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Abstract

The increasing demand of energy, scarceness of conventional fuel reserves and
increased environmental threats have changed the focus of power grid from con-
ventional resources to renewable energy resources. This trend, although evolving
the power system towards the smart grid, deploys a dominant role of inertia-less
power electronic converters having the strong tendency to challenge the voltage
and frequency stability of the power system. The inherent characteristics of con-
ventional synchronous generators are required to be possessed by these power
electronic converters to support the future power grid. Therefore, the idea of
Virtual Synchronous Machines (VSM) is encouraged by the researchers so that
these power electronic converters appear as synchronous machines from grid point-
of-view. Synchronverter, an inverter that mimics real synchronous generator, is
exceptional among VSMs because of its simplicity and inertial dynamics. Like
conventional synchronous generators, it has ability to support frequency and volt-
age in power grid. It also has the inherent capability to remain synchronized
with the grid without any dedicated synchronization unit. It also offers seam-
less transfer from grid-connected to stand-alone mode of operation without any
change required in the controller. However, it requires a synchronizer to track
grid phase and frequency as reference prior to grid connection. Due to complexity,
inefficiency, and deteriorating performance of PLL in weak grid, PLL-less syn-
chronization approaches are proposed in literature. Existing PLL-less approaches
either lack seamless transfer capability or lead to unwanted delays and uncertain-

ties under adverse grid conditions.

In this research work an enhanced, PLL-less auto-synchronizer for synchronverter
is proposed using the concept of Fourier analysis. The Fourier analysis of synchron-
verter voltage and grid voltage is performed to calculate the phase and magnitude
of the fundamental component. The phase and magnitude differences between the
two voltages are then minimized by using Proportional Integral gains to synchro-
nize the synchronverter with the grid. The proposed auto-synchronizer ensures

uninterrupted power supply capability during synchronization, presents a fast,



and reliable solution of synchronization under adverse grid conditions, and has
less computational burden on controller as compared to PLL-based synchroniza-
tion. The proposed auto-synchronizer is validated by simulations and compared
with the existing Differential Root Mean Square Voltage (DRMSV) based syn-
chronizer. Comparison results have shown that the proposed auto-synchronizer
has improved the speed and certainty of synchronverter synchronization under
adverse grid conditions. Later on, the designed auto-synchronizer is applied to
achieve grid-synchronization of synchronverter having Solar Power Plant at the dc
bus. Results have shown that the proposed auto-synchronizer can be applied to

synchronverter irrespective of the power ratings and nature of the dc source.

To find whether the synchronverter is a promising solution of RERs integration
into power grid or not, its performance is not fully investigated yet in literature.
The effect of variations in connected load on synchronverter output frequency and
voltage in stand-alone mode is not studied to author’s best knowledge. As an ad-
dition, in this report, the performance of synchronverter is also investigated with
variations in local connected load in stand-alone mode and with weak grid con-
ditions in grid-connected mode. Almost all the literature about synchronverter
assumes an ideal source at the dc bus. In this research, the effect of intermit-
tent nature of Solar Power Plant on the performance of synchronverter is also
investigated in details. Further, the seamless transfer of synchronverter between
stand-alone and grid-connected modes of operation is studied. The research out-
comes have shown that the synchronverter along with the proposed synchronizer

is a promising solution of solar power plant integration into future power grid.
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Chapter 1

Introduction

The world’s population is increasing day-by-day. Increased population means in-
creased demand of resources including water, food, residence, health-care, trans-
portation, and energy, etc. According to [1], the world’s energy consumption will
be increased by 100% in 2050. This is also linked with the drastic reduction in

conventional fuel resources and increased environmental pollution.

This increasing demand of energy, scarceness of conventional fuel reserves and
increased environmental threats have changed the focus of power grid from con-
ventional resources to Renewable Energy Resources (RERs) [2]. Therefore, the

penetration of RERs into power grid is being increased with each passing day.

Integration of RERs improves system economy, reduces transmission losses, re-
duces operational cost and limits the carbon footprints [3]. Solar energy is among
the leading RERs due to availability of sun on earth surface, easy installation
and maintenance, no wear and tear loss, silent operation and zero environmental

pollution [4, 5].

This chapter presents technical issues, challenges, and modern solutions related
to inverter-dominated power grid. Motivation behind this research work, research
objectives, and contributions to the research community are also discussed in this

chapter.
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1.1 Current and Future Trends in Power Grid

With increasing penetration of RERs, the Synchronous Generator (SG) dominated
power grid is being transformed into inverter dominated grid as depicted in Figure
1.1. According to [6]; RERs provide 63% power generation in Portugal, 60% in
Denmark and 29% in Spain. Japan has planned to introduce 53 GW of electricity
only from Photo-Voltaic (PV) generation by 2030 [7]. Similar trend is seen in
Pakistan. Ministry of Science and Technology in Pakistan has taken some drastic
steps in development of PV panels during last decade [8]. National Institute of
Silicon Technology (NIST) has developed PV modules and other infrastructure
for solar power generation. In year 2017-18, National Transmission and Dispatch
Company (NTDC) acquired 400 MW from solar Independent Power Producers
(IPPs) [9]. During year 2020-21, nineteen (19) new generation licenses having
cumulative installed capacity of 50.0264 MW have been issued to solar compa-
nies by National Electric Power Regulatory Authority (NEPRA) [10]. Also, 8417
net metering licenses of cumulative capacity of 145.881 MW have been issued to
distribution companies during year 2020-21. Currently, Alternative Energy Devel-
opment Board (AEDB) is pursuing twenty-two solar power projects of 890.80 MW
capacity cumulatively [11]. Quaid-e-Azam Solar Park Bahawalpur is the country’s

largest solar power plant [12].

Coal Power Hydro Energy Storage
Plants Power Plants Conventional Systems
Generator Systems

I] ! ‘I Low
f Inertia

PV-Wind
Nuclear Systems PV Wind
Power Plants Systems Systems

Generator Dominated Power System Inverter Dominated Power System

FIGURE 1.1: Power grid evolution [13]

The share of Electric Vehicles (EVs) including Plug-in Hybrid Electric Vehicles

(PHEVS) is also increasing all over the world. High shares of EVs is also associated
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with the increased penetration of battery chargers in power grid [14].

Almost all RERs, Energy Storage Devices (ESDs), Electric Vehicles (EVs) and so
forth are being connected to the grid through solid-state Power Electronic Con-
verters (PECs). Further, most of the modern loads are also being connected
through PECs as well [15]. This growing pattern of the inertia-less converters in
the conventional grid poses serious problems on grid dynamics and stability [16].
The frequency Nadir and Rate-of-Change-of-Frequency (ROCOF) are going to be
higher during fault or load variations due to low rotating inertia in power grid
[17]. The frequency Nadir is the minimum value of the frequency reached during

transient period following the frequency event.

The renewable energy has intermittent nature with high oscillations and is non-
dispatchable too. This nature also affects the stability of the power grid. The
stability means the ability of power system to return to steady-state after an
incident of disturbance. High penetration of PV panels present technical challenges
as well as opportunities to the power system engineers to operate the future power

grid [18].

The grid disturbances, like short circuits, voltage sags and dips, and the change
in frequency due to frequent switching of heavy loads and generation units inter-
act with the PECs and increase further complexity and uncertainty in operating
conditions [19]. Among all, the decreasing inertia of the power system with inte-
grating more PV panels into power grid is a major threat for frequency stability

120].

The current trend in integrating PV panels is the tracking of Maximum Power
Point (MPP) i.e. the extraction of maximum power corresponding to an operating
point and its injection into the grid. This trend would be appropriate only when
PECs have small share of the overall grid capacity. Surely, the small disturbances
associated with these resources would be encountered by the inertia possessed by
large SGs dominating the grid [13]. But in future, as discussed earlier, RERs will
supply a considerable share of the grid capacity. This casual behavior of PECs is

not acceptable anymore [21].



Introduction 4

1.2 Virtual Inertia Significance

Since the power grid is evolving towards the inverter dominated grid. This evolu-
tion is leading towards the reduction in rotating inertia of the power system. As
discussed earlier, reduced inertia results in higher ROCOF and lower frequency
Nadir. The higher ROCOF and lower frequency Nadir can lead to the cascaded
tripping of frequency relays and therefore, can result in blackouts [22]. To re-
solve this issue, it is required to embed virtual inertia in PECs to increase system

stability and RERs integration in future power grid.

Figure 1.2 shows the transient response of power system following a frequency
event. It is clear from figure that the frequency Nadir of system without virtual
inertia is lower as compared to that with virtual inertia. Also, the ROCOF is

higher in system without virtual inertia.
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FIGURE 1.2: Virtual inertia significance in power system [13]

To embed virtual inertia in inverter dominated power grid, researchers proposed
the idea of emulating Synchronous Machine (SM) essential features in PECs.
Such PECs mimic SMs and are broadly termed as Virtual Synchronous Machines

(VSMs) [23]. These VSMs support grid during frequency and voltage events.
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They are inverters physically, but their behavior is like synchronous machines.

With these VSMs, the future power grid can be illustrated as in Figure 1.3.
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FIGURE 1.3: Future power grid with SMs and VSMs [15]

1.3 Virtual Synchronous Machines

Virtual synchronous machine can either operate as virtual synchronous genera-
tor or virtual synchronous motor depending on the direction of energy exchange
between the grid and the converter [24]. When PEC is operating as rectifier, it

mimics synchronous motor while as inverter, it mimics synchronous generator.

Most of the VSM topologies contain a complete mathematical model of SM [25].
Such topologies include Synchronverter [21], VISMA [26], IEPE’s topology [27]
and KHI Lab’s topology [28].

The mathematical modeling enjoys several advantages over the real SMs such

as the parameter values are not constrained by the physical design. Thus, a vast
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FIGURE 1.4: Classification of Virtual Synchronous Machine Topologies [13]

variety of parameter values can be used that are not even feasible in real machines.
These parameters can also be changed during operation unlike real machines [29].
Moreover, the losses associated in these virtual machines impedances are also
virtual losses that are directed back to the dc bus and thus, have no effect on

system efficiency [21].

Another concept of VSM is the implementation of rotor swing equation associated
with real SMs. The detailed mathematical modeling is ignored in this concept.

Ise Lab’s VSM [7] is the famous topology following this concept.

The other famous topologies including Virtual Synchronous Generator (VSG) [23],
Synchronous Power Controller (SPC) [30], and Virtual Synchronous Controller
(VSYNC) [31] model the power balance relations of the real SM and emulate

inertia. The classification of different VSM topologies is shown in Figure 1.4.
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1.4 Synchronverter

Among all the proposed VSMs, synchronverter is the best replication of syn-
chronous generator in terms of simplicity and performance [21]. Like SGs, it
has virtual inertia that keeps it synchronized with the grid without any dedicated
synchronization unit [32]. It can operate both in stand-alone and grid-connected
mode without any change required in the controller circuit. Moreover, it supports
system frequency and voltage specially in weak grid [33]. A weak grid is defined

as a power grid with a low short-circuit ratio and a low inertia.

Synchronverter can replicate all the essential features of SG required for future
power grids [21]. Like SG, careful attention is required in initial synchronization
of synchronverter with power grid to prevent high current and power transients at
grid-connection. The primary focus of this research is on the initial synchronization

of synchronverter having Solar Power Plant (SPP) at the dc bus.

1.5 Motivation

As discussed in Section 1.1, RERs penetration is being increased day by day in
power grid all over the world including Pakistan. This trend of installing more and
more RERs is leading towards the inverter-dominated power grid. These inertia-
less PECs are required to mimic synchronous generator to support frequency and

voltage in future power grid.

Synchronverter is one of the Virtual Synchronous Machines that provides both
frequency and voltage support to grid. Although the literature [21] claims syn-
chronverter to be the best replication of synchronous generator, however, there
is always the room for the improvement. The existing synchronization methods
used to synchronize the synchronverter with grid have certain limitations like the
absence of seamless transfer capability, unnecessary delays and uncertainties that

are discussed in detail in Chapter 2. Therefore, an enhanced auto-synchronizer
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is required for synchronverter that overcomes all the limitations of the existing

synchronization methods.

The performance of synchronverter is also not fully investigated yet. Existing
literature, discussed in Chapter 2, focused on the performance of synchronverter
having an ideal source at the dc bus. However, in real scenario, synchronverter
is required to integrate RERs into power grid. These RERs have intermittent
nature that can affect the synchronverter performance. Therefore, it is required to
investigate the performance of synchronverter having a RER connected at dc bus.
Moreover, the effect of variations in local connected load on synchronverter also

needs to be investigated to study the stand-alone performance of synchronverter.

1.6 Research Objectives

To accommodate increasing number of RERs-based Distributed Generation (DG)
in future power grid, VSMs are required instead of inertia-less PECs. This re-
search is carried out to investigate and improve the performance of synchronverter

employed for the integration of SPP into power grid.

The key objectives of this research are highlighted in following points.

1. To design an enhanced, PLL-less auto-synchronizer for initial synchroniza-
tion of synchronverter with grid that ensures power supply to local load

during synchronization process.

2. To investigate the effect of variations in local connected load on performance

of synchronverter in stand-alone mode of operation.

3. To investigate the dynamic performance of synchronverter having Solar Power
Plant connected at dc bus during variations in operating conditions, during
grid fluctuations and during transfer between grid-connected and stand-alone

modes of operation.
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1.7 Research Contributions

Based on the objectives highlighted in Section 1.6, the major contributions of this

research are following:

e An enhanced auto-synchronizer is proposed and designed that guaranteed
fast and promising synchronization of synchronverter with grid irrespective
of the adverse grid conditions. The proposed auto-synchronizer has less
computational burden on controller and it ensures power supply to local
connected load during synchronization process. Finally, a seamless transfer

of synchronverter between grid-connected and stand-alone mode is achieved.

e Detailed investigation of synchronverter performance with variations in local

connected load during stand-alone mode of operation is presented.

e A complete performance overview of synchronverter with intermittent nature
of SPP is presented in both stand-alone and grid-connected mode. Perfor-
mance under steady state as well as during transients is included in this
study. This overview presents synchronverter as a strong contender for SPP

integration into future power grid.

1.8 Thesis Organization

The rest of the report is organized as follows: Chapter 2 presents literature review
of various VSM topologies, their significances, pros and cons. Synchronverter is
compared with other VSMs and detailed review about synchronverter is given.
Gap analysis is presented and problem statement is formulated. Methodology and
techniques used in research are explained. Applications of the proposed work are

elaborated at the end of Chapter 2.

In Chapter 3, mathematical modeling, complete design of synchronverter control
parameters, and grid-side LCL filter is given, assuming an ideal source at the dc

bus. Overall performance of synchronverter is evaluated in both stand-alone and
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grid-connected modes. Effect of variations in local connected load during stand-
alone operation, and the effect of variation in grid conditions during grid-connected
mode are focused in this performance evaluation. Simulation results are provided

in each case.

In Chapter 4, mathematical modeling, design, significance and working of pro-
posed auto-synchronizer is elaborated in details. Proposed auto-synchronizer is
compared with the existing technique to show the improvement in synchroniza-
tion process. Simulation results are provided to verify the enhanced reliability and

certainty of proposed auto-synchronizer.

In Chapter 5, the designed model of synchronverter and proposed auto-synchronizer
is extended and applied to the integration of SPP into power grid. Effect of inter-
mittent nature of PV panels on synchronverter performance is evaluated. Validity
of the proposed auto-synchronizer in extended system is tested and the seamless

transfer of synchronverter between operating modes is studied.

Conclusions are drawn in Chapter 6. Moreover, the future directions are also

discussed to encourage future research in this domain.
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Literature Review

During the last decade, researchers have presented several topologies of Virtual
Synchronous Machines (VSMs). All these topologies have different practical im-
plementations with different offerings. All have some pros and cons and thus, are

suitable for different applications.

