 T T T T T T T
NNNANNNN s
= M WA G
_©® 0f | | >
dr d 399 | L L | L | L
-10 ! : 5 - : . 035 04 045 05 055 06 065 0.7
035 04 045 05 055 06 065 0.7 . , , . .
10 — . . . 0
- l
= — 50 :
$ 0 | S Hl 9|
r
-7 10} _|qr_|q -100 | I | ! 1 I
. . . . . : 035 04 045 05 055 06 065 07
035 04 045 05 055 06 065 0.7 Time [s]
Time [s]
T 2000 . ; ; .
< 2
"o 2 0
9 2000 | [——P——q] ]
o 1 I L 1 I 1 i
035 04 045 05 055 06 065 0.7
; 401 — . . . . ; .
— 10 | NS >
S \ V V > 400 —M/\/\/\V\/\m
o 0Ff o
- ’ dr Id( >
-10 | | { 1 399 1 1 L 1 1 L 1
035 04 045 05 055 06 065 07 035 04 045 05 055 06 065 07
10 — . . : , . . o= T 71 1
= o - % v
< _L — 50 1
-7 10} = 6 0
| | | ) | —IQV _Iq -100 ¢ L L 1 L r !
035 04 045 05 055 06 065 07 035 04 045 T9-5 055 06 065 07
Time [s] ime [s]

(©)

Figure 5.14: FRT of Three-phase VSC during 90% sag with second-order SRFPLL: (a)
within steady-state current limit (8.65 Api), (b) LOS due to violating steady-state current limit
(10 Api), (c) LOS within steady-state current limit (8.65 Ap) but with -45° PAJ,
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Figure 5.14: FRT of Three-phase VSC during 90% sag with, (d) improvement to LOS with
proposed technique (TPLL) due to -45° PAJ and within steady-state current limit (8.65 Ap),
(e) Reinvestigation of (c) with frequency band limit (45 Hz-55 Hz), and (f) Reinvestigation of

(d) with frequency band limit (45 Hz-55 Hz).
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5.6.4 Comparison with other adaptive synchronization techniques

The FRT performance of the VSC synchronised with other adaptive synchronization
techniques are shown in Figure 5.15 (a) to Figure 5.15 (e). For comparison purpose, 60%
symmetrical voltage sag along with -45° PAJ is chosen. Figure 5.15(a) and Figure 5.15(b)
show the dynamics for the second-order SRFPLL and the proposed TPLL. The comparison
with the second-order SRFPLL with higher  (=1.5), and first-order SRFPLL (K;p;;=0), is
done in Figure 5.15(c) and Figure 5.15(d) respectively. It is observed that with both the
schemes, the tracking time for /; is reduced to around 30 ms. This is more than the proposed
TPLL and less than the second-order SRFPLL. The settling time for P and Q during fault and
post-fault is reduced to 50 ms. On the other hand, with the Freeze PLL (V,,, = 0), the
dynamics is observed to be much faster as the proposed TPLL than all the other adaptive
techniques as shown in Figure 5.15(e). Nevertheless, by freezing the PLL during fault, the
converter is unable to track the -45° PAJ in the grid voltage correctly. As a result, it fails to
inject the exact amount of P and Q as required by the grid code. This can be observed from
the error present in the injected power profiles during FRT (refer Figure 5.15(e)). Thus this
technique is not suitable for robust FRT of the converter especially when the grid faults

include PAJs.
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Figure 5.15: FRT of Three-phase VSC synchronized during 60% sag and -45° PAJ, with (a)
second-order SRFPLL, (b) Proposed TPLL, (c) second-order SRFPLL with { = 1.5,
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Figure 5.15: FRT of Three-phase VSC synchronized during 60% sag and -45° PAJ, with (d)
first-order SRFPLL (K;p;, = 0) and (e) Freeze SRFPLL (Vg o, = 0).

5.6.5 Experimental Validation

The performance of the proposed technique is also validated using laboratory experiments
(refer Section C of Appendix) and compared with the other adaptive synchronization
techniques as shown in Figure 5.16. The fault at the grid side is chosen similar to that of the
simulation analysis i.e. 60% sag and -45° PAJ. The fault duration is kept for 150 ms. The
nominal power for the inverter is kept =1 kW, which injects 2Apk grid current in the
secondary of the transformer having 1:2 turns ratio. The inverter is connected to the low

voltage side (120Vms) which injects 4Apk current during fault. The parameters compared are
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the grid current (/,), dg-axes components of grid currents (/4), and active and reactive power

(P/Q). Thee dynamics in terms of tracking time of l4;, P and Q matches with those of the

simulation findings.
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Figure 5.16: Experimental Validation of FRT of Three-phase VSC synchronized during 60%
sag and -45° PAJ, with (a) second-order SRFPLL, (b) first-order SRFPLL (K;p;; = 0), (c)
Freeze SRFPLL (Vg4 = 0), and (d) Proposed TPLL.
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5.7 Fault Ride-Through during Asymmetrical Grid Faults

During asymmetrical grid faults, the grid voltage contains positive, negative and zero
sequence components. Various types of asymmetrical grid faults are discussed in Chapter 3.
Accordingly, the grid current gets unbalanced. The phase-angle estimated by either SRFPLL
or arctangent method gets distorted due to the presence of double frequency component in the
estimated grid frequency. To avoid this issue, DSOGI pre-filter is used for the PCC voltage to
extract the positive sequence components and fed to the phase estimator. Details of the
implementation and performance of the DSOGI with the proposed hybrid grid
synchronization during asymmetrical grid voltage is provided in Chapter 4. In this Chapter,
the proposed hybrid grid synchronization technique is implemented in two types of current
controllers. Positive sequence grid currents in proportion to the positive sequence voltage are
injected during asymmetrical grid faults. The current controllers selected are: (a) Proportional
plus Integral plus second Resonant (PIR;) and (b) Proportional plus Resonant (PR). The
dynamics of both the types’ current controller with the proposed hybrid grid synchronization
principle during the faults will be tested and compare with that of conventional technique.
More precisely, evaluations will be performed on the basis of frequency adaptability of the
resonant controller. The conventional way of feeding the resonant controller is with the
SRFPLL estimated frequency. On the contrary, the proposed hybrid grid synchronization will

enable hybrid frequency estimator (refer Chapter 4) to feed the resonant controller.

The asymmetry considered for the fault is of Type-C which corresponds to a phase-phase
faults [68] to evaluate the FRT. The sag depth is created as 90% in phase B and phase C with
a PAJ of -45°. Details of the controller implementations along with the simulation and

experimental results are discussed below.
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5.7.1 Current control with PIR2 controller

The control loop for the grid current using the PIR> controller during the FRT of VSC for the
asymmetrical grid fault is shown in Figure 5.17. Unlike the dual dg-frame PI controller, this
type of current controller does not require any sequence component extraction of the grid
current during the grid voltage unbalance. Hence, in this case, extra time delay involving the
sequence component extraction of the grid current is avoided. Using the PIR> controller no
compromise to the transient stability of the grid current is done. Use of the resonant controller
in the stationary reference frame in parallel to the PI controller has gained popularity as the R
pole can exactly provide a zero error (infinite gain) at R frequency. In this chapter, the value
of R is set at twice the grid frequency (2f¢) to eliminate the double frequency ripple in grid
current. Hence, the converter will supply balanced positive sequence grid current during the
fault. The current controller expression for PIR: is given by (5.26); where K;,- and w,. are the
gain and frequency of the resonant controller.

K; (5.26)

' Pt s 24 (2wy)?

The PIR: is designed in the positive dg-frame which ensures voltage and current values are
DC values and are taken care of by the PI regulator. The negative sequence components are

controlled by the R regulator.

One of the issues with the resonant controller is that it is sensitive to grid frequency
variations. For instance, during the off-nominal grid frequency, there is huge drop in the gain
values at the cross over frequency. If the resonator is not fed with the updated frequency
information, it results in poor tracking of the intended grid current. Thus, the frequency
information is fed from the SRFPLL estimations during normal grid conditions. During the

grid faults having PAJs the frequency oscillations increases which directly impacts such
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frequency-adaptive resonant current controller. To avoid such issues, in addition to the
proposed phase-angle transition, the frequency is also transited from the SRFPLL to the

arctangent derived frequency during fault. The details of this hybrid frequency transition are

discussed in Chapter 4.
wTPLL
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—>| Current Orprs” VPCC(--:
— /| Priority " l Ly
Iqr —g Uqpc E E
Y s PWM bR Grid|
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Figure 5.17: Grid current control loop using the proportional plus integral plus resonant
(PIR;) during asymmetrical grid faults.
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Figure 5.18: Comparison of PI and PIR; current controller using (a) Closed-loop bode plot
and (b) open-loop bode plot.
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A comparison of bode plot for PIR; based current controller to the PI base current controller
is shown in Figure 5.18. From the closed-loop current controller bode plot as in Figure 5.18
(a), it can be observed that the resonant current controller provides 0 dB gain and 0° phase-
angle error at exactly 100 Hz frequency, without having a profound effect on the PI
bandwidth. On the other hand, from the open loop bode plot as shown in Figure 5.18(b), there
is no significant phase margin difference observed between the two types of current
controllers. Hence the PIR> does not affect the current controller stability as compared to the
PI. Additionally, the sensitivity of the PIR> current controller during frequency variations is
shown in Figure 5.19. There is a sharp decrease in the magnitude when the frequency
changes by £1 Hz. Thus, the resonant controller is fed with the estimated frequency rather

than fixed frequency in the proposed control.

300 -
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o
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Figure 5.19: Response of PIR> current controller to grid frequency variations of 50+1 Hz.

As shown in Figure 5.17, using the hybrid frequency-adaptive DSOGI, the positive sequence
voltage sag magnitude (V') is calculated. It is fed to the grid code requirement based
positive sequence reactive current reference (I,") calculator. The calculated I and Tnax

decides the magnitude of 7, as described for symmetrical grid faults. The grid current (I,) is
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decomposed to produce dg-axes components (/4;) using the positive sequence hybrid phase-
angle (Ozpr’). The current error in dg-axes is fed to the proposed frequency adaptive PIR»
current controller. The double frequency ripples present in both dg-axes components of
currents are eliminated by the R» controller (fed by wzprz"). The reference negative current of
the dg-axes components (l4;-) are set to zero and only positive sequence balanced grid

current is injected during the FRT.

5.7.2 Current control with PR controller

As compared to the PI or PIR> current controller PR controller has more flexibility to control
the grid current during asymmetrical grid fault scenarios. In this control, the grid current
undergoes only Clarke transform. It does not need the phase-angle information. The current
tracking happens in the form of sinusoids as PR controller is itself a sinusoidal regulator. It
can regulate the positive and negative sequence currents simultaneously unlike the dual dg-
frame based PI current controller. In fact, PR controller is the combination of the PI

controller both in positive and negative dg-frames.

Current 3
Zar | Priority | I,

Vsug+ I‘I’ N

TPLL —> Vsag+

Figure 5.20: Grid current control loop using the proportional plus resonant (PR) controller
during asymmetrical grid faults.

162



Chapter 5

As discussed in PIR>, PR current controller is also sensitive to grid frequency variations.
Usually the frequency is fed from the SRFPLL to make the PR current controller frequency-
adaptive. As explained previously, during the PAJ, such frequency feedback degrades the

response speed of the current controller and hence the FRT of the VSC.

To avoid this issue, the hybrid frequency estimator is used for the frequency-adaptive PR
current controller during the FRT. The control system for the proposed technique is shown in
Figure 5.20. The frequency and phase-angle information required for the current controller is
replaced by the proposed hybrid grid synchronization estimated frequency (wrrz.’) and
phase-angle (07p1.") respectively. The PR current controller implemented here is chosen only
at 50 Hz crossover frequency. One of the issues of such PR current controllers centred at the
fundamental frequency is the sensitivity to the grid harmonics. Hence, parallel harmonic
compensators (HCs) are implemented and centred at particular harmonic frequencies. The
bode plot comparison of PI and PR+HCs current controllers having the same bandwidth is
shown in Figure 5.21. It can be seen that unlike PI, the PR+HCs selectively controls the grid
frequency components such as fundamental (1), 3™, 5% 7% and 9™ harmonic. The current
controller expression for PR is given by (5.27); where K;,- and w,. are the gain and frequency
of the resonant controller for fundamental component, while K;,,, and w,,, = hw,. are the gain

and frequency for various harmonic components.

Kir K; (5.27)
Gi(s) =Kpi+ 07—+ 21 (w2
sc+ (ZWr) h=3,5,7,9S + (th)
The sensitivity of the PR current controller to grid frequency variations is shown in Figure

5.22. It can be seen that with the change in fundamental frequency from 50 to 51 Hz, the gain

reduces from 186 dB to 167 dB. This shows that the grid current tracking with PR current
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controller at fundamental frequency is not robust. This chapter only considers the short time
duration grid faults and thus the HCs are not shown in the control diagram (refer Figure
5.20). The FRT strategy in terms of generation of dg-axes reference currents as per the grid

code is followed the same way as discussed for PIR> during the asymmetrical grid faults with

PAIJs.
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Figure 5.21: Comparison of PI and PR current controller using (a) Closed-loop bode plot
and (b) open-loop bode plot.
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Figure 5.22: Response of PR current controller to grid frequency variations of 50+1 Hz.
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5.8 Simulation and Experimental Results

The dynamic performance of the adaptive current controller with the proposed hybrid grid
synchronization transition during the asymmetrical fault having voltage sag and PAJ is
simulated using MATLAB/SIMULINK and PLECS Blockset. The converter and controller
parameters are chosen to be the same as in case of symmetrical fault which is given in Table
5.1. As mentioned earlier, the asymmetry considered is the 90% voltage sag in Phase B and

Phase C. The PAJ is chosen to be -45°.

At first, the simulation results are presented without using the R» controller in PIR> based
inner current controller. The response with the conventional SRFPLL synchronized current
controller along with power profiles, DC-link voltage and fault current angle dynamics is
shown in Figure 5.23. The positive sequence phase-angle for frame transformation of the grid
current (abc-dg) is extracted using the DSOGI pre-filter. In Figure 5.23 (a), the centre
frequency of DSOGTI filter is tuned at the nominal grid frequency i.e., 50 Hz; instead the
frequency feedback from the PLL assuming the grid voltage frequency is unaltered during
fault. This is conducive to the smooth FRT of the VSC during both fault inception and fault
recovery using DSOGIPLL based grid synchronization. On the other hand, during the FRT
period, the grid current is observed to be unbalanced as it contains both positive and negative
sequence components. The steady-state ripples in the /; and /; are observed to be 8A;.p. These
unbalanced grid currents induce a ripple of 0.3V in the DC link voltage around its constant
magnitude i.e., 400V. Due to the unbalanced grid currents, P and Q also contain steady-state
ripples along with the fault current angle during the FRT period. It is noticed that the DSOGI
is not influenced by the SRFPLL estimated frequency. However, the PLL in-loop delay can
be observed in both current dynamics and power profiles especially during the post fault

recovery instance.
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proposed hybrid frequency estimator.

166



Chapter 5

The assumption of the grid voltage frequency to be 50 Hz as afore-mentioned may not be true
always. It may fluctuate around the 50 Hz value. Hence, the tests are repeated using
frequency-adaptive DSOGIPLL. The responses are shown in Figure 5.23 (b). The impact of
PAJ is clearly visible during both fault inception and recovery. This slow dynamics and
oscillating frequency add extra delay to the current controller. It can be seen that the I,
tracking time increases (more than 100ms) as compared to the case in Figure 5.23 (a). In
Figure 5.23(c), the DSOGI is fed by the arctangent derived frequency under the hybrid grid
synchronization principle. It helps in providing a better damping and thus reduces the
tracking time (60 ms) for the current controller. The phase-angle also transits from the
SRFPLL to the arctangent as a result of PAJ during the grid fault. The grid synchronization

performance for this scenario is provided in Chapter 4.

The proposed hybrid grid synchronization improved the current controller dynamics during
the fault inception and recovery. It can be observed that in all the results presented in Figure
5.23 (a), (b) and (c), the steady state ripples in the current (Ig, 14y, 61), DC-link voltage (Vpc)
and injected P and Q could not be avoided. To mitigate this issue, only positive sequence
currents need to be injected as a function of positive sequence voltage. This can be done
using the sequence component extraction of the grid current to get positive sequence and
negative sequence currents using the DSOGTI filter. However, an extra delay is added in the
current control loop. As a result, the bandwidth of the current controller is required to be

compromised which is not feasible from the FRT aspect.
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Figure 5.24: Response of PIR: current controller in positive dq-frame during asymmetrical
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controller and (c) frequency-adaptive with the proposed hybrid grid synchronized current
controller.
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As in this chapter, only positive sequence current injection is discussed, one R» resonator is
added in parallel to PI controller in the dg-frame (PIR>) to eliminate the negative sequence
component. Discussion on the implementation of the PIR, with the proposed hybrid
synchronization is done previously. The frequency to the R» is initially fed with the nominal
value (50 Hz) and the results are shown in Figure 5.24 (a). It provides a robust current
controller performance during the FRT. During off-nominal frequency, such frequency fixed
R> will not be able to provide the required gain to supress the double frequency ripples
present in the grid current during asymmetrical grid faults. Therefore, the frequency
adaptability of the resonant controller is investigated by feeding it from SRFPLL. As a
consequence of PAJ, the frequency estimation from the classical second-order SRFPLL
influences the current controller due to its inherent delay. The simulation results are shown in
Figure 5.24 (b). The settling time of I, is observed to increase from 50 ms to more than 100
ms during the fault inception and recovery time. Such delay is also reflected on the P and O
profiles. As observed in Figure 5.24(c), for the proposed technique, the delay time is around
60 ms. It maintains a trade-off between the frequency independent and adaptive (with
SRFPLL frequency estimation) behaviour of PIR; current controller during the FRT. The
ripple in the Vpc in all the three cases are observed to be 0.18V, which is lesser than those

dynamics discussed in Figure 5.23 without the use of Rz controller.