This chapter presents the theoretical background of VSM topologies including their
control schemes, advantages, and limitations. Literature review of these topologies
and the comparison of synchronverter with other VSMs is also presented in this
chapter. Based on the literature review, gap analysis is presented in the research
direction and problem statement is formulated based on this gap analysis. Finally,
the methodology adopted in this research along with the possible applications of

this research in power grid is discussed at the end of this chapter.

2.1 Review of VSMs Excluding Synchronverter

This section presents the review of all Virtual Synchronous Machines (VSMs);
excluding synchronverter, discusses their control schemes, advantages and limi-
tations. Literature related to all VSMs, other than synchronverter, depicted in

Figure 1.4 is summarized here.

11
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2.1.1 VISMA

Beck in [26] presented virtual synchronous machine under the title of "VISMA”
for the first time in 2007. The general control scheme of VISMA is illustrated in
Figure 2.1. This topology employed the d — ¢ based mathematical model of the
Synchronous Generator (SG). Grid voltages are measured and sent to the VISMA
controller as reference. Currents are then calculated based on these reference
voltages. These currents are then fed into the grid through the hysteresis current-

controlled inverter [34].
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FIGURE 2.1: General control scheme of VISMA having grid voltages as input
[34]

References [26, 35-37] used a 7" order model of the synchronous machine including
a 5 order electrical and a 2"¢ order mechanical model in VISMA. This model is
discussed in detail in [38]. Although this model emulates all the desired features of
the synchronous machine. However, on the other side, it increases the complexity
of the controller. To improve the robustness, a three-phase model of synchronous

generator based on d — ¢ reference frame is also reported in literature [39].

In [40, 41], 5 order and 4™ order models of synchronous machine are imple-
mented in which only stator winding is considered. Low-order models have better
dynamic performance under load fluctuations. Also, they have lesser tendency of
numerical instability in practical implementation under unbalanced AC voltages

and balanced short circuit currents as compared to high-order models [42].
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2.1.2 IEPE’s Topology

This topology is proposed by Institute of Electrical Power Engineering (IEPE),
Russia. IEPE’s Topology has the same modeling of synchronous generator as
that of VISMA. However, it is a voltage-source inverter [27]. The general control

scheme, similar to Figure 2.1, is shown in Figure 2.2.

In IEPE’s Topology, the grid currents are measured and sent to the controller as
reference. Inverter voltages are then calculated based on these reference currents

[27].

This topology is better for stand-alone mode of operation. However, in grid-
connected mode, it results in severe transients especially during the synchroniza-
tion process [13]. Therefore, this topology is not suitable for the integration of

SPP into future power grid.
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FIGURE 2.2: General control scheme of IEPE Lab’s Topology having grid cur-
rents as input [34]

2.1.3 KHI Lab’s Topology

This topology is proposed by Kawasaki Heavy Industries (KHI) in [28]. KHI
Lab’s Topology employs the algebraic model of governor and Automatic Voltage
Regulator (AVR) to generate the phase angle and voltage references, respectively.
These references are then used to generate the current reference based on the

phasor representation of SG [43, 44] as shown in Figure 2.3.
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FIGURE 2.3: Control scheme of KHI Lab’s Topology [34]

2.1.4 Ise Lab’s Topology

This topology is proposed by ISE Laboratory in Osaka University in Japan in
[7, 45, 46]. Tt utilizes only the swing equation of synchronous generator in each
control cycle to emulate rotor inertia. Since this topology doesn’t include detailed
model of synchronous generator, it is simplified version of VSM. Figure 2.4 shows
the control scheme of this topology. The swing equation of synchronous generator

rotor can be written as:

d*¢
Tm_Te:JWﬁ (21)

where, P,,, P., J,w, and ¢ are prime mover input power, SG output power, rotor
inertia, rotor angular frequency, and rotor angle of SG respectively. This equation

is solved in each control cycle to compute ¢ for generating PWM pulses [16].

The frequency measurement shown in Figure 2.4 is based on Phase-Locked Loop
(PLL) [46]. This PLL block is required continuously throughout the operation of
this topology. When the set-points for the grid angular frequency and the active
power reference is kept constant, the Ise Lab’s Topology become equivalent to the

traditional droop controller [47].
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FIGURE 2.4: Control scheme of Ise Lab’s Topology [13]

Reference [7] studied the dynamic response of this VSM in both grid-connected
and stand-alone modes of operation. Moreover, the operation of same converter
in parallel with an SG and with another current-controlled inverter is also studied

in [7].

References [48-50] modified Ise Lab’s topology by introducing the concept of al-
ternating value of inertia J and other VSM parameters. In [48, 49], the value of
virtual inertia J varies based on the rotor acceleration and deceleration during
transients. However, in [50], self-tuning algorithm based on optimization problem

is proposed.

The optimization problem consists of a cost function which is to be minimized
in each cycle to adapt VSM parameters. With these adaptive values of VSM
parameters, the transient response of original topology is improved. However, the
computation of alternating values puts an extra burden on the controller of the

power electronic converter.

Reference [51] modified Ise Lab’s Topology to control of HVDC station. In this
modification, a inner vector control loop is added for the protection against over-
currents. Performance of the modified version is compared with traditional inertia-
less technique. Comparison shows that the addition of swing equation to the

traditional control provides frequency support to the weak grid.
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2.1.5 Synchronous Power Controller

The general structure of Synchronous Power Controller (SPC) proposed by [30, 52]
implements a nested loop control with an outer voltage loop and an inner current
loop through a virtual admittance [23, 53-55], as shown in Figure 2.5. This nested
loop control enabled inherent over-current protection in SPC against transients.
This feature was lacking in Ise Lab’s Topology. However, tuning of nested loop is

more complex and puts extra burden on PEC controller [13].
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FIGURE 2.5: Structure of Synchronous Power Controller [53]

The SPC of [23] is implemented for a grid-connected Voltage Source Converter
(VSC) in [56], for a single-phase bi-directional battery charger in [57], and for a
stand-alone VSC in [58]. This particular SPC can either operate in stand-alone
mode or with a strong grid. Parameters tuning and stability analysis of SPC is
also discussed in detail in both grid-connected and stand-alone modes in [56] and
[58-60], respectively. References [25, 60] compared SPC with inertia-less technique
and proved that SPC is a better choice for future power grid.

Previously, inverters with other control methods are required to disconnect from
the grid during faults which in turn results in loss of distributed generation. In
future grid, these distributed generations must offer fault-ride-through capability

for a certain time after fault occurs [61]. Reference [62] proposed low-voltage ride
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through capability in SPC based on the excitation state of VSG. In this approach,
an additional current loop is also designed to suppress the unbalanced currents

during asymmetrical faults.

2.1.6 Virtual Synchronous Controller

This topology is proposed by VSYNC research group in [31, 63-65]. In this topol-
ogy, PLL is used to generate current reference to emulate inertia. In addition to
this, PLL also provides phase angle reference for the dq transformation as shown

in Figure 2.6.
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FIGURE 2.6: Structure of Virtual Synchronous Controller [63]

In another VSYNC approach proposed in reference [66], frequency is estimated
using zero crossing method and reference current is computed using the following

equation:
~ Jw+ Dw

I,
Vbe

(2.2)

Where, J is inertia, D is damping coefficient, w is the angular speed and w is the
acceleration of the virtual rotor of the virtual synchronous machine. The variable
I, is the reference current to be computed for the generation of trigger pulses
of the power electronic converter. References [67, 68] presented effect of VSYNC
parameters on inertial dynamics of Doubly-Fed Induction Generator (DFIG)-based

wind turbines.
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2.1.7 Virtual Synchronous Generator

In Virtual Synchronous Generator (VSG), a PLL is deployed to estimate RO-
COF'. Based on this estimation, a power reference is generated using the following
equation [34]:

Aw

PVSG = JE + DAw (23)

Where, J, D, Aw and % are inertia, damping coefficient, change in frequency,
and ROCOF, respectively. Based on this power reference, a current reference is
generated for the PWM. A general control scheme of VSG is illustrated in Figure

2.7.

A VSG-based Energy Storage System (ESS) and RERs have been integrated in
Guangdong Grid and Hebei North Power Grid, China, respectively, in December
2016 [69]. Hebei North Power Grid consists of 24 photovoltaic VSGs and 5 wind
power VSGs. The overall system is the largest VSG-based system in the world
with a total capacity of 22 GW [70].
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FIGURE 2.7: General control scheme of Virtual Synchronous Generator [71]

An enhanced VSG control for parallel operating inverters in a microgrid is pro-
posed in [72]. The authors enhanced traditional VSG control by adding an ad-
justable virtual stator reactance based on state-space analysis and voltage estima-

tor in control loop. By this modification, the transient response and active power
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damping of VSG is improved.

Parameters design and stability analysis of VSG is performed in [73, 74] for both
stand-alone and grid-connected modes of operation. Stability analysis of VSG

performing in parallel with other inverters is also presented in [74].

Although the VSGs with constant parameters are proposed, designed, imple-
mented, and tested in various applications, the VSGs with self-tuning and adaptive
parameters are also reported in literature [29]. Reference [29] proposed an adaptive
algorithm based on rotor acceleration and deceleration during transients. Compar-
ison shows that VSG with adaptive parameters is better than VSG with constant
parameters in terms of performance and stability. However, adaptive algorithm

puts an extra burden on the VSG controller.

A single-phase bi-directional VSG is used in [75] to integrate a DC microgrid into
AC grid. The MPPT-controlled RERs are connected to the DC microgrid along
with the parallel connected ESS. The microgrid is then integrated to the grid
through single-phase bi-directional VSG to the AC grid. This concept is suitable
for short-term and long-term frequency regulation, and power management in both

AC and DC sides and thus, it enhances the power system stability.

Reference [76] compared VSG with inertia-less droop controller for a VSC and
proved that VSG is better for future grids as it provides frequency regulation to
power grid. The VSG has higher damping and lower overshoot than the droop
controller. The advantages of droop controller are inherited by the VSG, and

additionally, VSG emulates inertia for frequency support.

2.1.8 Analysis of VSMs Excluding Synchronverter

Literature review of VSMs other than synchronverter presented in previous section
is summarized in Table 2.1. A lot of work has been done in various aspects
of VSMs; from fixed parameters tuning to self-adjusted parameters, from single
VSM unit to multiple parallel VSMs, designing of three-phase and single-phase

VSMs, and analysis in stand-alone and grid-connected mode.
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TABLE 2.1: Literature Review Summary of VSMs Excluding Synchronverter

Contribution VISMA / ISE Lab SPC/
IEPE Lab/ VSYNC/
KHI Lab VSG
Parameters design and stability — [27, 40, 44] [16] [56, 58-60,
analysis of VSM in stand-alone 68, 73, 74,
and/or grid-connected mode 76, 78]
Analysis of VSM operating in [7] 29, 59, 60,
parallel with other inverters/S- 72,74, 79,
Gs/VSMs 80]
Adaptive parameters for VSM [48-50] [29]
instead of fixed parameters
VSM with non-ideal source at [81] [49, 50, 29, 67, 68,
DC bus 82] 75]
Single-phase VSM [57, 75]
VSM initial synchronization (75, 78, 83,
with grid 84]
Comparison of VSM with [81] [7, 49, 51] [60, 76, 85]
inertia-less techniques
Fault-ride-through capability [62]
Improved power decoupling in [79]

VSM

Despite of rapid development and applications of these VSMs, they have various

limitations that are summarized below [77]:

e VSMs with Current Source Converter (CSC), like VISMA, have certain lim-

itations when used for the integration of SPPs into power grid. One of the

problem is the transition of the CSC from grid-connected mode to the stand-

alone mode. As, the CSC is not regulating the voltage in grid-connected

mode, its controller must be changed entirely when the grid is disconnected.

Also, a CSC can continuously inject currents in the grid during faults which



Literature Review 21

results in extensive high voltage [13]. Therefore, such VSMs are not suitable

for integration of SPPs in future power grid.

o All VSMs, specially swing equation based topologies, i.e. Ise Lab’s topology,
don’t represent the same dynamics like SG from grid Point-of-View (POV).
Although they emulate inertia, but they lack other features inherited by SG
like voltage support, and self-synchronization etc. Therefore, they are not

the accurate replication of SG in future power grid.

e All VSMs, except Ise Lab’s Topology, reviewed in section 2.1, depend on
PLL for the grid-connected operation. They have inaccuracies and stability
concerns, specially in weak grid. Due to the dependency on PLL, they have
high steady-state errors, frequency variations, voltage sags and harmonic

distortions when connected to a weak grid [13].

e VSG utilizes frequency derivative i.e., ROCOF for the generation of reference
current as discussed earlier. It is highly prone to noise due to this frequency

derivative [13, 34].

e All VSMs discussed in section 2.1 use Park’s Transformation for the control
signal generation. VISMA used dq based machine model for the control.
Park’s Transformation increases the overall complexity as well as Total Ex-

ecution Time (TET) of the controller.

e None of the VSM reported in previous section offers seamless transfer be-
tween stand-alone and grid-connected modes of operation. These VSM re-
quire certain changes in the controller to operate in other mode after tran-

sition from one mode of operation.

A better and accurate replication of SG is required to overcome the above-mentioned
limitations. Synchronverter, proposed in [21], is a promising solution of RERSs in-
tegration in future power grid. Following section presents synchronverter concept
briefly and highlights its distinguished features from other VSMs to justify this

statement.
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2.2 Review of Synchronverter

Synchronverter is the best replication of synchronous generator as it represents the
same dynamics from grid point-of-view [21]. This topology is well developed and
verified with various applications in literature [86]. Review of literature related to

synchronverter is presented in upcoming sections.

2.2.1 Theoretical Concept of Synchronverter

Synchronverter is based on second-order mathematical model of synchronous gen-
erator derived using the magnetic flux linkages between stator and rotor winding.

Following equations are utilized in synchronverter to emulate SG essential features

[21]:

T, = M., <7, s%,e> (2.4)
e = OM.i.sinf (2.5)
Q = —0M.i,(i,, cos0) (2.6)

Where, T,, e, and @) are electromagnetic torque, induced emf and reactive power
of SG, respectively, M, is the maximum value of mutual inductance between rotor
and stator winding,z, is the stator winding current, 7. is the field excitation current

and @ is the load angle.

Figure 2.8 shows the schematic diagram of synchronverter. Model of synchronous
generator shown in Figure 2.8 consists of Equations (2.4 — 2.6) where J and Dy
are inertia and damping coefficient of the virtual rotor of the synchronverter,

respectively.

The inertia J of synchronverter supports the grid during disturbances while the
damping coefficient D; maintains the steady-state stability [60]. Complete mathe-
matical modeling and parameter designing of synchronverter is discussed in Chap-

ter 3.
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FIGURE 2.8: Schematic of Synchronverter [21]

2.2.2 Synchronverter Versus Other VSMs

Among all the proposed VSMs, synchronverter is the best replication of syn-

chronous generator because of its simplicity and inertial dynamics [21]. The salient

features of synchronverter, that make it better than other VSMs, are following:

Unlike other VSMs, synchronverter represents same dynamics as synchronous

generator from grid point-of-view [15].

Synchronverter doesn’t rely on Phase-Locked Loop (PLL) like other VSMs
in grid-connected mode. It has inherent capability to remain synchronized

with grid without any dedicated synchronization unit [21].

Synchronverter doesn’t utilize Park’s Transformation for the control signal
generation. Therefore, the overall complexity and TET of synchronverter is

lower than other VSMs [77].

Synchronverter has a lower settling time that means there is a lower energy

exchange with the DC side as compared to the other VSMs [13].

Further, the built-in frequency and voltage control loops of synchronverter

improve the grid angle’s stability [33].
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TABLE 2.2: Literature review summary of original synchronverter

Contributions References  Detalils

Parameter Design  [21, 90] Parameters designing and analysis
in grid-connected mode

Stability analysis ~ [91-93] Robust stability analysis of syn-
chronverter is performed under dif-
ferent grid conditions

Design of parallel  [94] Presented coherency-based equiva-

inverters lence method for parallel multilevel
inverters for future design and sim-
ulations

Synchronverter [95] Implemented synchronverter using

concept on qZS qZS inverter in an islanded micro-

inverter grid

e Synchronverter can operate both in stand-alone and grid-connected mode

without any change in the controller circuit [87].

e Synchronverter can support both frequency and voltage specially in a weak

grid [88, 89].

In short, synchronverter can replicate all the essential features of SG in both

stand-alone and grid-connected mode. Moreover, being independent on PLL, syn-

chronverter is a promising solution to integrate remote area SPPs connected to

the weak grid.

2.2.3 Studies and Analysis of Original Synchronverter

Researchers studied and analyzed various aspects of synchronverter during the last

decade. Few of the contributions are summarized in Table 2.2. Parameter design-

ing of synchronverter is discussed for both three-phase three-wire and three-phase

four-wire PECs in [21] and [90], respectively. Three-phase four-wire converter has

the independent neutral line.
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Stability analysis of synchronverter, operating in parallel, is performed in [92] using
bifurcation theory. Robust stability analysis of synchronverter with LCL filter is
performed in [91, 93]. Reference [91] performed stability analysis of a single grid-
connected synchronverter under different grid conditions while [93] performed the

same for parallel operating synchronverters.

A coherency-based equivalence method is used in [94] to classify the parallel oper-
ating synchronverters into coherent groups. Reference [95] implemented synchron-

verter on ZS inverter in an islanded microgrid.

2.2.4 Modifications in Original Synchronverter

Several modifications have been reported in literature to improve certain aspects
of original synchronverter. Table 2.3 summarizes these modifications. Synchron-
verter with bounded Frequency and voltage is proposed in [32] to keep output

frequency and voltage of converter within the specified ranges.

Active voltage feedback control is proposed in [33] that enabled synchronverter
to provide primary and secondary frequency regulation without the need of high
speed communication system. Self-synchronized synchronverter is proposed in
[88] to enable initial synchronization of synchronverter with grid independent of

Phase-Locked Loop (PLL).

Reference [96] added feature of DC bus voltage regulation in original synchron-
verter. It also added fault ride-through capability during unsymmetrical grid
faults. A fault ride-through capability is also proposed in [97] in which synchron-
verter switches to hysteresis control mode to limit the inrush current during faults

while injecting appropriate amount of real and reactive power into the grid.

Five modifications are proposed in original synchronverter to improve its stability
and dynamic performance in [99]. These modifications included field current con-
trol, addition of virtual losses in power formulas, and addition of virtual inductor

and virtual capacitor in original synchronverter.
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TABLE 2.3: Modifications in original synchronverter

Modifications Year References Details
Bounded Fre- 2018 [32] Kept frequency and voltage
quency and of synchronverter within the
Voltage limits
Active voltage 2016 [33] Realized secondary frequency
feedback control regulation, and fault current
limitations in synchronverter
Self- 2014 [88] Proposed PLL-less self-
synchronization synchronization of synchron-
verter
DC-Bus voltage 2014 [96] Proposed bidirectional syn-
regulation chronverter with regulation
of DC bus voltage. It also
embedded fault-ride-through
capability in synchronverter.
Mode switching 2017 [97] Proposed mode switching
concept concept during transients for
protection against inrush fault
currents in synchronverters
Current- 2019 [98] Proposed current-controlled
controlled Syn- synchronverter for frequency
chronverter and voltage regulation in
weak grid
Five modifica- 2017 [99] Proposed virtual inductor,
tions in original virtual capacitor and field
synchronverter current controller to improve
stability and dynamic perfor-
mance of synchronverter
Decoupling re- 2022 [100] Decoupled inertial response
sponses from primary frequency regu-
lation
Harmonic vir- 2019 [101] Designed harmonic vir-
tual impedance tual impedance for current-
controlled synchronverter to
improve power quality
Single-phase 2018 [102] Designed single phase

synchronverter

synchronverter with self-
synchronization capability
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The inertia and damping coefficient of synchronverter are coupled and adjusting
transient response speed can effect steady-state response. References [100, 103]
adjusted the transient response speed of synchronverter without affecting steady-
state performance by using damping correction loop. Parameters designing and

tuning of synchronverter with damping correction loop is discussed in [104, 105].

Current-controlled synchronverter is proposed in [98] for voltage and frequency
regulation in weak grid. A harmonic virtual impedance for the same current-
controlled synchronverter is designed in [101] to achieve a trade-off in power qual-
ity between voltage and current. Single-phase counterpart of synchronverter is

presented in [102] for residential roof-top DGs.

2.2.5 Synchronverter Synchronization with Grid

Synchronverter has inherent capability to remain synchronized with grid with-
out any dedicated synchronization unit. Moreover, synchronverter offers seamless
transfer from grid-connected to stand-alone mode without any change required
in the controller. However, it requires a synchronization unit to track grid phase

angle for initial synchronization with grid prior to grid-connection [87].

Figure 2.9 shows the synchronverter operational modes and the transition be-
tween them. It is illustrated in Figure 2.9 that a dedicated synchronization unit
is only required for initial synchronization with grid. This section presents the
review of different synchronization schemes proposed in literature for this initial
synchronization of synchronverter with grid. All these synchronization schemes

are tabulated in Table 2.4.

2.2.5.1 Phase-Locked Loop Based Synchronization

Phase-locked loop (PLL) was utilized for the initial synchronization of the original
synchronverter for the first time in [21]. Later on, references [24, 90, 106] followed

the same technique.
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T3 = Grid connects
T4 = Grid disconnects

T1 = Operation starts in stand-alone mode
T2 = Initial synchronization with grid starts

Stand-alone to grid-
connected mode

Grid-connected to stand-
alone mode

Stand-alone operation:
Synchronverter maintains
voltage and frequency
within the specified limits

Initial synchronization
with grid:
Synchronverter needs grid
phase angle as reference

Grid-connected
operation:
Synchronverter regulates
active and reactive power
to support grid frequency
and votlage

Islanding detection:
Synchronverter offers
seamless transfer to stand-
alone mode without any
change required in
controller

No synchronization unit
required

Synchronization unit
required

No synchronization unit
required

No synchronization unit
required

Tl T2 T3 T4 time

FIGURE 2.9: Synchronverter modes of operation

A basic PLL adopts a control loop containing phase detector, voltage controlled
oscillator, and a low pass filter to estimate the phase angle of its input signal [107],
as shown in Figure 2.10. It can also provide frequency information of the input

signal. However, it can not provide any information about the signal magnitude.

ERRORDETECTOR  LOOP FILTER VCO
cP
+ e(s
Frer O—»(FD) L II} 2(s) Ky Fo
( Orer) / -} 7 s (6o)
PHASE / CHARGE/ _

DETECTOR | PUMP FEEDBACK DIVIDER Fo =N Frer

1

N

FIGURE 2.10: Basic Phase-Locked Loop [107]

Although an Enhanced PLL (EPLL) is addressed in [108] that can provide infor-
mation about the voltage magnitude too. However, no evidence of its application
on synchronverter is found in literature. PLL has certain disadvantages and limi-

tations when deployed in large numbers in power grid, as discussed below:

e PLL degrades the performance of PEC due to the presence of steady-state
errors, harmonic distortions, frequency variations and voltage sags, specially

when PEC is connected to a weak grid [77, 109].
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e [t is quite difficult to tune the PLL parameters to achieve satisfactory per-

formance [110].

e Multiple parallel operating PLLs often compete with each other and can

result in loss of synchronism, increased complexity and even instability [111].

e The Voltage Controlled Oscillator (VCO) is the main issue of PLL. It is noise
sensitive, prone to switching transients, voltage and frequency variations.

Thereby, affecting the stability and performance of PLL [112].

Due to the above-mentioned points, PLL-less synchronization approaches are being
addressed in literature. The upcoming sections present the review of these PLL-

less synchronization schemes.

2.2.5.2 Virtual Impedance Based Synchronization

First PLL-less self-synchronization approach for initial synchronization of syn-
chronverter is proposed in [88]. Same self-synchronization approach is imple-
mented for unbalanced power grid in [109], for wind farm integration in [113]
for single phase synchronverter in [114], for parallel-connected synchronverters in

[101], and for droop controllers in [115].

This self-synchronization approach is based on virtual impedance introduced in
original synchronverter, as shown in Figure 2.11. During synchronization process,
a virtual current is fed into the synchronverter controller instead of actual grid

current. This virtual current can be represented as:

1
Ls+ R

)(e =) (2.7)

im’rtual - (

Where e is the induced electromotive force, represented in Equation 2.5, v, is the
grid voltage, and L and R are the virtual inductor and virtual resistor, respectively.
At the same time, the active and reactive power set points are kept 0 during

synchronization process. Synchronization is achieved by driving the virtual current
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FIGURE 2.11: Virtual impedance based self-synchronized synchronverter [88]

to zero. A PI controller is also used in this approach to regulate the output of

damping coefficient block D and to generate the frequency reference.

Although the virtual impedance based self-synchronization is the most common
PLL-less synchronization scheme among the researchers, however, it has limita-

tions that are discussed in the following points:

e In this approach, the synchronverter is fed with virtual current instead of
actual grid current during synchronization process, and the reference active
and reactive powers are kept 0. Due to this, no power can be drawn from
synchronverter during synchronization process. It means, the local load must
be disconnected from the output during the transition phase from stand-
alone to grid-connected mode. This type of synchronization approach is not
suitable when a critical local load is connected at synchronverter output.
Critical load means a hospital, data center, military unit or an intelligence

center that requires uninterrupted power supply all the time.

e Virtual impedance based self-synchronization involves precise tuning of two
parameters; virtual inductance and resistance. Smaller values of L and R

results in higher 7,;..a to achieve faster synchronization. However, too
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small values may result in frequency oscillations [88]. Virtual inductance
L presents unstable eigenvalues that can lead to uncertainties and even un-

successful synchronization [116].

These two limitations should be properly addressed in self-synchronized synchron-

verter.

2.2.5.3 Virtual Resistance Based Synchronization

Instead of virtual impedance, this approach deployed a virtual resistance for initial
synchronization of synchronverter [117]. In this way, the unstable eigenvalues

caused by virtual inductance of [88] are removed.

The schematic diagram of virtual resistance based self-synchronization approach

is illustrated in Figure 2.12.
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FIGURE 2.12: Virtual resistance based self-synchronized synchronverter [117]

This approach resulted in minimum virtual current peak as compared to that of
virtual impedance. However, there are certain limitations associated with this

scheme discussed in following points.
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e A coordinate transformation with rotational matrices is required when us-
ing virtual resistance based self-synchronization [86]. This transformation

increases the computational burden on controller.

e In this approach, the synchronverter is fed with virtual current instead of
actual grid current during synchronization process, and the reference ac-
tive and reactive powers are kept 0, similar to that of virtual impedance
based self-synchronization. Due to this, no power can be drawn from syn-
chronverter during synchronization process. Therefore, the shortcoming of

seamless transfer capability persists in this approach.

2.2.5.4 Differential RMS Voltage Based Synchronization

Realizing the importance of uninterrupted power supply requirement for the criti-
cal load, this approach addressed the seamless transfer capability of synchronverter

during synchronization process [102].

In this approach, Root Mean Square (RMS) value of the difference between syn-
chronverter and grid voltages is minimized using a PI controller to achieve syn-

chronization. Figure shows the schematic diagram of this approach.

The Differential Root Mean Square Voltage (DRMSV) based synchronization ap-
proach added the seamless transfer capability in synchronverter during synchro-
nization process. However, this approach has unwanted delays and uncertainties

that are discussed below:

e During synchronization process, this scheme always slowed down the virtual
rotor of synchronverter to synchronize with grid. Depending upon the phase
angle position of synchronverter voltage, this approach leads to unwanted

delays when the synchronverter voltage lags grid voltage.

e When there is significant magnitude difference between synchronverter and
grid voltages, i.e. greater than Vp, of Figure 2.13, DRMSV-based approach

leads to un-successful synchronization.
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FIGURE 2.13: Differential RMS Voltage Based Synchronization [102]

These limitations are discussed in detail in Chapter 4.

2.2.6 Synchronverter Applications

Right after its invention, synchronverter has been deployed for various applications
summarized in Table 2.5. Back-to-back synchronverters were used for integration
of wind farm in [24, 118]. The rotor side converter mimicked synchronous motor
and served as rectifier as it received power from permanent-magnet synchronous
generator and injected it into dc bus. The grid-side converter mimicked syn-
chronous generator and served as inverter as it injected the dc link power into
power grid. The rotor-side rectifier controlled the dc-bus voltage while the grid-
side inverter tracked Maximum Power Point (MPP). This concept of tracking
the MPP and mimicking synchronous machine simultaneously can be extended to

SPPs.

Similar scheme of [24] is used for the control and regulation of HVDC transmission
system in [33]. Here, the sending-end rectifier behaved as synchronous motor

and the receiving-end inverter emulated synchronous generator features. Another
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TABLE 2.4: Literature Summary of initial grid-synchronization techniques of

synchronverter
Technique Advantages Disadvantages References
Phase-Locked Most common Complex and [21]
Loop time consuming
tuning of param-
eters
Easily available Sensitive to
noise, harmon-
ics and transients
Seamless transfer Degrades perfor-
mance in weak
grid
Brings instability
for parallel oper-
ating inverters
Virtual Self- Lacks seamless [88]
Impedance synchronization transfer
Required only Proper tuning of
during initial R and L required
synchronization
process
Uncertainties
Virtual Resis- Self- Lacks seamless [116, 117]
tance synchronization transfer
Required only Requires coordi-
during initial nate transforma-
synchronization tion
process
Better for HVDC
system
DRMSV- Self- Unwanted delays  [102]
Based synchronization

Required only
during initial
synchronization
process

Seamless transfer

Simpler tuning

Uncertainties
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TABLE 2.5: Various applications of synchronverter

References Application Details

[14] EVs charging Implemented bi-directional synchron-
station verter for V2G charging station for

electric vehicles (EVs)

[24] Wind  Farm Back-to-back synchronverters are used.
Grid Integra- Rotor-side rectifier emulates synchronous
tion motor and regulates DC bus voltage while

grid-side inverter emulates synchronous
generator and tracks MPP.

[33] HVDC system Proposed improved synchronverte for hy-

brid multi-terminal HVDC system

[119] HVDC trans- Back-to-back synchronverters are used.
mission  sys- Sending-end rectifier emulates syn-
tem chronous motor and receiving-end

inverter emulates synchronous generator.

[120] LVDC micro- FEnabled power sharing among dc sources
grid in LVDC microgrid based on synchron-

verter

[121-123] Distribution Control and regulate distribution systems
system using soft open point based on back-to-

back synchronverters

application of synchronverter in HVDC system is found in [119]. In reference [120]

synchronverter is deployed to achieve efficient power sharing among dc sources in

LVDC microgrid.

References [121-123] proposed back-to-back synchronverter-based soft open point

to transfer power between two adjacent feeders. This soft open point helps in

frequency and voltage regulation in feeders and improves system reliability in case

of loss of mains in any distribution feeder [122]. Reference [124, 125] applied syn-

chronverter concept on shunt active filter to provide reactive power compensation,
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frequency regulation and harmonics mitigation.

Electric Vehicles (EVs) play an important role in transportation system due to
their sustainability, energy security and environmental effects. Other than trans-
portation, they can also be crucial for peak load shaving [126], grid-support [127]
and demand side management [128]. Synchronverter founds its applications in
Vehicle-to-Grid (V2G) charging station for EVs [14]. Reference [129] applied

synchronverter-based regenerative braking system for urban rail transit.