The performance of frequency-adaptive PIR> with SRFPLL frequency estimation is
compared with proposed hybrid grid synchronization during asymmetrical FRT using an
experiment setup. The results are presented in Figure 5.25. It can be observed from Figure
5.25 (b) that the frequency adaptability of PIR> inner current controller is enhanced with the
proposed technique as compared to the SRFPLL (Figure 5.25 (a)). The tracking time

observed during experiments matches with those obtained with the simulation analyses.
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Figure 5.25: Experimental validation of response of PIR; current controller in positive dq-
frame during asymmetrical grid fault (90% sag in Phase B and Phase C) with -45° PAJ, (a)
frequency-adaptive with SREFPLL frequency estimations current controller and (b) frequency-
adaptive with proposed hybrid grid synchronized current controller.
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The dynamics of the grid current during the asymmetrical grid fault is tested using PR
controller in the af-frame. The asymmetry considered is same for PIR; current controller.
The current controller gain parameters are also kept unchanged for a fair comparison. In this
case, the grid current is only frame transferred from abc-aff. However, as discussed
previously, these types of controllers selectively control the grid current frequency
components and thus need to be frequency-adaptive in order to avoid steady-state tracking
error. Three case scenarios are tested in regards to the frequency adaptability of the resonant
controller. They are: a) frequency independent, b) frequency-adaptive with SRFPLL
frequency estimation and c) frequency-adaptive with proposed hybrid grid synchronization.
Grid current (Iy), tracking error in aff-components of grid currents (eiw (= iw - ia), €ig (= igr -
ig)) and the fault current angle (6;) are considered for comparisons. Initially, frequency
independent PR current controller is tested during the FRT and response is shown in Figure
5.26 (a). It can be seen that the tracking time is least influenced by the estimated frequency
dynamics by SRFPLL as a result of PAJ. It provides a tracking time of around 30ms for both
af-axes current components. On the other hand, by making the PR current controller
frequency-adaptive (estimated by SRFPLL) there are steady-state ripples observed during the
FRT period. The tracking time is observed to be around 150ms as shown in Figure 5.26 (b).
The total delay is the contribution of DSOGI filter and SRFPLL in loop delay. This delay is
minimised by using the proposed hybrid grid synchronized based frequency-adaptive PR
current controller as shown in Figure 5.26 (c). The tracking delay is found to be around 50
ms. This lies between the frequency independent and SRFPLL estimated frequency-adaptive
PR current controller tracking time. Hence such adaptive current controller is observed to
provide a faster FRT dynamics during grid faults having PAJ. It can also track the grid
frequency and current error more robustly by switching back to the DSOGIPLL frequency

estimation once the grid recovers the normal operating conditions.
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Figure 5.26: Response of PR current controller in of-frame during asymmetrical grid fault
(90% sag in Phase B and Phase C) with -45° PAJ (a) frequency independent current
controller, (b) frequency-adaptive with SRFPLL frequency estimations current controller and
(c) frequency-adaptive with proposed hybrid grid synchronized current controller.

The current controller dynamics using the PR regulator during the asymmetrical FRT is also
validated using experimental results as shown in Figure 5.27. The grid current and error in
the af-axes components are considered for comparison. The increased frequency oscillations
by the SRFPLL estimation during the PAJ are observed in the current tracking error as in
Figure 5.27 (a). The error tracking time is reduced using the hybrid frequency and phase-

angle estimator based hybrid grid synchronization as shown in Figure 5.27 (b).
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Figure 5.27: Experimental validation of response of PR current controller in of-frame during
asymmetrical grid fault (90% sag in Phase B and Phase C) with -45° PAJ (a) frequency
adaptive with SRFPLL frequency estimations current controller and (b) frequency adaptive
with proposed hybrid grid synchronized current controller.
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5.9 Chapter Summary

This chapter utilizes the concept of hybrid grid synchronization in designing different inner
current controller for enhanced FRT of VSC during grid faults. The proposed adaptive
current controllers are implemented with the FRT strategy during the fault. The grid faults
considered for study are both symmetrical and asymmetrical types. In addition to the voltage

sag, PAJ are also considered during the fault inception and recovery.

The above contributions are addressed by initially explaining the reduced order switching
model of a three-phase grid-connected VSC under study. It includes grid synchronization,
plant (LCL filter) model, Thevenin’s equivalent grid model, pulse width modulation, outer
DC link voltage control, and inner current control. Special attention is given to the impact of
voltage feedforward compensation and SRFPLL based grid synchronisation dynamics on the
inner current control loop. This impact is considered during the FRT, which includes the

reactive current injection in relation to the grid voltage sag depth during the fault.

The FRT of the VSC synchronized with the classical second-order SRFPLL is tested and
compared with the proposed hybrid grid synchronized VSC during symmetrical faults having
PAJs. The comparisons are done with and without the addition of voltage feedforward
compensation during FRT. Scenarios involving loss of grid synchronization due to the small-
signal instability of SRFPLL as a result of PAJ is also considered. Adaptability of the
proposed hybrid grid synchronisation in such a scenario is discussed. Comparisons are also
made with other adaptive SRFPLL techniques. It is shown that the proposed hybrid grid
synchronization improves the current controller dynamics in synchronous reference frame

(dg-frame) during the FRT especially when the grid fault includes PAJ.

During asymmetrical FRT, PIR; and PR current controller are used to inject positive

sequence grid currents by extracting positive sequence PCC voltage using the adaptive
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DSOGI pre-filter. The frequency adaptability of the resonant controllers is enhanced during
FRT by replacing the SRFPLL estimated frequency feedback with the proposed hybrid
frequency estimations. The performance enhancement of the proposed adaptive current
controller over the conventional techniques during the FRT is presented using both
simulation analyses and experimental validations. A summary of the current controller
performance during FRT with both the conventional and proposed grid synchronization when
subjected to various grid faults is provided in TABLE 5.2. ‘v’ refers to the robust, ‘v v’
refers to the robust and recommended and %8 refers to the poor and not recommended.

TABLE 5.2: SUMMARY OF ADAPTIVE CURRENT CONTROLLER PERFORMANCE OF THREE-

PHASE CONVERTER WITH THE HYBRID GRID SYNCHRONIZATION TECHNIQUE DURING

FAULT RIDE-THROUGH.

Grid Synchronization Technique Current Controller

for improved FRT

Fault Type SRFPLL DSOGIPLL TPLL DSOGI+TFLL PI PIR, PR

Symmetrical (Voltage Sag) v NC NC NC v NC NC

Symmetrical (Voltage Sag + ® NC v NC v NC NC
PAJ)

Asymmetrical (Voltage Sag) ® v NC NC NC v vV

Asymmetrical (Voltage Sag ® v/ % v Vv NC v Vv

+ PAJ)

NC: Not Considered in this Study, SRFPLL: Synchronous Reference Frame Phase-Locked Loop,
DSOGIPLL: Dual Second-order Generalized Integrator PLL, TPLL: Transition Phase-locked Loop,
DSOGI+TFLL: DSOGI with Transition Frequency locked-Loop, Pl: Proportional plus Integral, PIR2: PI
plus Second Resonant, PR: Proportional plus Resonant.

* DSOGIPLL can work well with either PIR> or PR current controller during asymmetrical

grid fault with PAJ and FRT if the resonant controllers are made frequency independent.