2.3 Gap Analysis

Synchronverter got special attention among all VSMs due to its similar dynamics
as SG from grid POV. Therefore, researchers during the last decade addressed
several issues and concerns about synchronverter design and performance. Section
2.2 reviewed various studies and analyses of synchronverter, different modifications
to improve its performance and the synchronization techniques to achieve the

initial synchronization with grid.

Some of the aspects about synchronverter are yet to be answered in literature.

Following points highlight the research gap in this domain.

e Synchronverter has inherent capability to remain synchronized with grid.
However, it requires a synchronization unit for initial synchronization with
grid. Due to the complexity, inefficiency, and deteriorating performance of
PLL in weak grid, PLL-less synchronization approaches are proposed in liter-
ature. Existing PLL-less approaches either lack seamless transfer capability
or lead to unwanted delays and uncertainties under adverse grid conditions.
An enhanced and promising synchronization technique is still required to

overcome all these limitations.

e Almost all the literature about synchronverter assume an ideal source at the
dc bus. This means an infinite power can be drawn or supplied to the dc side

at any time. This is not true practically. The response of synchronverter
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topology would be different from that with ideal source [130]. Reference [24]
studied the effect of variations in wind speed on synchronverter performance.
Similar studies are presented in [113, 131, 132]. However, the effect of in-
termittent nature of PV panels on synchronverter performance is still not

investigated in literature.

e For the integration of RERs into power grid, ESS is crucial to be connected
in parallel with RERs at the dc side of synchronverter for inertia emulation
[133-135]. The required storage capacity, charging/discharging and effect of
SOC of ESS connected in parallel with RERs, are the issues that are not

properly addressed in literature so far.

e Performance of synchronverter with load variations in grid-connected mode
is addressed in literature [136]. Steady-state operation of synchronverter in
stand-alone mode is also simulated in references [106, 137]. However, effect of
variations in connected load on synchronverter output frequency and voltage

in stand-alone mode is not studied to author’s best knowledge.

e There are some additional winding termed as damper winding in the rotor
of synchronous machines. These winding suppress the hunting and helps
synchronous generator to re-synchronize with the grid after frequency dis-
turbances. These damper winding are not yet modeled mathematically in

synchronverter.

2.4 Problem Statement

The initial synchronization of synchronverter with grid needs improvement. FEx-
isting PLL-less synchronization approaches either lack seamless transfer capabil-
ity or lead to unwanted delays and uncertainties under adverse grid conditions.
Moreover, to find whether the synchronverter is a promising solution of RERs in-
tegration into power grid or not, its performance is not fully investigated yet in

literature.
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Proposed Solutions:

1. To improve the synchronization process, an enhanced, PLL-less auto-synchronizer

for initial grid-synchronization of synchronverter is proposed here that
(a) ensures uninterrupted power supply to local load during synchroniza-
tion process,

(b) ensures fast synchronization with grid independent of phase angle po-

sition of synchronverter voltage with respect to grid voltage,

(c) ensures reliability and certainty in synchronization irrespective of the

magnitude difference between synchronverter and grid voltages, and
(d) has less computational burden on the controller during synchronization.

2. To investigate the performance of synchronverter, following aspects are stud-

ied in detail:

(a) Effects of variations in local connected load on synchronverter in stand-

alone mode of operation.
(b) Effects of intermittent nature of SPP on synchronverter performance.

(c) Performance of synchronverter having SPP, i.e. the non-ideal source,

at dc bus under adverse grid conditions.

2.5 Methodology and Techniques

First, a complete model of original synchronverter is derived from the mathemati-
cal model of synchronous generator assuming an ideal source at the dc bus. Then,
an enhanced, PLL-less auto-synchronizer is proposed based on Fourier Analysis
to achieve fast and reliable initial grid-synchronization of synchronverter under

adverse grid conditions.

Finally, the designed system is extended to integrate solar power plant into power

grid. The proposed auto-synchronizer is then applied to the final system to test
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its validation. All this research is based on simulations performed in MATLAB

9.2/Simulink using SimPowerSystem library.

2.6 Applications

Synchronverter finds its applications in RERs integration into power grid, HVDC
transmission, modular multilevel converters, rectifier-fed appliances, static syn-
chronous condensers, EVs charging/discharging stations, and distribution systems.

Some of these applications are presented in Section 2.2.6.

The proposed auto-synchronizer can be applied to all the applications where syn-
chronverter having a local connected load is required to be synchronized with grid.

Some of the applications are listed below:

e Integration of renewable energy generation based power plant associated
with critical centers like hospitals, data centers, military units etc into the

power grid

e Integration of distributed generations based hybrid microgrids into power
grid
e Charging and discharging of Plug-in Hybrid Electric Vehicles for (V2G) grid

support

e Integration of grid-tied roof-top PV panels at residential and commercial

units having the facility of net metering into power grid

2.7 Summary

In this chapter, literature review of all the VSMs is presented. Synchronverter is
better among all other topologies because of its simplicity and inertial dynamics.

It requires a dedicated synchronization unit only during initial synchronization
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with grid. Existing PLL-less synchronizers either lack seamless transfer capabil-
ity or lead to unwanted delays and uncertainties under adverse grid conditions.
Moreover, the performance of synchronverter with a non-ideal source at dc bus
is not investigated in literature yet. In this work, an enhanced, PLL-less auto-
synchronizer is designed for synchronverter to achieve fast and promising synchro-
nization without shutting down the local connected load. In this way the critical
load can be attached to the synchronverter output. Moreover, the performance of
synchronverter is evaluated in detail having a Solar Power Plant at the dc bus to
find whether the synchronverter is a promising solution of RERs integration into

power grid or not.



Chapter 3

Design and Evaluation of

Synchronverter

Synchronverter presents the same dynamics as that of SG from grid POV. It is
based on the second-order model of the synchronous generator. It can replicate
all the essential features of synchronous generator in both stand-alone and grid-

connected modes of operation.

This chapter presents the mathematical modeling of synchronous machine with
some basic assumptions and parameter designing of synchronverter considering
an ideal source at the dc side. The performance of synchronverter in stand-alone
mode as well as grid-connected mode is investigated and the seamless transfer of

synchronverter from grid-connected to stand-alone mode is studied.

Synchronization with grid is elaborated in Chapter 4. Therefore, it is excluded

from this chapter.

3.1 Synchronous Generator Model

Mathematical model of synchronous machine is found in literature [138, 139]. For

synchronverter, a round-rotor, two-pole synchronous generator is considered in

41
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[21]. Same is followed in this study too. All the core losses along with the friction
losses are ignored for design and analysis. Also, for simplicity, balanced conditions
are assumed with positive phase sequence. Variations in the stator and rotor
inductances caused by the rotor position are also neglected. Damper winding is

also ignored in this study.

Figure 3.1 illustrate the winding structure of synchronous machine. The stator
winding are the coils having resistance Ry, self-inductance L, and mutual induc-
tance M. The resistance and self-inductance of rotor excitation coil is denoted by
R, and L.. The mutual inductance between stator and rotor excitation coils is

the function of rotor angle # and can be defined as:

M. = M, cos(0)

2
My, = M, cos(6 — g) (3.1)

4
M. = M, cos(f — %)

Roror field axis ] L

Rotation

FIGURE 3.1: Winding structure of Synchronous Machine [21]
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The stator flux linkages can be expressed as:

¢o = Lig — Miy — M. + Myeie
¢b = Lzb - Mia - MZC + Mbeie (32)
¢ = Lic — Mi, — Miy + M.,

Where i,, 13, and i, are the phase currents in stator windings and i, is the field exci-

tation current in rotor winding. Since, balanced conditions are assumed, following

equation holds when neutral line is not connected:

Qo 4y +ic=0 (3.3)

When the neutral is connected, the sum of three phase currents becomes equal to
1. Since, balanced condition is assumed in design process, neutral current will
also 0 with this assumption. Using Equations (3.1 — 3.3), stator flux linkages can

be simplified as:

¢o = (L+ M)i, + M. cos(0)

2
¢y = (L + M)iy + M,i, cos(6 — %) (3.4)
. . 4
¢e = (L + M)i.+ M.i. cos(f — ?)
Simplifying Equation (3.4) yields:

Da iq cos
¢b - (L + M) ib + Meie COS( - 2%) (35)
be Qe cos(f — &)

For the simplification, let L + M = L,, and let the stator flux linkages are equal

to &, as:

Ga
op| = , (36)

e
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Let the stator currents are denoted by i, as:

la
iy | = s (3.7)
le
Also, let:
cos 0
cos(f — %) | = cost (3.8)
cos(f — %)
Equation (3.4) can be written as:
O, = Lyiy + M,i,cos0 (3.9)

The rotor flux linkage can be written as:

D, = Leie + Myetq + Mpety, + Mt (3.10)

Inserting values of mutual inductances from Equation (3.1) and simplifying rotor

flux linkage yields:

2 4
O, = Leio + M, cos(0)i, + M, cos(f — ?ﬂ)“’ + M, cos(f — g)zc
T
’L'a cos f (311)
= Leie + M, |1, cos(f — 2r)
Qe cos(f — %)

After further simplification, the rotor flux linkage obtained in above equation can

be written as following equation

O, = Lei, + M, (i, cos0) (3.12)

Where, (is,cosf) is the conventional dot product of stator current is; and cosf in

real numbers domain.
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The rate of change of stator flux can be expressed as:

dd,

dt is,teconstant

= —OM,i,sind (3.13)

This rate of change of flux induces electromotive force in stator coils that can be

given by Lenz’s Law [139]:

dP,

dt (3.14)
= éMeiesinﬁ

e =

Where, 0 = w is the angular speed of synchronous generator rotor in radians per
second. The energy stored in the magnetic field of synchronous generator can be

written as:

1
E = <i5, (I)s> + _ieCI)e

2
_ 1 —
(is, Lsis + Meiocost) + §ie(Lez'e + M, (is, cosh))

(3.15)

1 N 1_ . 1 L~
(is, Lsis) + §Meie (15, cosb) + §Lezg + §Mele (15, cosb)

NI RN NN -

1 _
(ig, Lgis) + §Le¢§ + M,i, (i, cos6)

The induced electric torque of the synchronous generator can be found by taking
rate of change of stored energy in magnetic field with respect to the rotor movement

[53].

oE

g (3.16)
— M.i, <z §E19>

T, =

The generated active power P of the synchronous generator can then be calculated
from induced electric torque obtained in above equation and the angular speed of

the rotor as [139]:

= Lf)Te N (3.17)
— M., <z sin0>
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Similarly, the reactive power () can be expressed as:

Q = 6M,i, <z sin(6 — g)>

= —0M.,i, (i, cos0)

(3.18)

For simplicity, let the product of maximum mutual inductance between stator and
rotor excitation coils and the field excitation current M,i, = 1, the Equations

(3.14), (3.16) and (3.18) becomes:

e = wisind (3.19)
T, — <z s’iie> (3.20)
Q = —w (i, cos0) (3.21)

Where, w is the angular speed of the rotor in radians per second. Equations (3.19

—3.21) form the basis of synchronverter model.

3.2 Design of Synchronverter

The complete schematic diagram of the synchronverter excluding proposed auto-
synchronizer is shown in Figure 3.2. The electrical part consists of three-legged
power electronic converter with an LCL filter at the output, the local connected

load that requires power supply all the time, tie breaker and the power grid.

Measurement blocks are also shown in Figure 3.2. Measurement block 1 consists of
measurement units to measure the values of synchronverter output phase voltage

v, and current ¢,. Measurement block 2 measures grid phase voltage v,,.

The controller part of synchronverter contains the synchronous generator math-
ematical model derived in previous section, frequency control loop, and voltage
control loop. As discussed earlier, an ideal source is assumed at the dc side in this
chapter. Detailed design of synchronverter including frequency control loop and

voltage control loop is described in the upcoming sections.
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FIGURE 3.2: Schematic diagram of synchronverter without synchronizer

3.2.1 Synchronous Generator Model

The synchronous generator model shown in Figure 3.2 consists of mathematical
formulas of virtual induced electromotive force e, virtual electric torque 7, and
reactive power ) given by Equations (3.19 — 3.21) derived in Section 3.1. The
induced electromotive force e calculated by Equation (3.19) is fed to the Pulse
Width Modulation (PWM) block for generating the variable width pulses to drive
PEC switches.

3.2.2 Frequency Control Loop

Frequency control loop is analogous to the governor control of the synchronous
generator. It is based on the swing equation of the synchronous generator that
can be expressed as:

Jo="T,—-T,—Ds(w—w,) (3.22)
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Where J is the moment of inertia of the virtual rotor and Dy is the damping
coefficient that acts as feedback gain. Block diagram of frequency control loop is

shown in Figure 3.3.

Dy —w,
w
1 T, - 1 1
P.—» ——>( ——» — > ——> 0
Wy - Js S

FiGURE 3.3: Frequency Control Loop

P, is the active power reference, w, is the angular speed reference, and T, is pro-
vided by the synchronous generator model block using Equation (3.20). Frequency
control loop controls the angular speed w and rotor angle 6 of virtual rotor of syn-

chronverter.

The damping coefficient Dy is represented as [88]:

AP,
D; = ° (3.23)

T wAw

Here, Dy is selected such as the output power P, increases or decreases by 100%
of the nominal power S,, when the frequency decreases or increases by 0.5% of the
nominal value f,,. When AP, is negative, Aw is positive and vice versa. Therefore,

Dy is always positive as defined by Equation (3.23).

The time constant 7; of the frequency control loop is Dif. By assuming a value for

time constant, J can be chosen as
J = Dfo (324)

Since, frequency control loop has no delay involved in it, so 74 can be selected
much smaller than the inertial response of synchronous generator [21]. In this

way, the frequency control loop responds to the grid dynamics in a quick manner.



Design and Fvaluation of Synchronverter 49

ol

Qr _—>1/)

D, RMS [¢— 1,

Uy

Fi1GURE 3.4: Voltage Control Loop

Frequency control loop has two nested loops; inner loop is frequency loop and the
outer loop is active power loop. These nested loops help synchronverter to pro-
vide primary frequency regulation in both stand-alone and grid-connected modes

according to the active power-frequency droop characteristics [139].

3.2.3 Voltage Control Loop

Voltage control loop is analogous to the Automatic Voltage Regulator (AVR) of
the synchronous generator [138]. Similar to the case of frequency control loop,

voltage control loop can be expressed mathematically as:

Kt = Q; — Q + Dy(vr — v,) (3.25)

Here, K is the integrator gain, ¢ is the product of maximum mutual inductance
between stator and excitation coils and the field excitation current, @), is the
reactive power reference, () is provided by the synchronous generator model block
using Equation (3.21), D, is voltage droop coefficient, and v, is the reference

voltage that is equal to the nominal phase voltage V/,.

Figure 3.4 shows the block diagram of voltage control loop. Voltage droop coeffi-

cient D, is represented as [88]:

AQ,
Dy = =3 (3.26)
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Here D, is selected such as the output power (), increases or decreases by 100% of
the nominal power .S,, when the voltage decreases or increases by 5% of the nominal
voltage V,,. When AQ), is negative, Av, is positive and vice versa. Therefore, D,

is always positive as defined by Equation (3.26).

The time constant 7, of the voltage control loop is w—gv [88]. By assuming 7, K

can be selected as:

K = wD,7, (3.27)

It is clear from Figure 3.4 that the voltage control loop has two sub-loops. The
inner loop is voltage loop and outer loop is reactive power loop. Therefore, the
voltage control loop regulates the voltage according to the reactive power-voltage
droop characteristics [139]. It can have two operating modes as discussed in [88].
First is Q-mode in which the synchronverter produce (), according to the reference
Q. irrespective of the difference between v, and v,. Second is the ¢)p—mode in
which the synchronverter takes into account the voltage difference between v, and

v, in generating (),. Therefore, in ()p—mode, @), is deviated from the reference

Q.