*#* TPLL can provide robust FRT without the need of DSOGI+TFLL, with either PIR> or PR
current controller during asymmetrical grid faults with PAJ, if the resonant controllers are
made frequency independent.
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Fault Ride-Through of Single-Phase

Power Converters

Grid frequency adaptability of the proportional and resonant (PR) current controller is
essential to avoid any steady-state error during off-nominal frequency variations. Single-
phase grid-connected converters use the estimated frequency from the second-order
generalized integrator phase-locked loop (SOGIPLL), as feedback to the PR controller. Such
frequency feedback degrades the current controller’s performance when the converter is
exposed to grid fault having phase-angle jumps (PAJs). This highly affects the fault ride-
through (FRT) capability of the converter. To deal with this, enhanced frequency-adaptive PR
current controller is proposed in this chapter. The objective of the proposed technique is to
create a PLL independent frequency estimation technique for the PR controller during the
grid faults involving PAJs. The frequency adaptability of the PR controller is governed by the
hybrid grid synchronization principle. The dynamic performance of the grid current,
controlled with the proposed technique, while providing FRT during the grid fault having
PAJ is investigated. Its efficacy is determined using simulation analysis and by comparing it

with a conventional technique.
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6.1 Introduction

To meet the stringent modern grid code compliances imposed by various countries, the grid
feeding converters are expected to serve two main purposes. They are: i) provision of
fault/low voltage ride-through (FRT/LVRT) capability [160] and, ii) maintaining the power
quality of the injected grid current [3]. Both the purposes can be met by improved grid
synchronization strategies and robust current controller design. In case of single-phase
converters, PR controller is chosen over PI to avoid any frame transformations of the
measured grid current. The resonators in PR controllers are tuned at the centre frequency to
track the sinusoidal reference accurately [161]. When the centre frequency is estimated by an
additional frequency estimator, they are called as frequency-adaptive resonators. The
frequency-adaptive PR current controllers are sensitive to the frequency fluctuations [162].
Any steady-state frequency error results in the poor tracking of the grid current. The
frequency to be fed to the PR current controller is usually estimated by the grid

synchronization unit.

Most widely used grid synchronization unit for the single-phase grid-connected converter is
the second-order generalized integrator based phase-locked loop (SOGIPLL) [136]. It
provides a good trade-off between the steady-state performance and harmonic rejection
capability [137]. As explained in Chapter-4, it includes two feedback paths during grid
synchronization. One is for the estimated frequency to feed the SOGI and the other is the
estimated phase-angle for Park’s transformation and current control. Presence of such
feedback paths makes it a closed-loop control structure. Hence it is sensitive to grid voltage
transients such as voltage sag, PAJs and frequency variations [142]. Further, the PLL gains
are tuned under the assumption of the sine of the phase-angle error to the absolute value

[131]. During a grid fault, mainly a large PAJ, such linearized approximation of the
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trigonometric function becomes invalid. This greatly impacts the estimated grid frequency by
PLL due to its coupling with the estimated phase-angle. This in turn drives the synchronised
converter into the loss of synchronism (LOS) for a longer time. Such synchronization delays

degrade the FRT/LVRT capability of the converters.

6.1.1 Contribution and Organization of this Chapter

This chapter explores the FRT of single-phase grid-connected power converters during grid
faults having PAJs. Initially, a reduced-order converter model is presented in Section 6.2. The
frequency adaptability of the PR current controller using SOGIPLL grid synchronization is
explained in Section 6.3. A scenario of off-nominal grid frequency variation is presented to
demonstrate the need for the frequency adaptability of the PR current controller to ensure
robust performance. Additionally, the proposed enhanced frequency-adaptive PR current
controller techniques under the hybrid grid synchronization principle are detailed. Section 6.4
investigates the dynamic performance of the conventional SRFPLL frequency-fed PR current
controller during grid faults in the scope of FRT capability. This study reveals the necessity
for the proposed enhanced frequency-adaptive PR current controller. The comparisons
between the proposed and the conventional frequency-fed PR current controller responses
during common grid fault are demonstrated with simulation analysis. Finally the results of

this chapter are summarised in Section 6.5.
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6.2 System Description

6.2.1 Single-phase Converter Model in Stationary Reference Frame

The schematic of the single-phase grid connected converter is shown in Figure 6.1. It consists
of both power and control circuits. The single-phase converter is fed with a DC-link voltage.
Usually, the DC-link voltage is controlled to the reference voltage set by the maximum power
point tracking (MPPT) principle for solar (PV) applications. As discussed previously, the
DC-link voltage control is performed using a proportional and integral controller. It is
considered as the outer loop control. In this study, the DC-link voltage is represented by a
constant DC voltage source assuming the reduced order model (different time-scale based
control layer). The input DC power is converted to AC power with the help of single-phase
voltage source converter (VSC). The switching harmonics at the output of the converter
(inverter) is supressed by the use of LCL-filter. The resonant frequency and the gain for the
LCL-filter are already explained in Chapter-5. The converter is connected to the Thevenin
equivalent model of the grid through the equivalent grid impedance. The single-phase voltage
and current is measured at the point of common coupling (PCC) which is separated from the
grid point via grid impedance. For the fault ride-through study, the fault is assumed to occur

at the grid voltage.

The measured grid voltage and the current at the PCC (Vpcc and I,) are sampled using
analog-to-digital (ADC) converter for control purposes. The control circuit is implemented in
the discrete domain. The converter control under study consists of grid synchronization, sag
detection, reference current generation and the FRT/LVRT unit. In this chapter, the
conventional second-order generalized integrator phase-locked loop (SOGIPLL) is replaced
by the proposed adaptative frequency-fed SOGI based techniques. The details of the

proposed single-phase grid synchronization techniques are provided in Chapter-4. The hybrid
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grid synchronization transition principle is embedded in the control of single-phase converter
in this chapter. With the transition scheme, switching between the conventional SOGIPLL
and the proposed technique is done for frequency and phase-angle estimation depending on

the grid conditions.
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Figure 6.1 Schematic of a single-phase grid-connected converter.

The hybrid grid synchronization will also provide the sag information that will control the
LVRT via reactive current injection. Voltage sag is the measure of the grid voltage fault level
at the PCC. Another important aspect during the LVRT of a single-phase converter is the
reference current generation. During fault, it is usually decided by the LVRT curve. The
details of reference current generation strategy implemented will be demonstrated in the
following sub-section. The reference current generated is fed to the inner current controller to
generate the reference voltage. This will further be used for the generation of pulses for the
converter switches. The current controller for single-phase converter can be implemented
using proportional plus integral (PI) or proportional plus resonant controller (PR). Unlike the
three-phase system, single-phase grid current requires an additional quadrature signal

generator for Clarke’s transform and then it needs the Park’s transform as well to generate the
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dg-components of grid current control for PI controller. In contrast the PR controller directly
uses the measured and sampled sinusoidal grid currents without the need of any frame
transformations. To avail this feature, this chapter discusses the FRT of single-phase
converter using PR current controller. The advantages and disadvantages of frequency
adaptability of the PR current controller will be explained in the following sub-section. The
reference voltage from the output of the PR current controller is used for uni-polar

modulation strategy to generate gate pulses [163].

6.2.2 Reference Current Generation

a) PQ-theory based

The instantaneous PQ-theory based reference current generation uses the Clarke’s
transformation of the measured voltage and current signals. This theory is generally
implemented for three-phase systems [164]. In single-phase systems, the generation of of-
components of both voltage and current signals require the implementation of additional
quadrature signal generator (QSG). Thus, with the implementation of suitable QSG
techniques, the PQ-theory is adapted for single-phase systems for reference current

generation [165].

Based on the PQ-theory, for single-phase system, the active power (P) and reactive power

(Q) expressions can be given by

P = = (Vala + Vgly) 6.1)
! (6.2)
Q= 5 (Vgla = Valg) '
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where Vs and I, are the QSG output for measured voltage and current at the PCC. From
(6.1) and (6.2), the expression for I, can be deduced by performing inverse matrix operation

and is given by
2
Igr = Ia ES W(Vap + VﬁQ) (63)
B

It should be noted that as the measured grid current is a single-phase signal, the only control

variable for current controller, I, is considered as the reference current (Iy;). In (6.3), the

values of P and Q during faults are decided by the FRT requirement as given by

0,Vigg > 0.9 \
7 (6.4)
0= kX Qmax(1 = Viag), 0.5 < Vyqy < 0.9 }
Qmax' Vsag <05 )
P = Smaxz - Q? (6.5)

where S,,4, 1 the maximum capacity of the power converter. The schematic of the reference
current generation implementation based on PQ-based theory that follows (6.3) is given in

Figure 6.2.