3.2.4 LCL Filter

A filter is required at the output of the PEC to mitigate the harmonics in output
current. An LCL filter is used here as shown in Figure 3.2. LCL filter has better
damping characteristics and lower voltage drop than LC filter [140]. Values of L1,
Ly, Cf and R, are calculated in literature [141, 142].

In this study, the maximum output current is considered with the 10% fluctuations
for filter design as in [141]. Inverter-side inductor L, is selected by Equation (3.28)

as [142]:
3-Vpe-Vy

Where Vpe is the de-link voltage, V,, is the nominal phase voltage, .S, is nominal

Ly (3.28)

power and f,, is the switching frequency of PEC switches.
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The capacitor value Cy affects the power factor. Higher the capacitor, smaller will
be the power factor [141]. To keep the power factor closer to unity, the reactive
power consumed by filter capacitor should not be more than 5% of the nominal

power [142]. Therefore, C/ is calculated by the following equation;

0.05-8
Cr=—-""" 3.29
! Wy - (\/§vn)2 ( )

Where w,, is the nominal angular frequency. In this research, w, is equal to the w,

of the synchronverter.

The grid-side inductor Lo is chosen to attenuate the grid harmonics [141]. Ref-
erence [142] used attenuation factor o of 20%. The increase in the attenuation

factor will increase the THD in grid current. In this research, o = 8% is used.

go T 1

Ly=—"AH——1——
’ Cf ) (27Tfsw>2

(3.30)

To avoid the resonance problem in filter, a resistor R, is connected in series with

the capacitor [141-144]. Tts value is selected according to the following equation:

0.1

Ry=—— 3.31
Cf * Wres ( )
Where w5 is the angular resonance frequency that is defined as:
L+ Ly
res — - 3.32
“ Li-Ly Cy (3:32)

All the parameters used in simulations are tabulated in Table 3.1.

3.3 Performance Evaluation of Synchronverter

A synchronverter may operate either in stand-alone or grid-connected mode. In

stand-alone mode, voltage and frequency must be kept within the permissible
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TABLE 3.1: Parameters used in simulations

Parameters Symbols Values
Nominal DC Voltage Ve 800 V
Damping Coefficient Dy 20.26
Nominal Phase Voltage n 220 V-rms
Virtual Inertia J 0.04052
Nominal Power Sy 10 kVA
Voltage Droop Coefficient D, 642
Switching Frequency fsw 8 kHz
Integrator Gain K 1284n
Nominal Frequency fn 50 Hz
Filter Capacitor Cy 10 pF
Filter Inductor Ly 7777 mH
Filter Inductor Lo 0.5343 mH
Series Resistor R, 0.7071 Q
Maximum Local Load St 8+ 75 kVA
Voltage Loop Time Constant To 0.02 s
Frequency Loop Time Constant Tf 0.002 s

limits by the synchronverter to supply the local connected load. Whereas, in grid-
connected mode, it has to supply real and reactive power based on the droop
characteristics of synchronous generator while supporting grid frequency and volt-

age.

For a synchronverter having a critical local load, continuous output power must
be supplied by it all the time. Therefore, the synchronverter should possess the
seamless transfer capability from stand-alone mode to grid-connected mode and

vice versa.

Upcoming sections evaluate the performance of synchronverter with simulations

during:

e Stand-alone mode under variations in local connected load
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e Grid-connected mode with stable grid conditions

e Grid-connected mode when grid frequency drops by 0.4% of the nominal

value
e Grid-connected mode when grid voltage drops by 20% of the nominal value

e Transition from grid-connected to stand-alone mode of operation

3.4 Simulation Results and Discussions

All the simulations in this chapter were performed to prove that synchronverter
has capability to give desired performance in stand-alone and grid-connected mode

without a dedicated synchronization unit.

Simulations were performed in MATLAB 9.2/Simulink environment using Sim-
PowerSystem library. The parameters used in the simulations are tabulated in
Table 3.1. The ode23tb solver was used with the maximum step size of 1 us and

minimum required accuracy of 1073,

All the voltages and currents were measured using three-phase VI measurement
blocks having combinations of voltmeters and ammeters. RMS value of the voltage
was measured by taking root mean square value over running average window of

20 ms (equal to one cycle of the fundamental frequency).

Since Active and reactive powers are integral quantities, they were computed by
first determining the positive sequence of voltage and currents with a running
window over one cycle of fundamental frequency. The active and reactive powers
were then computed using power formulas. The sample time of all the blocks was

1 ps. The local connected load was series RL load having maximum rating of

8 + j5 kVA.

Simulations were started at ¢ = 0 s and stopped at t = 15 s. The breakdown of

simulations is as follows:
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e Stand-alone performance was studied from ¢t =0 — 7 s.

e Grid-connected performance was studied from ¢t = 8 — 13 s with stable grid

conditions.

o At t = 13 s, grid-connected performance with variation in grid frequency

was simulated.

e At t = 13.5 s, grid-connected performance with variation in grid voltage

magnitude was simulated.

e Finally, at t = 14 s, grid was disconnected to verify the seamless transfer of
synchronverter from grid-connected mode to stand-alone mode without any

change in the controller.

3.4.1 Stand-Alone Performance

One of the research objectives is the study of stand-alone performance of syn-
chronverter with variations in local connected load. In this part, this performance
was evaluated with an ideal source connected at the dc bus. The simulations were
started at t = 0 s with a load of 4 4+ j2 kVA connected to it. Active and reac-
tive loads were varied to study the effect of changes in operating conditions on

synchronverter performance.

A load of 2 kW was switched-on at ¢ = 1 s. Similarly, a load of 2 kVar was
switched-on at ¢ = 2 s. The total resistive load was changed to 5 kW at t = 3
s and the total inductive load was changed to 1 kVar at ¢t = 4 s. Total load on
synchronverter was increased to 8 + j5 kVA at t = 5 s and decreased to 5 + 52
kVA at t = 6 s. Table 3.2 shows the active and reactive power load connected to
synchronverter at each instant during stand-alone operation. Figures 3.5 and 3.6
depict that the active and reactive power output of the synchronverter was equal
to the power demanded by the local load. For the maximum active power change
of 3 kW at t = 5 s, the response time was 83 ms. Similarly, for the maximum

reactive power change of 4000 MVAR at ¢ = 5 s, the response time was also 83
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TABLE 3.2: Variations in local load connected to synchronverter with ideal
source at dc bus

Time Instant Py Qioad

=0s 4000 W 2000 Var
t=1s 6000 W 2000 Var
t=2s 6000 W 4000 Var
t=3s 5000 W 4000 Var
t=4s 5000 W 1000 Var
t=2>5s 8000 W 5000 Var
t=06s 5000 W 2000 Var

ms. Transients were seen in power curves at the switching events. For example,
a small glitch can be seen at t = 2 s in active power curve when a reactive power

load of 2000 Var was switched on.

T T T
| |
8000 1~ Ploaa=Po . S —
| |
j j j
| | |
| J |
6000 ———
< T
= |
5 | |
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FIGURE 3.5: Stand-alone performance: synchronverter active power P, and
load -Pload

The frequency, shown in Figure 3.7, was well maintained by frequency control
loop. Negligible variations in frequency at the instants of reactive power load
switching was due to the coupling effect discussed in [145]. At the instant of
increased active power load, the synchronverter increased its frequency to meet
the increased demand. The maximum rate of change of frequency of 0.04 Hz per

second was observed at t = 5 s when a load of 3000 4 54000 VA was added to the
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FIGURE 3.6: Stand-alone performance: synchronverter reactive power @, and
load Qload
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FI1GURE 3.7: Stand-alone performance: synchronverter frequency f,

synchronverter output. This ROCOF is much less than the threshold value of 3
Hz/s defined by IEEE standards [61]. For 60% increase in active power output,
the synchronverter frequency was increased by 0.002% of nominal value. The
response time for the maximum variation at t = 5 s was 83 ms. Similar variations

in frequency are reported in [88].

The output phase voltage is shown in Figure 3.8. The transients were observed
at the switching instants. The maximum dip was observed at t = 5 s when the
total load of 3000 + j4000 VA was switched on. This dip was 5% lower than
the steady state value that is less than the threshold value of +10% defined by

IEEE standards [61]. The maximum response time was found to be 108 ms. The
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F1GURE 3.8: Stand-alone performance: synchronverter rms phase voltage v,

maximum rate of rise of voltage was 0.025 V/ms while the rate of change of voltage

with respect to reactive power was 2.585 V /kVar.

Results show that the synchronverter supplied active and reactive power as de-
manded by the local connected load and maintained frequency and voltage close to
the rated values. Thus, the synchronverter emulated real synchronous generator

successfully in stand-alone mode.

3.4.2 Grid-Connected Performance

After connection with grid, the synchronverter has ability to remain synchronized
with grid without the need of dedicated synchronization unit. Therefore, no ded-
icated synchronization unit is required in this mode. In grid-connected mode, the
performance of synchronverter was evaluated with stable grid conditions as well

as with variations in grid frequency and voltage magnitude.

3.4.2.1 Grid-Connected Mode with Stable Grid Conditions

In this section, the performance of synchronverter was evaluated with a strong
grid i.e., no variations in the grid frequency and voltage. The effect of varying the

reference values of active and reactive power was observed. P, was increased to 8
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TABLE 3.3: Variations in active and reactive power reference

Time Instant P, Q-
t=8s 8000 W 3000 Var
t=9s 8000 W 6000 Var

t=10s 2000 W 6000 Var
t=11s 2000 W 1000 Var
t=12s 7000 W 4000 Var

kW at t = 8 s and decreased to 2 kW at t = 10 s. ), was increased to 6 kVar
and decreased to 1 kVar at ¢ =9 s and 11 s, respectively. Both P, and @), values
were increased to 7 kW and 4 kVar, respectively, at ¢ = 12 s. Table 3.3 shows the

active and reactive power references at each instant during this operation.

8000 [ Prr—— e ——— e ————

6000

4000

Active Power (W)

2000

Time (s)

FIGURE 3.9: Grid-connected performance with stable grid conditions: syn-
chronverter active power P, and active power reference P,

Figure 3.9 and 3.10 show the synchronverter output active and reactive power along
with the corresponding reference values. It was observed that the synchronverter
output power followed the reference values very well. The response time of active
power for maximum change in P, at t = 10 s was 132 ms while that of reactive
power for maximum change in @), at ¢ = 11 s was 204 ms. Since the time constant
of frequency control loop is much smaller than that of voltage control loop, as
discussed in Section 3.2.2, the synchronverter varied its active power P, quicker

than reactive power @),.
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FIGURE 3.10: Grid-connected performance with stable grid conditions: syn-
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FiGure 3.11: Grid-connected performance with stable grid conditions: syn-
chronverter frequency f,

Transients were observed in synchronverter frequency f, whenever the P, was
changed as shown in Figure 3.11. This behavior was also similar to the real
synchronous generators [139]. Highest surge in frequency curve was observed at
t = 10s. The frequency was dropped by 0.34 Hz at t = 10.04 s and then restored to
50 Hz at ¢t = 10.13 s. Although the ROCOF was 8.5 Hz/s, however, the frequency

was kept within the permissible limit during the transient.

Negligible transients in f, for the changes in (), were due to the coupling effect be-
tween voltage and frequency control loops. This coupling effect between frequency

and voltage control loops is due to the inductive line impedance [145]. Figure 3.12
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FIGURE 3.12: Grid-connected performance with stable grid conditions: syn-
chronverter rms phase voltage v,

shows that the synchronverter phase voltage remained close to rated value. The

maximum variations in voltage was 0.22 V at t =9 s.

It can be concluded from the results that synchronverter had ability to supply
any desired amount of active and reactive power within its power rating. The
frequency and voltage were kept at the rated values while supplying power equal
to reference values. Therefore, the synchronverter gave desired performance in

grid-connected mode without a dedicated synchronization unit.

3.4.2.2 Grid-Connected Performance Following Frequency Event

This part of simulation was performed to further verify the inherent frequency
tracking of synchronverter in grid-connected mode. Synchronverter was supply
7000 + 574000 VA in (Qp—mode discussed in Section 3.2.3 before the frequency
event. At t = 13 s, the grid frequency was dropped to 49.8 Hz, i.e. by 0.4% and
restored to 50 Hz after 0.1 s. Figure 3.13 shows that the synchronverter frequency
fo was slowly changed to 49.8 Hz due to the presence of virtual inertia. The

response time was 91 ms whereas the ROCOF was 2.2 Hz/s.

No severe transients were observed in synchronverter output current i,, shown in

Figure 3.14. The maximum current during the event was 1.3 times the normal
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FIGURE 3.13: Grid-connected performance following a frequency event: syn-
chronverter frequency f, and grid frequency f,
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FIGURE 3.14: Grid-connected performance following a frequency event: syn-
chronverter output current i,

current. This is acceptable as PECs are often designed to withstand excessive

short circuit currents for small interval of time [88].

Synchronverter output active power P, was increased by 29% of the nominal value,
as shown in Figure 3.15. By increasing P,, the synchronverter participated in
frequency regulation of the system. Negligible variations were seen in reactive
power (),, in Figure 3.16, because of the variations in grid voltage during the
frequency event. The variations found in ), were only +4.3% of the reference
value of 4000 Var. Results show that the synchronverter also provided reactive

power support to grid during frequency event.
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FIGURE 3.15: Grid-connected performance following a frequency event: syn-
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FIGURE 3.16: Grid-connected performance following a frequency event: syn-
chronverter reactive power @,

During events of grid frequency fluctuations, the synchronverter tracked and sup-
ported the frequency by changing its output active power independent of dedicated
synchronization unit. Therefore, synchronverter has ability to remain synchronized

with grid while supporting system frequency.

3.4.2.3 Grid-Connected Performance Following Voltage Event

This part of simulations was performed to verify the voltage support capability
of synchronverter. Synchronverter was supplying 7000 + 74000 VA in ()—mode,
discussed in Section 3.2.3, before the voltage event. At ¢t = 13.5 s, grid voltage
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FIGURE 3.17: Grid-connected performance following a voltage event: synchron-
verter phase voltage v,
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FIGURE 3.18: Grid-connected performance following a voltage event: synchron-
verter reactive power Q,

was dropped from 220 V to 176 V, i.e. by 20% and restored to nominal value after
0.1 s.

Figure 3.17 shows variations in synchronverter phase voltage v,. The synchron-
verter voltage was reduced following the grid voltage and restored to nominal value

after the grid voltage restoration. The response time was 21 ms.

Synchronverter reactive power output @, is shown in Figure 3.18. Since the syn-
chronverter was operating in ()—mode, the reactive power (), was increased by
50% of the base kVA at the start of the disturbance, i.e. at ¢ = 13.5 s and then

went to settle down to the reference value (). Similar behavior was observed at
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FI1GURE 3.20: Grid-connected performance following a voltage event: synchron-
verter active power P,

t = 13.6 s when the grid voltage was restored. After the grid voltage restoration,
(), again settled down to the reference value (), as shown in Figure 3.18. The

response time was 32 ms and the settling time was 242 ms.

Small variations were seen in the frequency f, and active power output P, of the
synchronverter as shown in Figures 3.19 and 3.20 respectively. This was due to the
slight variations in grid frequency during the voltage event. The synchronverter
frequency was varied by +0.07 Hz i.e. +0.14% of the nominal value. To counter
these variations in f,, the synchronverter output power P, was varied by F10% of

the base kVA. When f, was increased by 0.14%, P, was reduced by 10% and vice



Design and Fvaluation of Synchronverter 65

T
l
~ | | |
= | | |
3 XTPtvoevrvrvrvivrvrvivrvrey
5 l j l
O - - — - - - - — - S o -
| | |
|
| | |
- rr -y *7vr T T [
| | | |
| | | |
S S S S ] S
13.65 13.7 13.75 13.8
Time (s)

FIGURE 3.21: Grid-connected performance following a voltage event: synchron-
verter output current i,

versa as shown in Figure 3.20. In this way the synchronverter supported the grid

frequency.

Figure 3.21 shows synchronverter output current 2,. During the voltage event, the
maximum current was found to be 1.9 times of the normal current. This is again

acceptable as mentioned earlier in previous section.

Results obtained from grid-connected performance prove that the synchronverter
exhibited excellent fault-ride through capability during grid dynamics and adjusted
its reactive power to support voltage during the grid voltage fluctuations. At the

same time, it adjusted its active power to support grid frequency.

3.4.3 Transfer from Grid-Connected to Stand-Alone Mode

This part of simulation was performed to verify the seamless transfer of synchron-
verter from grid-connected to stand-alone mode. Islanding was done at t = 14 s

by opening the tie-breaker.

Synchronverter frequency f,, output phase voltage v, and current ¢, are shown in
Figure 3.22, 3.23 and 3.24, respectively. It was observed that the synchronverter
output frequency and voltage were not changed dramatically when grid was dis-

connected while supplying local load. Maximum variations in frequency were only
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FiGure 3.23: Transfer from grid-connected to stand-alone mode: synchron-
verter rms phase voltage v,

0.01 Hz that is equal to 0.02% of the nominal value at the islanding instant as
shown in Figure 3.22. A negligible surge of 0.95% of nominal value was observed

in voltage waveform at the islanding instant as shown in Figure 3.23.

Figure 3.24 shows that the synchronverter current was decreased on loss of grid.
This was due to the fact the synchronverter was injecting power into the grid.
On loss of grid, the synchronverter output power was again restricted by the local
demand as discussed in Section 3.4.1. Synchronverter power curves during the
transition between stand-alone and grid-connected modes are given in Chapter 4

and Chapter 5.
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FIGURE 3.24: Transfer from grid-connected to stand-alone mode: synchron-
verter current 7,

It can be seen from the results that the synchronverter had the inherent feature
of seamless transfer from grid-connected to stand-alone mode without making any
change in its controller. It offered a smooth transition and therefore, is capable of

integrating RERs based grids and DGs into future power grid.

3.5 Summary

In this chapter, synchronverter design is discussed in details using mathematical
model of synchronous generator. Later on, the performance of synchronverter is

evaluated in both stand-alone and grid-connected mode.

In stand-alone mode, the effect of variations in local connected load on synchron-
verter performance is evaluated. It was observed that the synchronverter main-
tained its voltage and frequency irrespective of the variations in the local con-
nected load. Then the grid-connected performance is studied under strong as well
as weak grid conditions. Synchronverter supported grid frequency and voltage
by varying its active and reactive power. Finally, transfer from grid-connected
mode to stand-alone mode is investigated. Synchronverter offered seamless transi-
tion from grid-connected to stand-alone mode without any change required in its

controller.
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From the results, it is clear that the synchronverter has ability to perform like
synchronous generator in both operating modes as well as during the transitions
between the operating modes. Moreover, in doing so, it doesn’t need any PLL-
based synchronization unit like other VSMs. Therefore, synchronverter is a strong

contender for integrating RERs into future power grid.



Chapter 4

Design and Evaluation of

Proposed Auto-Synchronizer

Synchronverter has inherent capability to remain synchronized with grid with-
out any dedicated synchronization unit. Moreover, synchronverter offers seamless
transfer from grid-connected to stand-alone mode without any change required
in the controller. However, it requires a synchronization unit to track grid phase

angle for initial synchronization with grid prior to grid-connection [87].

Due to the complexity, inefficiency, and deteriorating performance of PLL in weak
grid, PLL-less synchronization units are proposed in literature. Existing PLL-less
synchronizers lack seamless transfer capability except the DRMSV-based synchro-

nizer [102] reported in literature.

This chapter presents the limitations of DRMSV-based synchronizer, designing
and advantages of proposed auto-synchronizer and the performance comparison
between proposed auto-synchronizer and DRMSV-based synchronizer. Testing of
seamless transfer capability of proposed auto-synchronizer is also discussed in this

chapter.

An ideal source is assumed at the dc side of synchronverter. All other parameters
used in the simulations are same as that used in Chapter 3.

69
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4.1 DRMSV-Based Synchronizer

Figure 4.1 illustrates the schematic diagram of DRMSV-based synchronizer. The
RMS value V; of the difference between v, and grid voltage v, is minimized by a
Proportional-Integral (PI) controller. When V, becomes less than the threshold
voltage Vi, connection signal is sent to the tie-breaker. The threshold voltage is
equal to the few percent of nominal voltage. Threshold value of 12 V is selected

in this study.
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FIGURE 4.1: Schematic diagram of DRMSV-based synchronizer [102]

Although the DRMSV-based approach added the seamless transfer capability in
synchronverter. This feature enabled synchronverter to supply critical local load
like hospital, military unit, data center or intelligence center during synchroniza-
tion process. However, this approach has unwanted delays and uncertainties in

following scenarios.

e Scenario 1: synchronverter voltage v, lags grid voltage v,

e Scenario 2: significant difference between magnitudes of v, and v,
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These scenarios are explained in details in upcoming sections.

4.1.1 Scenario 1: v, lags v,

Figures 4.2 and 4.3 show the performance of DRMSV-based synchronizer depend-
ing upon the phase angle of synchronous voltage v,. When v, leads vy, as shown
in Figure 4.2, DRMSV-based synchronizer achieve fast synchronization. Since,
the RMS value is always positive, the PI controller output remains positive. This
results in slowing down the virtual rotor of synchronverter to synchronize with
grid. Therefore, V,; decreases in this case and synchronverter synchronizes with

grid within few cycles.

V  decreases
d = —

Synchronized
/ vgrid
Synchronization

Synchronverter output i starts
voltage leads grid voltage

(a) (b)

_v__. Phase difference decreases
.-~ grid = = >

(c)

FIGURE 4.2: Performance of DRMSV-based self-synchronization [102] when v,
leads v, by angle 0

When v, lags behind v,, as shown in Figure 4.3, the DRMSV synchronizer results
in unwanted delays. To avoid this, synchronverter virtual rotor must speed up
to synchronize with grid. However, due to RMS value, the PI input is always
positive in this approach. The synchronverter virtual rotor always slows down to
synchronize with grid. This leads to increased RMS difference V,; as well as phase

difference as shown in Figure 4.3. In this way the phase difference first increases to
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FIGURE 4.3: Performance of DRMSV-based self-synchronization [102] when v,
lags vy by angle 0

180° and then decreases to 0°. Therefore, the DRMSV synchronizer [102] results

in unwanted delays in synchronization in this scenario.

4.1.2 Scenario 2: Significant Difference Between |v,| & |v,|

Figure 4.4 shows the performance of DRMSV-based approach depending upon
the difference between |v,| and |v,|. Figure 4.4(a) shows v, and v, when the grid
voltage magnitude becomes 110% of the nominal value. Figure 4.4(b) shows both
voltages for the case |v,| drops to 90% of the nominal value. Since the DRMSV-
based synchronizer controls only the virtual speed of synchronverter, the difference

between |v,| and |v,| remains constant. This can be seen in Figures 4.4(a) and

4.4(b).

Figure 4.4(c) shows that the error Vj; varies periodically depending upon the phase
difference between v, and v,. The smallest value of V; (= |v, — v,|) corresponds
to 0° phase difference. Similarly, the largest value of V, (= twice of |v,|) occurs
at 180° phase difference. Since, V; never goes below Vp,, the synchronverter is

unable to synchronize with the grid in this scenario.
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FIGURE 4.4: Performance of DRMSV-based self-synchronization [102] when;
(a) vy becomes 110% of nominal value, (b) v, drops to 90% of nominal value,
(c) RMS difference V; between v, and v, for both cases

Although, the problem of failed synchronization can be solved by increasing Viy,.
However, the increased Vp, will increase surge current at breaker closure. This

surge current can cause unequal stress in transformer windings and can damage

its insulation system [146].

4.2 Design of Proposed Auto-Synchronizer

The main objective is to realize the seamless transfer of synchronverter from stand-
alone mode to grid-connected mode without shutting down the local connected
load. For this, the phase and magnitude difference between the synchronverter

output voltage v, and grid voltage v, is to be minimized. An enhanced, PLL-less
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FIGURE 4.5: Schematic diagram of proposed auto-synchronizer

auto-synchronizer is proposed to achieve fast and promising self-synchronization

with grid under adverse grid conditions.

Figure 4.5 shows the proposed auto-synchronizer. Two PI controllers are used to
minimize the angle and voltage magnitude difference between synchronverter and
grid. The phase angles are computed by applying Fourier Analysis on measured
voltages v, and v, over window of length equal to one cycle of fundamental fre-
quency. Two functions, F; and F5 of synchronverter voltage v, are defined by

Equations (4.1) and (4.2).

Fy = v, sin(w,t) (4.1)

Fy = v, cos(w,t) (4.2)

Where v, is mathematically written as:

Vo = V, sin(w,t + 6,) (4.3)

Where w, is output angular frequency of synchronverter that is equal to the angular

speed w of virtual rotor. This w is kept equal to the reference value w, by frequency
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control loop shown in Figure 3.3. Applying simple mathematics on F} yields:

Fy =V, sin(w,t + 0,) sin(w,t)

1 (4.4)
= §VO [cos(B,) — cos(2w,t + 6,)]
Similarly,
Fy =V, sin(w,t + 6,) cos(w,t)
. (4.5)

= §VO [sin(6,) + sin(2w,t + 6,)]

By taking average of F} and F; over one cycle of fundamental frequency, factors

cos(2w,t + 6,) and sin(2w,t + 0,) become zero.

— 1
F = §Vo cos(6,) (4.6)
= %V}, sin(6,) (4.7)

Now, 6, can be calculated by following equation:

0, = tan™! (%) (4.8)
1

Similarly, 6, of the grid voltage is calculated, assuming grid frequency equal to
the nominal value. The difference between 6, and 6, is sent to the PI controller
with gains denoted by Ky and Iy in Table 4.1. The input to the PI controller is
positive when v, leads v, i.e., 8, — 0, > 0, and is negative when v, lags v, i.e.,
8, — 0, < 0. The PI controller has the job to drive its input to 0. The output of
this PI controller w, is used to adjust w, during synchronization process as shown

in Figure 4.5.

Depending upon the sign of wy, the synchronverter virtual rotor speeds up or slows
down to achieve fast synchronization. When v, leads v,, ws decreases w,. In this
way, synchronverter virtual rotor slows down to synchronize with grid. Similarly,
when v, lags vy, ws increases w, due to which virtual rotor speeds up to synchronize

with grid. Thus, fast synchronization is achieved independent of the phase of the
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synchronverter voltage with respect to grid. Therefore, the problem of unwanted
delays associated with DRMSV-based approach is addressed by proposed auto-

synchronizer.

To minimize the effect of significant difference between |v,| and |v,| another PI
controller with gains K, and I, is used. This PI controller has also the job of
driving its input to 0. The output of this PI controller vy is used to adjust v,

during synchronization process as shown in Figure 4.5.

When |vy| is higher than |v,|, vs increases the reference voltage v, of the voltage
control loop and vice versa. In this way, the synchronverter voltage magnitude
follows the grid voltage magnitude to drive V; below threshold voltage V. Thus,
the proposed auto-synchronizer gives the promising solution of self-synchronization

in both scenarios discussed in Sections 4.1.1 and 4.1.2.

It is worth to be noted that unlike DRMSV-based approach, V; is not fed to the
PI controller to achieve synchronization. Instead, it is only used as criteria for
tie-breaker closure. In proposed auto-synchronizer, V; always decreases when the
phase and magnitude difference decreases. Equations (4.1) — (4.8) are similar to

Costas loop [147, 148] as they are the fundamentals of sinusoidal signals.

During synchronization, the controller is fed with the actual output current. No
need to achieve synchronization by driving this current to zero as in virtual
impedance based synchronization approach [88, 116]. In proposed synchronizer,
the synchronization will be achieved while supplying actual load current. There-
fore, the synchronverter is able to supply uninterrupted power to the local con-
nected load all the time. Also, the proposed synchronizer has no computational

burden like tuning of complex parameters for the estimation of phase angles.

Further, as discussed earlier, the proposed synchronizer acts only during synchro-
nization process. After tie-breaker closure, the proposed synchronizer is eliminated
from the main controller at grid-connection. This is represented by switches S
shown in Figure 4.5. Therefore, the proposed synchronizer has no effect on the

synchronverter dynamic performance and system stability in grid-connected mode.
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TABLE 4.1: Synchronizer parameters used in simulations

Parameters Symbols Values
Proportional gain Ky 0.2
Integral gain Iy 3.2
Proportional gain K, 0.1
Integral gain I, 1.8
Threshold voltage Virn 12V

Synchronizer parameters used in the simulations are tabulated in Table 4.1. The

PI gains tabulated in Table 4.1 are obtained by trial-and-error method.

4.3 Simulation Results and Discussions

The proposed auto-synchronizer was validated and compared with DRMSV-based
synchronizer using simulations performed in MATLAB/Simulink. Tables 3.1 and
4.1 show the parameters used in the simulations. In all the cases, the synchroniza-
tion process was initiated at ¢ = 0.2 s. Proposed auto-synchronizer was tested and
compared with DRMSV-based synchronizer for both scenarios, discussed in Sec-
tions 4.1.1 and 4.1.2. Results obtained from simulations are discussed in Sections
4.3.1 to 4.3.4. The seamless transfer capability during synchronization process is

verified in Section 4.3.5.

4.3.1 Case-I: Grid Synchronization when v, Led v,

In this part of simulations, the proposed auto-synchronizer was compared with
DRMSYV synchronizer [102] when v, led v,. Simulations were started at ¢ = 0 s
with a local load connected at the output terminal. Synchronization process was
initiated at ¢ = 0.2 s. The initial phase difference between v, and v, was equal to
60° as shown in Figure 4.6. This phase difference resulted in RMS difference of

224 V| as shown in Figure 4.7 at the start of synchronization process.
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FIGURE 4.7: Case-I: RMS difference V; between v, and v, during synchroniza-
tion

With DRMSV synchronizer, the corrective value w, based on this 224 V. RMS
difference was fed to reference angular speed w, via PI controller as shown in
Figure 4.1. Due to this w, was reduced to 311 rad/s during the synchronization
process. The output frequency f, of the synchronverter was equal to 49.5 Hz
during the synchronization process as shown in Figure 4.8. All this indicated that
the virtual rotor of synchronverter was slowed down to synchronize with grid.
The PI controller of the DRMSV synchronizer drove the RMS difference to zero.

Synchronization was achieved at ¢ = 0.55 s as indicated in Figures 4.6 to 4.8.

With proposed auto-synchronizer, the corrective value w, based on 60° phase dif-

ference was fed to reference angular speed w, via PI controller as shown in Figure
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FIGURE 4.8: Case-I: synchronverter frequency f, during synchronization

4.5. Due to this w, was reduced to 311 rad/s during the synchronization process.

The output frequency was equal to 49.5 Hz similar to that of DRMSV synchro-

nizer. The PI controller drove the angle difference to zero. Synchronization was

achieved at ¢ = 0.54 s as indicated in Figures 4.6 to 4.8.

t=034s t=035s

73 14 rad/s 73 14 rad/s

L 220V / 12

20V / g

(b)

FIGURE 4.9: Case-I: phasor representation of synchronization process with (a)

proposed auto-synchronizer, (b) DRMSV-based synchronizer

Although the working of both synchronizers was different, however, their perfor-

mance was found similar in Case-1. Both synchronizers took almost same time to

synchronize the synchronverter with grid. Figure 4.9 illustrates the phasor rep-

resentation of the synchronization process in Case-1. In both Figures 4.9(a) and

4.9(b) phasor v, leading v, by 60° is rotating at a slower speed of 311 rad/s than

vg. It takes almost 0.34 s to synchronize with v,. Table 4.2 presents the summary

of Case-1 in tabular form.