Figure 6.2 Schematic of reference current generation based on PQ-based theory.
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b) Voltage-Current Phasor based

Another technique of reference current generation for single-phase converter’s PR current
controller, uses phasor relationship between the single-phase measured grid voltage and
current. The basic understanding is the estimation and update of the phase-angle of the grid
current to be injected to the grid depending on its operating conditions. Using the phasor

analysis, the expression for the reference grid current is given by

Igr = |I| cos(wt + 6 + 6;) (6.6)

’ 6.7
|1l = Idrz + Iqrz (©7

1 6.8
91 = tan_l (Iq_r) ( )
dr

Here |I| is the magnitude of the maximum current capacity of the power converter
(I1|=Imax)- 6y is the corresponding phase-angle between them. I, and I, are the reference

currents in dg-axes which are mainly decided by the FRT based current injection strategies,

as given by
0,Vsqg > 0.9
6.9
1y = {5 % Tamax(1 = Viag), 0.5 < Vigg < 0.9 (6.9)
Iqmax» Vsag <05
lgr = Imaxz - Iqr2 (6.10)

The schematic of the reference current generation using the phasor analysis is shown in

Figure 6.3. In this chapter, the voltage-current phasor based reference current generation is
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used during the FRT analysis. This technique does not require Park’s transform of the

measured grid current (af-dq).

Figure 6.3 Schematic of reference current generation based on voltage-current phasor
technique.

6.3 Frequency-Adaptive PR Current Controller and Fault Ride-

through

As described previously, the generated reference current tracks the measured single-phase
grid current using the PR controller. Unlike the PI controller, PR controller tracks the
sinusoidal error. In PR current controllers the resonant frequency need to be tuned with the
grid voltage frequency. A general structure of the PR current controller used in this work is
shown in Figure 6.4. It uses two third-order integrators to implement its resonant structure.
The schematic of the third-order integrator is shown in Figure 6.5. This integrator provides
accurate tracking as compared to Euler (Backward or Forward) method of integration. It can
be seen that PR current controller can be tuned at fixed grid voltage frequency (refer Figure
6.4a) or the frequency estimated by the SRFPLL (refer Figure 6.4b). The later method of
implementation avoids any current tracking error during off-nominal grid frequency

variations and thus makes the PR controller frequency-adaptive.
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Figure 6.4 Schematic of a PR current controller: (a) frequency independent and (b)
frequency-adaptive.

Figure 6.5 Schematic of a typical third-order integrator [136].

6.3.1 Mathematical Analysis
The expression for the PR current controller is given by

K,is (6.11)

GPR(S) = Kpi +Sz + woz

where K,; and K;; are the proportional and resonant gain respectively. Using this PR current

controller, the simplified closed-loop transfer function can be expressed by

Ig(s) — Gpr(s)GreL(s) (6.12)
Igr(s) 1+ Gpr(8)GpcL(s)

Gi(s) =

The expression for error function is given by
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Iy(s) 1 (6.13)

Gie(s) =1- Igr(s) 1+ Gpr(s)Gycr(s)

The magnitude response of the Gpgr(s) is calculated as

Kriz(i(wo + Aa)))z

6.14
(wo? = (wo + Aw)?)? e

|Gpr(j(wo + Aw)| = \/Kpiz +

From (6.14), the dependency of resonant part of the PR current controller can be deduced and

simplified which can be given as

. Kri
|Gr(j(wo + Aw)| = —
Wo

1+ Gpy

(6.15)
Grp? + 26y,

where G, is the relative frequency variation with respect to the actual grid frequency, i.e.,

Gprp= i—(s. It can be observed from (6.15) that, in case the grid voltage undergoes a frequency

change (Aw), the frequency independent PR current controller suffers from a steady-state
error proportional to Gu,. The frequency-adaptive nature of a PR current controller can
overcome this issue. This is illustrated with an example as shown in Figure 6.6. The grid
frequency is changed from 50 Hz to 52 Hz at t = 0.35 s. The steady-state error in the grid
current tracking is clearly visible in Figure 6.6(a) as it is controlled with fixed frequency
tuned PR current control. In contrast, there is no steady-state error noticed in Figure 6.6(b).
This is because, the resonant frequency of the PR controller is tuned at the frequency

estimated by the SRFPLL.
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Figure 6.6 PR current controller response during grid frequency changes from 50 to 52 Hz
(a) frequency independent and (b) frequency-adaptive PR controller with SRFPLL
estimation.

Figure 6.6(b) shows that there is a delay in the estimation of frequency and current tracking.
The delay is due to the settling time provided by the SOGIPLL used for the grid
synchronization. For grid faults (which is the main objective of this thesis work), the grid
voltage experiences a PAJ in addition to voltage sag. In such cases, as studied in Chapter-4,
SOGIPLL estimated frequency undergoes abrupt and large oscillations. These highly impact
the performance of frequency-adaptive PR current controllers. To deal with this issue, several
enhanced frequency-adaptive SOGI based grid synchronization techniques replace the
SOGIPLL technique. Such techniques are proposed in this thesis and have been detailed in
Chapter-4. In this chapter, these techniques will be used to implement an enhanced

frequency-adaptive PR current controller.
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6.3.2 Proposed Frequency-Adaptive PR Current Controller

The frequency adaptability of the PR current controller fed by the conventional SRFPLL
estimation (as in SOGIPLL) is enhanced by proposing three new frequency estimators for
SOGI. The complete control structure showing the frequency-adaptive PR current controller

along with the grid integration of the single-phase converter is shown in Figure 6.7.
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Figure 6.7 Schematic of proposed frequency-adaptive PR current controller of single-phase
grid-connected power converter along with proposed hybrid grid synchronization principle:
(a) Hybrid frequency estimation using the combination wpy; and w.p [166], (b) Hybrid
frequency estimation using the combination wpr;, and w,., and (c) Hybrid frequency
estimation using the combination wpr;, and wgp.

The frequency estimation with a combination of SRFPLL and arctangent derived frequency is
shown in Figure 6.7(a). This technique is already explained for the three-phase converter’s
FRT application in Chapter-5. It is investigated for single-phase FRT in this chapter.
Additionally, two other frequency estimators in combination with SRFPLL, namely, teager
energy operator (teo) (refer Figure 6.7(b) and fixed-delay (FD) (refer Figure 6.7(c)) methods

are presented in this chapter for the enhanced FRT of the single-phase power converter. The
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proposed frequency estimators will be used to feed the PR current controller during the

occurrence of grid faults having PAJs.

The details of the proposed three enhanced frequency-adaptive SOGI based grid
synchronization techniques have been discussed in Chapter-4. However, their implementation
in feeding the frequency-adaptive PR current controller of single-phase converter for the FRT
purpose is not included in the scope of Chapter-4 and hence explored in this chapter. All the
modified control structures shown in Figure 6.7(a), Figure 6.7(b), and Figure 6.7(c), use the
proposed hybrid grid synchronization principle (discussed in Chapter-4) during their
transition to and from the SRFPLL frequency estimation depending on the grid operating

conditions.

The proposed hybrid frequency-adaptive PR current controller performance of the single-
phase converter during FRT will be tested in the following section using simulation analysis.
The performance will be compared with the conventional SOGIPLL estimated frequency-

adaptive current controller in case of grid faults having both voltage sag and PAJs.
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6.4 Simulation Results

The converter and the controller parameters used for the simulation analysis and comparison
between the conventional and proposed techniques are shown in TABLE 6.1. The FRT
response is investigated by considering a fault having 70% grid voltage sag. Initially, the
frequency adaptability of the PR current controller is explored without and with the addition
of PAJ during the grid fault. The response without PAJ is shown in Figure 6.8. The frequency
independent PR current controller response is shown in Figure 6.8 (i), while the frequency-
adaptive response with SRFPLL estimation is shown in Figure 6.8 (ii). There is not much

difference observed between the two FRT responses during fault having no PAJ.

TABLE 6.1: SINGLE-PHASE CONVERTER AND CONTROLLER PARAMETERS

Parameters and Symbols Values
Nominal Power (Py) 610 W
DC voltage (Vp¢) 200V
Grid voltage (Secondary side) (V) 120 Vims
Nominal current (Primary side) (Iy) 6.5 Apeak
Grid Frequency (fy) 50 Hz
Proportional gain of the voltage control (K,y) 8
Integral gain of the voltage control (K;) 7000
Proportional gain of the current control (K,;) 16
Resonant gain of the current control (K,;) 7000
Settling time of the SRFPLL (t,;) 120 ms
Gain of SOGI 1.414
Transition time for TPLL (¢;,) 2 ms
Grid side filter inductance (Lgg) 1.8 mH
Converter side filter inductance (Ly) 0.5 mH
Sampling frequency (f;4m) and Switching frequency (f5,,) 10 kHz
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Figure 6.8 FRT response of single-phase grid-connected power converter during 70% sag in
the grid voltage (V) with (i) frequency independent and (ii) frequency-adaptive (with
SRFPLL estimation) PR current controller,: plot for (a) grid current (I and 1), error in grid
current (eg), error in SREPLL estimated frequency (e4w), and plot for (b) voltage and current
measured at PCC point (Vpcc and 1y), injected active (P) and reactive power (Q).
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Figure 6.9 FRT response of single-phase grid-connected power converter during 70% sag
and -45° PAJ in the grid voltage (V) with (i) frequency independent and (ii) frequency-
adaptive (with SRFPLL estimation) PR current controller,: plot for (a) grid current (I, and
1,), error in grid current (ejg), error in SRFPLL estimated frequency (e), and plot for (b)
plot for voltage and current measured at PCC point (Vpcc and 1,), injected active (P) and
reactive power (Q).