Design and Fvaluation of Proposed Auto-Synchronizer 80

TABLE 4.2: Comparison of proposed synchronizer with DRMSV synchronizer
during synchronization process in Case-1

Metrics Proposed DRMSV-based
Synchronizer Synchronizer
Initial phase difference (6, —6,)  60° 60°
Initial RMS difference (V) 224V 224V
Error signals (6, — 6,) and %
(vo — vy)
Actions taken by synchronizer w, reduced w, reduced
Angular speed w, 311 rad/s 311 rad/s
Output voltage v, 220V 220V
Synchronization Achieved Achieved
Time elapsed in synchronization  0.34 s 0.35 s
Improvement Nill
Remarks Performance of both synchronizers

were similar in this case

4.3.2 Case-1I: Grid Synchronization when v, Lagged v,

In this part of simulations, the proposed synchronizer was compared with DRMSV
synchronizer [102] when v, lagged v,. Similar to the Case-I, the synchronization
was initiated at ¢ = 0.2 s. The initial phase difference between v, and v, was equal
to —45° as shown in Figure 4.10. This phase difference resulted in RMS difference

of 165 V, as shown in Figure 4.11 at the start of synchronization process.

Similar to Case-I, with DRMSV synchronizer, the reference angular speed w, of
the synchronverter was again reduced to 311 rad/s during the synchronization
process. Due to this the output frequency f, of the synchronverter was again
equal to 49.5 Hz for synchronizing with grid as shown in Figure 4.12. Since the
synchronverter voltage was already lagging in this case, the reduction in w, resulted
in further delays in achieving synchronization. In this case, the phase difference

first increased to 180° and then decreased to 0° as shown in Figure 4.10.

Due to the phase difference 6, — 0,, the RMS difference V; between v, and v, first
increased to 422 V i.e. at 180° phase difference and then decreased below the

threshold value at 0° phase difference as shown in Figure 4.11. Synchronization



Design and Fvaluation of Proposed Auto-Synchronizer 81

200 I I \ \ \ \
===« DRMSV Synchronizer P, | |
—~ == Proposed Synchronizer | b, | |
2 ] ] | IR . | |
8 100~ IR e S IR Ceen R
g . i i synchronized at i i T
3 P iTt=038s | | T,
£ LT i | | | s
a e, ! ! ! - synchronized at _:
g | "-.... | I | I t=195s
8 100 -4t e e P et
i | ey “ | | | |
N e : | |
! Synchronization starts ALK | | |
-200 | | | | | |
0.3 0.6 0.9 1.2 15 1.8 2.1
Time (s)

FIGURE 4.10: Case-II: phase difference between v, and vy during synchroniza-
tion
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FIGURE 4.11: Case-II: RMS difference V; between v, and v, during synchro-
nization

with DRMSV synchronizer was achieved at ¢ = 1.95 s as shown in Figures 4.10 to
4.12.

Since the error signal to be minimized in proposed auto-synchronizer was 0, — 0,
therefore, the proposed synchronizer increased the reference angular speed w, to
317 rad/s to synchronize with grid. Due to this he synchronverter frequency f,
became 50.5 Hz during the synchronization process as shown in Figure 4.12. In

this case, the virtual rotor sped up to synchronize with grid.

With the proposed synchronizer, the synchronization was achieved at t = 0.38 s.

The proposed synchronizer reduced the time elapsed in achieving synchronization
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FIGURE 4.13: Case-II: phasor representation of synchronization process with
(a) proposed auto-synchronizer, (b) DRMSV-based synchronizer

by 89.71%. Therefore, the proposed synchronizer addressed the issues of unwanted
delays associated with DRMSV synchronizer.

Figure 4.13 illustrates the phasor representation of the synchronization process
in Case-1I in which phasor v, is lagging behind phasor v, by 45°. Figure 4.13(a)
presents the synchronization process with proposed synchronizer. The phasor v,
is rotating at faster speed of 317 rad/s to catch the phasor v,. It takes 0.18 s
to synchronize with v,. Figure 4.13(b) presents the synchronization process with
DRMSYV synchronizer. The phasor v, is rotating slower at the speed of 311 rad/s.
It takes 1.57 s more than the proposed synchronizer to achieve synchronization.

Time elapsed in synchronization process is 1.75 s i.e. 89.71% higher than that of

proposed synchronizer.
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TABLE 4.3: Comparison of proposed synchronizer with DRMSV synchronizer
during synchronization process in Case-11

Metrics Proposed DRMSV-based
Synchronizer Synchronizer

Initial phase difference (0, — 6,)  —45° —45°

Initial RMS difference (V) 165 V 165V

Error signals (6, — 0,) and Va
(Vo — vg)

Actions taken by synchronizer w, increased w, reduced

Angular speed w, 317 rad/s 311 rad/s

Output voltage v, 220V 220V

Synchronization Achieved Achieved

Time elapsed in synchronization  0.18 s 1.75 s

Improvement Time elapsed in synchronization was
reduced by 89.71% by the proposed
synchronizer

Remarks Proposed synchronizer addressed the

unwanted delays issue associated with
DRMSYV synchronizer

Table 4.3 presents the summary of Case-II in tabular form. It can be concluded
from the results obtained from Case-I and Case-II that the proposed synchronizer
provided a fast synchronization with grid independent of the lagging or leading

phase angle of synchronverter voltage.

4.3.3 Case-III: Grid Synchronization when |v,| = 90% of V,,

In this case, the grid voltage magnitude was kept to 90% of the nominal value.
The synchronization was initiated at t = 0.2 s. Figure 4.14 shows synchronverter
output voltage v, during synchronization with both approaches. The initial phase
difference between v, and v, was 60°, similar to that of Case-I, as shown in Figure

4.15.

It was observed that the magnitude and phase difference between v, and v, re-
sulted in initial RMS difference V; of 212 V at the start of synchronization process
as shown in Figure 4.16. With DRMSV synchronizer, the error signal was Vj,



Design and Fvaluation of Proposed Auto-Synchronizer 84

I I I I I
) e e oo o
L l l j j
’\ H I | | | |
220 FWW% i amaa e e L NV
b L y—— 5‘ 1 1 : !
o P ‘ j j j j
EZOO**ﬁf*******‘f‘z‘!‘:ﬁi ————— e ) N g pp———
S Vi j j j j
> | : | | | |
180 =4 ", synchronizedat ~—~ - S I —— i
| t=0.54s | | === DRMSV Synchronizer
: ‘ o ‘ | | |==Proposed Synchronizer
160 77454— Synchronization starts —— - T T —Grid ul
. I I I I T
0.5 1 1.5 2 2.5 3

Time (s)

FIGURE 4.14: Case-11I: synchronverter phase voltage v, and grid voltage v,
during synchronization

I I I \ I
300 | I | | [-=== DRMSV Synchronizer
'.'. -— i
> Synchronization starts E tee, 1 1 Proposed Synchronizer
b} 'u..' | | |
8 200/ R — b e — (-
| | '.,.. |
§ synchronized at  } ! S| !
o F t=054s ! | Tl |
o 100 =~ ﬂ*] ******* T Fooo oo e~~~ T
= H [ ' | I ", |
?‘D: e ey, | H | | tea, |
H (- | | ‘oy |
H \\ = ; I I Teel
Q H ~: ! I I oy
% [0 - E— 44_.,7. - —— - [ - -q—.—--—--—_—'a-,t.--—.«
£ IS | | T
o I “ea, * I I I "....
: I o j j j
-100 - A e P b e
0.5 1 1.5 2 2.5 3
Time (s)

FIGURE 4.15: Case-III: phase difference between v, and v, during synchroniza-
tion

therefore, the only action taken in this case was the reduction in the reference
angular speed w, similar to that of Case-I and Case-II. The difference in voltage
magnitude was not addressed by DRMSV synchronizer at all. The phase differ-
ence started decreasing at the start of synchronization process and became zero
at t = 0.54 s, as shown in Figure 4.15. Although both v, and v, were in phase at
t = 0.54 s, however, the synchronization was not achieved due to the magnitude
difference. Therefore, the phase difference varied periodically as seen in the Figure

4.15.

Based on the variations in phase difference discussed above, the RMS difference

Vi between v, and v, also varied periodically. The minimum value of V; was 22
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FIGURE 4.16: Case-III: RMS difference V; between v, and v4 during synchro-
nization

V at t = 0.54 s corresponding to 0° phase difference while the maximum value of
422 V was at t = 1.6 s corresponding to 180° phase difference between v, and v,.
Since, V; never went below the threshold voltage Vi, the DRMSV synchronizer

failed to synchronize the synchronverter with grid.

The proposed synchronizer observed both error signals i.e., the phase difference
as well as the magnitude difference between v, and v,. As a result, it reduced the
reference angular speed w, as well as the reference voltage v, of the voltage control
loop shown in Figure 4.5. The virtual rotor of synchronverter was slowed down
to 311 rad/s and the output frequency f, became 49.5 Hz during synchronization
process, similar to Case-1. At the same time the synchronverter output voltage v,
was reduced to 209 V, as shown in Figure 4.14, to synchronize the synchronverter

with grid.

With proposed synchronizer, both phase and magnitude differences between v,
and v, were reduced during synchronization process. The RMS difference V; went
below the threshold voltage Vi, and the synchronization was achieved at ¢t = 0.54
s as shown in Figures 4.14 to 4.16.

Figure 4.17 illustrates the phasor representation of the synchronization process
in Case-11I in which phasor v, is leading phasor v, by 60° and the magnitude of

vy is 198 V. Figure 4.17(a) presents the synchronization process with proposed
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FIGURE 4.17: Case-1II: phasor representation of synchronization process with
(a) proposed auto-synchronizer, (b) DRMSV-based synchronizer

TABLE 4.4: Comparison of proposed synchronizer with DRMSV synchronizer
during synchronization process in Case-111

Metrics Proposed DRMSV-based
Synchronizer Synchronizer
Initial voltage magnitude differ- 22V 22V
ence (v, — vg)
Initial phase difference (6, —6,)  60° 60°
Initial RMS difference (V) 212V 212V
Error signals (6, — 6,) and Va
(vo — vg)
Actions taken by synchronizer w, reduced and  w, reduced
v, reduced
Angular speed w, 311 rad/s 311 rad/s
Output voltage v, 209 V 220V
Synchronization Achieved Failed
Time elapsed in synchronization  0.34 s 00
Improvement Proposed synchronizer synchronized

the synchronverter while DRMSV
synchronizer failed
Remarks Proposed synchronizer addressed the

uncertainties issue associated with
DRMSYV synchronizer

synchronizer. The phasor v, is rotating at slower speed of 311 rad/s to catch the
phasor vy. The magnitude of v, is also reduced to 209 V to synchronize with v,.

It takes 0.34 s to synchronize with v,.

Figure 4.17(b) presents the synchronization process with DRMSV synchronizer.



Design and Fvaluation of Proposed Auto-Synchronizer 87

The phasor v, is rotating at slower speed of 311 rad/s to catch the phasor v,.
However, the magnitude of v, is higher than that of v,. Due to this difference
both phasors can not be synchronized. Therefore, an infinite time is required to

achieve synchronization.

Table 4.4 presents the summary of Case-III in tabular form. It can be concluded
from the results of this section that the proposed synchronizer has addressed the
limitations and uncertainties in synchronization associated with DRMSV synchro-

nizer.

4.3.4 Case-IV: Grid Synchronization when |v,| = 110% of
Vi

In this case, the grid voltage magnitude was kept to 110% of the nominal value.
The synchronization was initiated at t = 0.2 s. Figure 4.18 shows synchronverter
output voltage v, during synchronization with both approaches. The initial phase
difference between v, and v, was 60°, similar to that of Case-I and Case-III, as

shown in Figure 4.19.

It was observed that the magnitude and phase difference between v, and v, re-
sulted in initial RMS difference V; of 234 V at the start of synchronization process
as shown in Figure 4.20. With DRMSV synchronizer, the error signal was Vj,
therefore, the only action taken in this case was the reduction in the reference an-
gular speed w, similar to that of Case-I to Case-III. Similar to Case-I1I, the phase
difference started decreasing at the start of synchronization process and became
zero at t = 0.54 s, as shown in Figure 4.19. Since the magnitude difference between
v, and v, was not reduced by DRMSV synchronizer, it again failed to synchronize
the synchronverter with grid. Both phase difference and the RMS difference varied

periodically in a similar fashion as they varied in Case-III.

The proposed synchronizer again observed both error signals i.e., the phase dif-
ference as well as the magnitude difference between v, and v,. Based on these

error signals, it reduced the reference angular speed w, and increased the reference
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FIGURE 4.18: Case-IV: synchronverter phase voltage v, and grid voltage v,
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FIGURE 4.19: Case-1V: phase difference between v, and v4 during synchroniza-

260

240

Voltage (V)
N
N
o

200

180

300

200

100

o

-100

|
===« DRMSV Synchronizer
== Proposed Synchronizer
=—Grid

0.5

during synchronization

tion

I I
| fe, r l===» DRMSV Synchronizer
. )
. } | |=="Proposed Synchronizer
H ., I I [
‘ 1 ' ey | |
=) dm T = Il 7S | T
1 e, I I
¥ | ‘e, | |
H | e, | |
I . I I
; i L [
7] 77777777 - e T — Tt —
H " | | ‘., |
H | | Teen, |
H 1 | | ", |
: | |
- -_..,:.- - - - -..._-_._-__'A..,:._-_.,
.~ I I I .
"'.,' ] | | | '~.,.
Yor, ¥ I I I .
O | | | a
| I I I
77777777777 e
| | | |
1 15 2 2.5 3
Time (S)

I
|
|
|
i
2 2.5 3

voltage v, of the voltage control loop. The virtual rotor of synchronverter was

slowed down to 311 rad/s and the output frequency f, became 49.5 Hz during

synchronization process, similar to Case-I. At the same time the synchronverter

output voltage v, was increased to 231 V, as shown in Figure 4.18, to synchronize

the synchronverter with grid.

With proposed synchronizer, both phase and magnitude differences between v,

and v, were reduced during synchronization process. The RMS difference V; went

below the threshold voltage Vi, and the synchronization was achieved at ¢ = 0.54

s as shown in Figures 4.18 to 4.20.
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FIGURE 4.21: Case-IV: phasor representation of synchronization process with
(a) proposed auto-synchronizer, (b) DRMSV-based synchronizer

Figure 4.21 illustrates the phasor representation of the synchronization process
in Case-IV in which phasor v, is leading phasor v, by 60° and the magnitude of
v, is 242 V. Figure 4.21(a) presents the synchronization process with proposed
synchronizer. The phasor v, is rotating at slower speed of 311 rad/s to catch the
phasor v,. The magnitude of v, is also increased to 231 V to synchronize with v,.

It takes 0.34 s to synchronize with v,.