The same test is carried out by adding -45° PAJ to the grid voltage having 70% sag. The
responses without and with frequency-adaptive PR current controller are shown in Figure 6.9

(1) and Figure 6.9 (ii) respectively. As anticipated, with the PAJ the frequency estimation by
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SRFPLL (in SOGIPLL) undergoes an abrupt oscillation during the fault inception and
recovery. It also deteriorates the dynamics of the frequency-adaptive PR current controller
(refer 6.9 (ii)). Consequently both the injected active and reactive powers seem to be highly

impacted by the frequency-adaptive nature of the PR current controller.

Though such frequency-adaptive nature of the PR current controller improves the steady-state
performance during off-nominal frequency variations, it is highly vulnerable to the notorious
PAJ associated with the grid fault. Such poor FRT dynamics of the converter with SRFPLL
estimated frequency-fed PR current controller is improved with the proposed enhanced

frequency-adaptive PR current controller as shown below.
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Figure 6.10 FRT response of single-phase grid-connected power converter during 70% sag
and -45° PAJ in the grid voltage (V) with (i) frequency independent and (ii) frequency-
adaptive (with arctangent derived frequency estimation during the fault inception and
recovery ) PR current controller,: plot for (a) grid current (Iy and 1,), error in grid current
(erg), error in SREPLL estimated frequency (e4w), and plot for (b) plot for voltage and current
measured at PCC point (Vpcc and 1), injected active (P) and reactive power (Q),

The adaptation of the proposed hybrid frequency estimator (under the hybrid grid

synchronization principle) is shown in Figure 6.10. Here, the frequency estimation is
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switched from SRFPLL to the arctangent derived frequency at the occurrence of PAJ. It can
be observed that the proposed technique is able to provide a smooth FRT response by
reducing oscillations in the frequency, grid current and power. The response time is observed

to be around 60 ms which was around 120 ms for the conventional SRFPLL based technique.

Similarly, in the second proposition of enhanced frequency-adaptive PR current controller,
the frequency to be fed at the occurrence and recovery of fault is estimated using the teager
energy operator. The response is shown in Figure 6.11. The dynamic performance is observed
to be improved as it gives a response time similar to that of the first proposition (using
arctangent derived frequency) i.e., 60 ms. Unlike the conventional SRFPLL technique, it does
not require any gain tuning for the frequency estimation. It also provides a phase-angle

decoupled frequency estimation which makes it robust during the PAJ related grid faults.
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Figure 6.11 FRT response of single-phase grid-connected power converter during 70% sag
and -45° PAJ in the grid voltage (V) with (i) frequency independent and (ii) frequency-
adaptive (with teager energy operator based frequency estimation during the fault inception
and recovery ) PR current controller,: plot for (a) grid current (I, and 1,), error in grid
current (eg), error in SREPLL estimated frequency (e4.), and plot for (b) plot for voltage and
current measured at PCC point (Vpcc and 1,), injected active (P) and reactive power (Q).
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The third proposition estimates and feeds the frequency to the PR current controller using the
fixed-delay (FD) method during the grid fault having PAJ. Similar to propositions 1 and 2, it
also avoids the PLL tuning issue and hence provides robust current controller dynamics and
improves the FRT response of the converter. As compared to propositions 1 and 2 the
overshoots observed in the active power is slightly higher during fault recovery i.e., 200 W
which is around 50 W for the former cases. Apart from this, the response time is almost equal

for all the three propositions and lesser than the conventional SRFPLL techniques.
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Figure 6.12 FRT response of single-phase grid-connected power converter during 70% sag
and -45° PAJ in the grid voltage (V) with (i) frequency independent and (ii) frequency-
adaptive (with fixed-delay based frequency estimation during the fault inception and recovery
) PR current controller,: plot for (a) grid current (Iy and 1), error in grid current (ejg), error
in SRFPLL estimated frequency (e,), and plot for (b) plot for voltage and current measured
at PCC point (Vpcc and 1y), injected active (P) and reactive power (Q).
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A comparison among the frequency-adaptive PR current controller response time using the
conventional and proposed hybrid grid synchronization schemes are provided in TABLE 6.2.

The comparisons are made during the grid fault with PAJ.

TABLE 6.2 COMPARISON OF FREQUENCY-ADAPTIVE PR CURRENT CONTROLLER
RESPONSE TIME DURING FAULT RIDE-THROUGH

Frequency adaptability of the PR controller Response time
Fed by SOGIPLL (wp;) 120 ms
Fed by hybrid proposition-I (combination of wp;;, and w,p) 60 ms
Fed by hybrid proposition-11 (combination of wp;; and w¢,,) 60 ms
Fed by hybrid proposition-III (combination of wp;; and wgp) 60 ms

6.5 Chapter Summary

This chapter explores the fault ride-through (FRT) of grid-connected single-phase converter.
A proportional and resonant (PR) controller is used to regulate the grid current during the
FRT. In contrast to proportional and integral (PI) controllers, grid current control using PR
controllers avoids any frame transformations. The need for frequency adaptability of the PR
current controller is explained during off-nominal grid frequency variations. The frequency to
the PR current controller is usually fed by the SRFPLL in SOGIPLL grid synchronization.
However, it is shown in the chapter that such frequency feedback from SRFPLL makes the
current controller vulnerable to grid faults having PAJs. The FRT of the power converter is
highly affected in such cases. To avoid this issue, three enhanced frequency estimators are
proposed to feed the PR current controller during the PAJ. They are: a) the arctangent derived
frequency, b) teager energy operator estimated frequency, and ¢) fixed-delay based frequency
estimation. All these frequency estimators are free from PLL tuning issues. These frequency
estimators follow the proposed hybrid grid synchronization principle to replace the SRFPLL

frequency estimation feedback for PR current controller during faults.
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The dynamic performance of the proposed enhanced frequency-fed PR current controller
during grid fault is investigated using simulation analysis. Their performance is compared
with the conventional SOGIPLL grid synchronized power converter where the frequency
estimated by SRFPLL is fed to PR current controller. It is revealed that as long as the grid
fault involves only voltage sag, the frequency feedback from SRFPLL estimation can be an
optimum choice to avoid any steady-state error. However, when PAJ is associated with the
grid fault, the dynamics of the PR current controller can only be improved if the frequency
estimation is replaced by the proposed techniques. A summary of the current controller
performance during FRT with both the conventional and proposed grid synchronization when
subjected to various grid faults is provided in TABLE 6.2. ‘v’ refers to the robust, ‘v v’

2

refers to the robust and recommended, ‘%’ refers to the poor but can be used, and ‘% %’

refers to the poor and not recommended.

TABLE 6.3: SUMMARY OF ADAPTIVE CURRENT CONTROLLER PERFORMANCE OF SINGLE-
PHASE CONVERTER WITH THE HYBRID GRID SYNCHRONIZATION TECHNIQUE DURING
FAULT RIDE-THROUGH.

Grid Synchronization Technique Current Controller
for improved FRT
Fault Type SOGI + SOGI+ SOGI+ SOGI+ PI *PR
WpLL Wop Wreo WED
Symmetrical (Voltage Sag) xky/ /% NC NC NC NC v
Symmetrical (Voltage Sag + PAJ) KR v H V H V NC v

NC: Not Considered in this Study, SOGI: Second-order Generalized Integrator @py 1 : Frequency estimation
by PLL, @gp: Frequency estimation by derived arctangent phase-angle, @y, : Frequency estimation by
teager energy operator, @pgp: Frequency estimation by Fixed delay method PI: Proportional plus Integral,
PR: Proportional plus Resonant.

*Only frequency-adaptive resonant (R) controller is discussed.

** ¢/ for frequency independent PR and # for frequency-adaptive PR controller
# Requires only one input signal to estimate the grid frequency with faster dynamics.
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Chapter 7

Conclusions and Future Work

This chapter presents an overview of the contributions and related research work that has been
carried out in this thesis. The main contributions are addressed in two parts in the thesis. They
are: Part I: “Fault detection technique in grid-connected converters” which corresponds to
Chapter-2 and Part II: “Improved fault ride-through of power converters using hybrid grid
synchronization” which corresponds to Chapter-3, Chapter-4, Chapter-5 and Chapter-6. The
contributions based on the above two parts will be detailed chapter wise in a chronological
manner in Section 7.1. To that end, based on the outcome derived from the contributions made

in the thesis, future research scope will be detailed briefly in Section 7.2.
7.1 Conclusions

The chapter wise contributions and conclusions drawn in the thesis are as follows:

Chapter-2: It focuses on the fault detection techniques in grid-connected converter
applications. It reviews the digital signal processing techniques used for fault detection which
are classified as a) Frequency domain techniques, b) Time-frequency domain techniques and,
c) Hybrid techniques. In line with the hybrid techniques, it proposes the combination of two
digital signal processing techniques: 1) Hilbert-Huang Transform (HHT) and, ii) Teager Energy
Operator to detect several grid faults. The combined technique is named as “Teager-Huang”

technique. With the proposed technique the teager energy of the first intrinsic mode function
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(IMF-1) is calculated for fault detection. The HHT mainly provides the instantaneous
magnitude and frequency of the IMF-1 which are used for the calculation of the teager energy.
The proposed Teager-Huang based fault detection is used to characterize the severity of the
grid fault in terms of sag depth and occurrence of different phase-angle jumps (PAJs).
Additionally, the seven types of power system faults which include unbalances in both phase

voltage magnitude and PAJs are considered to provide a comparative fault energy calculation.

Chapter-3: It explores the loss of grid synchronization (LOS) issue during the fault ride-
through (FRT) of grid-connected power converters. The LOS is explained as the result of either
large-signal instability or small-signal instability. It is shown that large-signal instability
mainly occurs due to the violation of steady-state network conditions i.e., as a result of high
amount of reactive current injection during the FRT. In contrast, the LOS due to the small-
signal instability is attributed to the inaccurate gain parameter tuning of the synchronous
reference frame phase-locked loop (SRFPLL). Accordingly, the damping factor offered by the
SRFPLL during the grid faults having higher phase-angle jump (PAJ) is insufficient to avoid
LOS. Several test cases are simulated to illustrate the occurrences of LOS during both
symmetrical and asymmetrical faults without and with PAJs. The instability phenomena as a
result of both large-signal and small-signal instability are demonstrated separately. The
understanding gained from this chapter motivates to propose adaptive/hybrid grid

synchronization techniques for power converters.

Chapter-4: It begins with a brief summary of the adaptive grid synchronization techniques
to improve the FRT of power converters during grid faults proposed in the growing body of
literatures. The adaptability is referred to the modification done to improve the gain tuning of

the conventional synchronous reference frame phase-locked loop (SRFPLL) grid
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synchronization. The control implementations of these techniques are detailed along with their

limitations.

In addition to this, as a main contribution of this chapter, a hybrid grid synchronization
transition technique is proposed for the improved FRT of power converters during the grid
faults having PAJs. Hybrid grid synchronization consists of a hybrid phase-angle estimator for
current control of the power converters. The hybrid phase-angle estimator uses the arctangent
based phase-angle estimation for grid synchronisation when the grid voltage faces a PAJ during
either symmetrical or asymmetrical faults. The peculiarity of the proposed hybrid estimator is
that it provides faster estimation by avoiding the design trade-off of SRFPLL loop gain. On the
recovery of the fault, it switches back to the SRFPLL estimations to get advantageous features
such as accurate frequency tracking and harmonic rejection capability. On the other hand,
during asymmetrical grid faults, to enhance the frequency adaptability of the positive sequence
extractor, the proposed hybrid grid synchronization transition includes a hybrid frequency
estimator. The frequency adaptability is enhanced by replacing SRFPLL frequency estimation
with the arctangent derived frequency during the PAJ associated grid faults. The positive
sequence extractor used in this thesis is the dual second-order generalized integrator (DSOGI).
Both the hybrid frequency and phase-angle estimators are controlled by a common phase-angle

error based bump-less transition framework.

In contrast to three-phase hybrid grid synchronization, this chapter also investigates the
synchronization issue with single-phase systems where the state-of-the-art technique
considered is the second-order generalized integrator phase-locked loop (SOGIPLL). Similar
to the DSOGIPLL discussed for three-phase systems, the frequency adaptability of the SOGI
is improvised by proposing three PLL free frequency estimators. They are: a) arctangent
derived frequency, b) teager energy operator estimated frequency, and c¢) frequency estimation
using fixed-delay technique. All these estimators are proposed to follow the same hybrid grid
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synchronization transition principle as discussed for three-phase systems during the grid faults
having PAJs. The Chapter-4 ends with a benchmark study of the proposed adaptive and hybrid
grid synchronization techniques corresponding to both three-phase and single-phase systems.
The benchmarking includes the comparisons with the existing techniques during various grid

fault conditions.

Chapter-5: It is dealt with the model development and dynamic performance evaluation of
the three-phase grid-connected power converters during the FRT. Initially, the detailed model
of the grid-connected converter along with its control functionally at various layers is
overviewed. Further, the reduced-order model used for the FRT study under necessary
assumptions is explained. This chapter implements the hybrid grid synchronization principle
explained in Chapter-4. It explores the FRT of three-phase converters during both symmetrical
and asymmetrical grid faults having PAJs. The adaptability of the proposed hybrid grid
synchronization along with the robustness in the current controller response during the FRT is
investigated. Several test case scenarios like non-severe symmetrical fault with PAJ, severe
symmetrical fault with PAJ (that leads to LOS), and asymmetrical faults with PAJs are
considered. During the asymmetrical FRT discussions, only the positive sequence current

injection during the fault duration is considered in the scope of the chapter.

In case of symmetrical FRT, the inner current controller is implemented in the
synchronous reference frame (dg-frame) using proportional plus integral controller (PI). On
the other hand, during the asymmetrical FRT, two types of current controllers are evaluated
with the proposed hybrid grid synchronization. They include: a) proportional plus integral plus
second resonant controller (PIR2) and b) proportional plus resonant controller (PR). The
performance enhancement of the proposed adaptive current controller over the conventional
techniques during the FRT is presented using both simulation analyses and experimental
validations.
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Chapter-6: It investigates the FRT of single-phase grid-connected converter synchronised
with the proposed adaptive and hybrid grid synchronization technique. The current controller
is modelled in the stationary reference frame using proportional plus resonant controller (PR).
The frequency adaptability of the PR current controller during the single-phase grid voltage
faults having PAJ is enhanced by replacing the SRFPLL frequency estimation with the
proposed frequency estimators explained in Chapter-4. The frequency switch that is fed to the
PR controller is followed using the hybrid grid synchronization transition principle applied

during the FRT of the three-phase power converters.

The dynamics of the proposed enhanced frequency-adaptive PR current controller of
the single-phase converter during the FRT is compared with the conventional SOGIPLL grid
synchronized power converter. It is revealed that as long as the grid fault involves only voltage
sag, the frequency feedback from SRFPLL estimation can be an optimum choice to avoid any
steady-state error. However, when PAJ is associated with the grid fault, the dynamics of the
PR current controller can be improved by replacing the frequency estimation with the proposed

techniques.
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7.2 Future Work

The future work of the current research is aimed based on the following research ideas:

i) Fault detection in large inter-connected system

The proposed fault detection technique in Chapter-2 is able to detect several grid faults with
and without PAJs in addition to voltage sags. However, the system considered for study
includes one converter connected to grid. In real time, the power electronic based power system
represents a large inter-connected system. It consists of several renewable energy sources,
different feeder impedance, various critical and non critical loads along with complex grid
structure. In future, the proposed fault detection can be further explored in such a large
interconnected system in which the considered data for fault detraction will be a mix of several
grid events. Additionally, suitable fault classifier can be embedded to the proposed fault

detection technique to distinguish between the grid fault event and normal events.

ii) FRT study in multi-converter systems

The research work conducted regarding the FRT of the power converter in the scope of the
thesis considers the single grid-connected inverter system. This is analogous to single-machine
infinite bus system in regards to classical power system. The proposed concept can be extended

to grid-connected multi-converter system considering two possible aspects as given below.

a) Heterogeneous grid synchronization

One of the possibilities that can be explored for multi-converter systems is the heterogeneous
grid synchronization technique. For instance, one of the converters is synchronized with the
conventional second-order SRFPLL or the existing adaptive SRFPLL technique while the other
converter deploys the proposed hybrid grid synchronization principle. In such a scenario, the

interaction between the grid synchronization techniques and dynamics of the current controller
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during the FRT of each converter can be investigated. Additionally, in case of a mesh connected
system, such heterogeneous types of synchronization techniques of the converter may affect
the inter-area oscillations. This can be further researched as well.

b) Heterogeneous converter controller

In contrast to different grid synchronization unit, the current controller implementation of the
power converter can be heterogeneous in nature in multi-converter systems. Thus, the FRT
study of the multi-converter system using the proposed hybrid grid synchronization transition
with different current controllers can provide a better picture of the efficacy of the proposed
technique. Moreover, the optimal location of the converter having the proposed adaptive

controller in such multi-converter systems can be investigated.

iii) Comparison with the FRT of Grid-forming converter

During the investigation of FRT of power converter in this thesis (Chapter-3, Chapter-4,
Chapter-5 and Chapter-6), the grid-connected converter is considered as grid-following type.
It requires a dedicated synchronization unit for control purposes. On the contrary, the grid-
connected converters implement the grid-forming mode of control features based on self-
synchronization principle. Compared to grid-following mode, grid-forming converters provide
better dynamics, frequency and voltage regulation especially when the grid is weak. However,
the research on the FRT of these grid-forming converters is in the primitive stage. Thus, it will
be interesting to compare the FRT of grid-following of power converter that utilizes the

proposed hybrid grid synchronization with that of the grid-forming power converters.
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iv) FRT study considering outer-loop control

This thesis considers the inner current control design during the FRT of grid-connected power
converters. The DC-link voltage is assumed to be constant in the consideration of reduced-
order model. In the future research, the outer-loop control that includes voltage control and/or
power controller can be implemented to study the impact of the hybrid grid synchronization on
the FRT of the converters. To this end, the influence of source side intermittency (variations in
wind power or PV power generation) on the power converters during the FRT can be

investigated.

v) Impact of switching of reactive power compensation device on the hybrid grid

synchronization

The impact of switching instance of various reactive power compensation device; for instance,
the switching ON/OFF of capacitors at the PCC point on the hybrid grid synchronization

transition scheme will be researched further.
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Appendix

A. Frame Transformations

The measured three-phase voltage and current signals at the point of common coupling is

frame transferred from abc-to-af using the Clarke transform as given by (A.1),

1) Clarke Transform (abc-af)

[ 1 11[ V /I cos(wt + 6,)

Vo = Va/lo _2|1 2 _§||V/Icos(wt—2—n+0b)|

[Vag/ Lep]” = VB/Iﬁ] ~ 3] V3 V3] 23n (A1)
10 o TJ lV/I cos(wt + 3 +6,)

_ [V/I cos(wt + 6,)
~ |V/Isin(wt + 6,)

where Vg and I, are the af-components of three-phase signals. V and I are the peak value
of the measured signal of each phase.

i1) Park Transform (af-dq)

The af-components of three-phase signals (both voltage and current) are frame transferred
from af-to-dgq for grid synchronization and current control purpose in the synchronous

reference frame as given by (A.2).

T [Va/I
[qu/ qu] = [VZ/IZ

cos(f) cos <9 - 2;) cos (6 + 2ﬂ> | [ V /I cos(wt + 6,)
(A.2)

wil N

1 1 1

3 o 21
—sin(@) —sin(@ —2m/3)  —sin (9 + ?) [V/I cos(wt = 3 +6p)

21
V/I cos(wt + X +6.)

V2 V2 V2

Where V;, and 1,4 are the dg-components of voltage and currents. They are the DC values. 6

is the frame transformation angle (obtained from the synchronization unit).
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1i1) Active (P) and Reactive (Q) Power Calculations

The active (P3p) and reactive power (Q35) measured during both normal and grid fault

conditions for three-phase system both in abc-frame and dg-frame is given by (A.3a) and

(A.3b) respectively.

Psg = RVape X Lavc] = %[(Vd X 1g) + (Vg X 1g)] (A-32)

3
Q3¢9 = I[Vance X Lape] = E [(Vd X Iq) - (Vq X Id)] (A.3b)

Similarly, for single-phase systems the powers (P;4 and Q,¢) are calculated as per (A.4a) and

(A.4b),

[(Va X 1z) + (V; % 1)] (A.4a)

N| =

Py = R[V, X 1] =

[(Vax1,) = (V, x 1] (A.4b)

N[ =

Qip = 3[Va X Ia] =

1v) Transfer Functions for Second-order Generalized Integrator (SOGI)

During three-phase grid voltage unbalance or single-phase systems, the second-order
generalized integrator (SOGI) is used as pre-filter in this thesis. It acts as a band pass filter

(BPF). The transfer function of the af-components in relation to the input voltage signal are

given by (A.5) and (A.6) respectively,

G.(s) = Vo (s) _ KsogiWestS (A.5)
* Va(s) 52 + KSOGIwestS + westz '

Vs(s Keoo1®eost?
GB (S) — ﬁ( ) — ; S0GI%West : (A6)
Va(s) s° + KSOGIwestS + Wegst
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V) Sequence Component Extractions during Unbalance Grid Voltage

During three-phase asymmetrical faults, the measured voltage signal gets unbalanced. It

contains positive (Vgpet/ Inpet), negative (Vope ™/ Inpe ) and zero sequence (Vyp’/ Inpe’)

components. The zero sequence components are not considered in the secondary side of the

transformer which is considered as star and not grounded. The extraction of positive and

negative sequence components extraction in the abc-frame is given by (A.7) and (A.8)

respectively. The value of ‘a’ is 1£-120°.

[Vabc+/ Iabc+]T =

[Vabc_/ Iabc_]T =

Vo, /1]
Vo /1"
VAVIAS

Vo™ /la ]
Vo /Iy

v, /1,

Wl =

Va/lg
Vp/Ip
Ve/l: ]

Va/la]
Vo /Iy

Ve/lc

(A.7)

(A.8)

The sequence component extraction can also be done in the af-frame which is followed in

the thesis as given by (A.9) and (A.10) respectively,

Vo 10g" " = |

Vag ™/ Iap™]

The value of ‘q’ is ez,

+ 7 +
Vg /Iﬁ

Vo /o
- Vﬁ‘/lﬁ‘]

Va+/la+]

1
2

1

2
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Appendix

B.  Simulation Model

The simulation model used for the study in this thesis is built using
MATLAB®/SIMULINK and PLECS-blockset. The schematic is shown in Figure A.l. The
converter model along with the grid model is built using PLECS-blockset in the continuous
domain. The measured signals (voltage and current) are discretised. The controllers (grid
synchronization and current controller) are implanted in the discrete domain using the

discretised signals.

Figure A.1 Simulation model interfacing the continuous domain power converter model (using PLECS) and
discrete domain controller (using MATLAB/SIMULINK).

The model developed using PLECS-blockset is expanded and shown in Figure A.2.

Figure A.2 Detailed simulation model for the continuous domain power converter (using PLECS).
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The detailed implementation of the proposed hybrid grid synchronization transition scheme is

shown in Figure A.3.

Figure A.3 Detailed simulation model for the discrete domain controller (using MATLAB/SIMULINK).

The current controller implementation in the synchronous reference frame is shown in
Figure A.4. The proposed technique does not use voltage feedforward compensation. Hence

it is shown in the dotted lines in the figure.

Figure A.4 Detailed simulation model for the discrete current controller (using MATLAB/SIMULINK) with
and without voltage feedforward compensation.
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C. Experimental Set Up

The performance of the current controller during fault ride-through using the proposed
hybrid grid synchronization technique is compared with the SRFPLL technique using

laboratory experiments. The schematic of the setup used is shown in Figure A.5.

/ Voltage Source \
Converter r
Tl R Transformer, | GridSimulator
Inc Filter
Switch
DCPower Supply 1 1%
£ ARG % >
] Aot B :
& - —» >
e[ |1,
A
| Oscilloscope

< >

>

<€ d

Ve < >

> < >

<
< »
<€ >
dSPACE Control
interface and
Control Desk

Figure A.5 Detailed hardware component connections to replicate the grid-connected power converter model.

O

Control Grid Trans- dSPACE LCL DC Power Power

S
Desk Simulator former 1103 Filter Supply Converter cope

Figure A.6 Testbed used for the experimental validation in the power electronics laboratory of Tyree Energy
Technology Building (TETB).
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Appendix

The grid voltage sag (60%) and PAJ (+45°) are programmed in real time using a
programmable ac power supply (Regatron TC.ACS 4-quadrant grid simulator). The software
model for the current controller in the SRF is interfaced with the Danfoss three-phase
converter of 2.2 kW rating with LCL filter using a dSPACE1103 (DS1103) control board and
a personal computer (PC). The arrangements for the experimental validations in the
laboratory (power electronics lab in Tyree Energy Technology Building (TETB) at UNSW)

are shown in Figure A.6.
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