Figure 4.21(b) presents the synchronization process with DRMSV synchronizer.
The phasor v, is rotating at slower speed of 311 rad/s to catch the phasor v,.
However, the magnitude of v, is lower than that of v,. Due to this difference both
phasors can not be synchronized. Therefore, an infinite time is required to achieve

synchronization.
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TABLE 4.5: Comparison of proposed synchronizer with DRMSV synchronizer
during synchronization process in Case-IV

Metrics Proposed DRMSV-based
Synchronizer Synchronizer
Initial voltage magnitude differ-  -22 V -22°V
ence (v, — vy)
Initial phase difference (6, —6,)  60° 60°
Initial RMS difference (V) 234V 234V
Error signals (6, — 0,) and Vi
(Vo — vg)
Actions taken by synchronizer w, reduced and  w, reduced
v, increased
Angular speed w, 311 rad/s 311 rad/s
Output voltage v, 231V 220V
Synchronization Achieved Failed
Time elapsed in synchronization 0.34 s o0
Improvement Proposed synchronizer synchronized

the synchronverter while DRMSV

synchronizer failed

Remarks Proposed synchronizer addressed the
uncertainties issue associated with
DRMSYV synchronizer

Table 4.5 presents the summary of Case-IV in tabular form. Results obtained
from Case-1I1 and Case-IV show that the proposed synchronizer provided a fast,
reliable, and promising solution of synchronverter initial synchronization with grid
independent of significant magnitude difference between synchronverter and grid

voltages. It has successfully addressed the uncertainties issues associated with

DRMSYV synchronizer.

4.3.5 Seamless Transfer Capability

As discussed in Section 4.2, the main objective of synchronizer designing was to
realize the seamless transfer of synchronverter from stand-alone mode to grid-
connected mode without shutting down the local connected load. DRMSV-based
synchronizer has the seamless transfer capability. This feature should be retained

by the proposed synchronizer.
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FIGURE 4.22: Synchronverter active and reactive power outputs P, and Q,,
respectively in Case-I

FIGURE 4.23: Synchronverter active and reactive power outputs P, and @,
respectively in Case-11

The seamless transfer capability of the proposed synchronizer was verified in all the
simulation cases (Case-I to Case-1V) discussed in Sections 4.3.1 to 4.3.4. Figure
4.22 to 4.25 show the synchronverter active power P, and reactive power (), during

the synchronization process.

In Case-I, the synchronverter was supplying a local load of 6000+ 72500 VA before
the start of the synchronization process. Figure 4.22 shows that the same load was
supplied during the synchronization process due to proposed synchronizer. After
the grid connection, the output powers P, and (), tracked the reference values of

7000 W and 1000 Var, respectively, as discussed in the Section 3.4.2.1.
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FIGURE 4.24: Synchronverter active and reactive power outputs P, and Q,,
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FIGURE 4.25: Synchronverter active and reactive power outputs P, and @,
respectively in Case-IV

Figure 4.23 shows the active and reactive power of synchronverter during syn-
chronization process in Case-II. Same results were obtained in this case too. The
synchronverter was able to supply the load of 6000 4 72500 VA during synchro-
nization process. After synchronization, reference values were followed by the

synchronverter similar to Case-I.

Similarly, in Case-III and Case-IV, the synchronverter supplied 6000 W and 2500
var during synchronization process, as shown in Figure 4.24. After grid connection,

reference values were followed by the synchronverter similar to Case-1 and Case-I1.

It is clear from the results that with proposed synchronizer, the synchronverter was
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able to supply power to the local connected load during synchronization process in
each case. Therefore, the research objective of enabling seamless transfer capability

in synchronverter is achieved successfully.

4.4 Summary

In this chapter an enhanced, PLL-less auto-synchronizer is proposed and compared
with DRMSV synchronizer under adverse grid conditions. Results obtained by
simulations showed that the proposed auto-synchronizer can improve the speed of
synchronization process upto 99%. It has successfully addressed the uncertainties
and unwanted delays associated with the DRMSV synchronizer reported in [102]
while retaining the feature of seamless transfer capability. Therefore, the proposed

auto-synchronizer:
e Ensured fast and promising synchronization with grid independent of the
local voltage phase angle lagging or leading the grid phase.

e Ensured fast and promising synchronization with grid independent of the

deviation of grid voltage magnitude from the nominal value.

e Ensured uninterrupted power supply to local load during synchronization

process

Hence the primary objective of this research has been achieved.



Chapter 5

Solar Power Plant Integration

into Power Grid

Almost all the literature about synchronverter assume an ideal source at the dc
side of synchronverter. Chapters 3 and 4 discussed design of synchronverter and
the proposed auto-synchronizer, respectively, also assuming an ideal source at
dc bus. Ideal source means an infinite power can be drawn or supplied to the
dc side at any time. This is not true practically. Since the motivation of this
research is the integration of Solar Power Plant (SPP) into power grid, the designed
synchronizer should be validated with non-ideal dc source. Also, the performance
of synchronverter should be investigated with Solar Power Plant connected to it

at the dc side.

This chapter presents the extension of the designed synchronverter of Chapter 3
to integrate 250 kW SPP into power grid. Performance of synchronverter with
intermittent nature of PV panels is investigated in detail and the proposed auto-

synchronizer of Chapter 4 is implemented on synchronverter having SPP at the

de bus.

Simulations are performed to test the validity of proposed auto-synchronizer and
investigate the synchronverter performance with non-ideal source at dc bus.

94
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5.1 Design of Complete System

The schematic diagram of the complete system under investigation is shown in
Figure 5.1. The electrical part is similar to that of Figure 3.2 except the source
at dc bus. Instead of an ideal dc source, an SPP of 250 kW rating is connected
via MPPT-controlled DC-DC boost converter. Additional measurement units are
added; to measure the voltage and current of SPP, and the voltage at dc bus of

synchronverter.
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FIGURE 5.1: Schematic diagram of complete model under investigation

The controller part, shown in Figure 5.1, is same as depicted in Figure 4.5 except
the control of DC-DC boost converter. Here, the boost converter is controlled by
incremental conductance algorithm [149, 150] to track the maximum power point

(MPP) of SPP according to the operating conditions.

The detailed designing of synchronverter and proposed auto-synchronizer is al-
ready discussed in Chapter 3 and 4, respectively. Same procedure is followed here

to extend the model to 250 kW rating. Since, boost converter was not required
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TABLE 5.1: Parameters used in simulations

Parameters Symbols Values
Nominal DC Voltage Voo 800 V
Damping Coefficient Dy 506.6
Nominal Line Voltage Vi 381V
Virtual Inertia J 1.0132
Nominal Power = 250 kW
Voltage Droop Coefficient D, 16070
Switching Frequency fsw 8 kHz
Integrator Gain K 100970
Nominal Frequency fn 50 Hz
Filter Capacitor Cy 100 pF
Filter Inductor Ly 0.330 mH
Filter Inductor Ly o6 pH
Series Resistor R, 100 m$?
Threshold voltage Vrn 12V
Voltage Loop Time Constant Ty 0.02 s
Frequency Loop Time Constant Tf 0.002 s
Proportional gain Ky 0.2
Integral gain Iy 3.2
Proportional gain K, 0.1
Integral gain L, 1.8

with ideal dc source in Chapter 3, its designing is elaborated in this chapter. Pa-
rameter values of synchronverter, proposed auto-synchronizer and LCL filter are

tabulated in Table 5.1.

5.1.1 Solar Power Plant

Solar Power Plant (SPP) used in this study is constructed by using built-in PV
modules ”1Soltech 1STH-355-WH” in MATLAB/Simulink. SPP is composed of
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84 parallel strings of these modules having 9 series-connected modules per string.

The module specifications are tabulated in Table 5.2.

TABLE 5.2: Specifications of PV module used in SPP

Specification Value
Maximum Power 334.905 W
Open Circuit Voltage 499V
Voltage at MPP 415V
Short Circuit Current 9 A
Current at MPP 8.07 A

Ambient temperature of 25°C is considered in this study and is kept constant.
However, the Irradiance level is varied to study the synchronverter performance

with intermittent nature of SPP.

5.1.2 DC-DC Boost Converter

The DC-DC boost converter design is found in [151, 152]. The inductor Lp value

is selected using following equation:

o vPV,m(m: Dmam

Lp= 5.1
b fBAIpy (5.1)

Where, Vpy e is the maximum output voltage of SPP, D,,,, is the maximum
duty cycle, and fg is the switching frequency of boost converter switch, Alpy is
the ripple content in output current of SPP. In this study, 1% ripple is assumed.

Input capacitor Cp; value is calculated by following equation:

Alpy

Cpi = ot —
b fBAVPV

(5.2)

Where AVpy is the ripple content in the output voltage of SPP. 1.2% ripple is

assumed in output voltage in this study. The value of output capacitor Cp, is



Solar Power Plant Grid Integration 98

TABLE 5.3: Parameters of boost converter

Parameters Symbols Values
Input Capacitor Chi 150 pF
Output Capacitor Cho 1100 pF
Inductor Lg 3 mH
Switching Frequency Fp 10 kHz

Maximum Duty Cycle Do 0.55

selected using the following equation:

IDCDmaa:
Cgy= —— 5.3
5o fpAVpe (5:3)

Where, Ipc is the output current of the boost converter and AVpe is the rip-
ple value in the output voltage of boost converter. In this study, 2% ripple is

considered in Vpe. Boost converter parameters are tabulated in Table 5.3.

5.2 Simulation Results and Discussions

All the simulations in this chapter were performed to investigate the performance
of synchronverter and the validation of proposed auto-synchronizer with a Solar
Power Plant connected at the dc side of synchronverter. Like Chapter 3, simu-
lations were performed in MATLAB 9.2/Simulink using SimPowerSystem library.
Solver and the tolerance level were same as those of simulations performed in

previous chapters.

In Section 5.2.1, stand-alone performance was investigated with variations in the
local connected load. In Section 5.2.2; validation of the proposed synchronizer was
tested. In Section 5.2.3, grid-connected performance with intermittent nature of
SPP was studied. In Section 5.2.4 and 5.2.5, grid-connected performance following
a frequency and voltage event, respectively, was investigated. Finally, in Section
5.2.6, seamless transfer of synchronverter from grid-connected to stand-alone mode

was tested.
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TABLE 5.4: Variations in local load connected to synchronverter with SPP at

the dc bus
Time Instant Py Qioad

t=0s 80 kW 40 kVar
t=1s 120 kW 40 kVar

=2s 120 kW 80 kVar
t=3s 100 kW 80 kVar
t=4s 100 kW 20 kVar
t=>5s 160 kW 100 kVar
t=6s 80 kW 40 kVar

5.2.1 Stand-Alone Performance

As discussed in Section 3.4.1, one of the research objectives is the study of stand-
alone performance of synchronverter with variations in local connected load. In
this part, this performance was again evaluated with an non-ideal source, i.e., SPP,

connected at the dc bus.

The simulations were started at t = 0 s with a local load of 80+ ;40 kVA connected
at the ac side of synchronverter. Active and reactive loads were varied, similar to
that done in Chapter 3, to study the effect of changes in operating conditions on

synchronverter performance.

A load of 40 kW was switched-on at t = 1 s. Similarly, a load of 40 kVar was
switched-on at ¢ = 2 s. The total resistive load was changed to 100 kW at ¢t = 3
s and the total inductive load was changed to 20 kVar at t = 4 s. Total load
on synchronverter was increased to 160 + 7100 kVA at ¢ = 5 s and decreased to
80 + 540 kVA at t = 6 s. Table 5.4 shows the active and reactive power load

connected to synchronverter at each instant during stand-alone operation.

Similar to the results of Chapter 3, the active and reactive power output of the
synchronverter was equal to the power demanded by the local load as shown in
Figures 5.2 and 5.3, respectively. For the maximum active power change of 60

kW at t = 5 s, the response time was 83 ms. Similarly, for the maximum reactive
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FIGURE 5.3: Stand-alone performance: synchronverter reactive power @,

power change of 80 kVAR at t = 5 s, the response time was also 83 ms. Transients

were also seen in power curves at the switching events as discussed in Chapter 3.

The frequency, shown in Figure 5.4, was again well maintained by frequency control
loop. Negligible variations in frequency at the instants of reactive power load
switching was due to the coupling effect discussed in [145]. At the instant of
increased active power load, the synchronverter increased its frequency to meet
the increased demand. The maximum rate of change of frequency of 0.714 Hz
per second was observed at t = 5 s when a load of 60 + 580 kVA was added to
the synchronverter output. This ROCOF is again much less than the threshold
value of 3 Hz/s defined by IEEE standards [61]. For 60% increase in active power
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output, the synchronverter frequency was increased by 0.004% of nominal value.

The response time for the maximum variation at ¢t = 5 s was 83 ms.

The output voltage is shown in Figure 5.5. The transients were observed at the
switching instants. The maximum surge was observed at ¢ = 6 s when the total
load of 80 + j60 kVA was switched off. This surge was 13.8% higher than the
steady state value that was less than the threshold value of +£15% surge voltage
defined by IEEE standards [61]. The maximum response time was found to be
68 ms that was much less than the response time in case of ideal source. The
maximum rate of rise of voltage was 1.52 V/ms while the rate of change of voltage

with respect to reactive power was 0.3125 V /kVar.
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TABLE 5.5: Comparison of stand-alone performance of synchronverter with
different dc sources

Observations & Measure- Ideal Source SPP

ments

Response time for frequency 83 ms 83 ms
Response time for voltage 108 ms 68 ms

Max. ROCOF (df /dt) 0.04 Hz/s 0.741 Hz/s
Af/AP 0.333 Hz/MW 0.033 Hz/MW
Max. Rate of Rise of Voltage 0.025 V/ms 1.52 V/ms
(dV/dt)

AV/AQ 2.585 V /kVar 0.3125 V /kVar
Steady-state oscillations No Yes

Coupling effect Yes Yes

The stand-alone performance of synchronverter with both ideal and non-ideal
source at dc bus is compared in Table 5.5. Results have shown that synchron-
verter performance was a bit different with SPP as compared to that of ideal
source. Due to higher ratings, the performance with SPP was better than that of
ideal source of lower ratings. However, the ROCOF and the rate of rise of voltage
was higher in case of non-ideal source. Also, the steady-state oscillations were
observed in results obtained in case of synchronverter operating with SPP at the

dc bus.

It can be concluded that synchronverter mimics synchronous generator and main-
tains its frequency and voltage in stand-alone mode irrespective of the nature of

source connected at the dc bus.

5.2.2 Synchronization with Grid

In this section, the application of the proposed synchronizer for synchronverter
with SPP at dc bus was verified. Simulations were started at t = 0 s with a local
load of 150+ 730 kVA connected at the ac side of synchronverter. Synchronization
process was initiated at ¢ = 0.2 s. The initial phase difference between v, and v,
was equal to 45°. This phase difference resulted in RMS difference of 165 V at the

start of synchronization process similar to Case-II discussed in Chapter 2.
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grid Py

Figure 5.6 shows that the proposed synchronizer reduced the reference frequency
of synchronverter. Due to this, the virtual rotor slowed down to angular speed
of 311 rad/s to synchronize with grid. Synchronization was achieved at ¢t = 0.38
s. Time elapsed in synchronization process was 0.18 s, similar to that of Case-II
with ideal source at dc bus. After grid connection, the proposed synchronizer was

removed from the controller, and the frequency was restored to the nominal value.

Figures 5.7 and 5.8 show that the proposed synchronizer enabled synchronverter to
supply uninterrupted power to local load during synchronization process. During

the process, P, was set to 210 kW and @), was 60 kVar. After grid connection, the
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FIGURE 5.9: Grid synchronization with proposed synchronizer: synchronverter
line voltage v,

synchronverter tracked the power reference values and injected additional power

i.e., 60 4+ 730 kVA, into the grid. The active and reactive power injected into the

grid is shown by P, and (), in Figures 5.7 and 5.8, respectively.

Synchronverter output voltage v, is shown in Figure 5.9. No surge was observed

in v, at the instant of grid connection.

Although, steady-state oscillations were

observed in v, during synchronization process, however, they were only +0.6% of

the nominal value.

Results show that the proposed synchronizer is equally valid for synchronverter
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having non-ideal source at its dc side. The proposed synchronizer enabled the
seamless transfer of synchronverter from stand-alone to grid-connected mode with-

out interrupting supply to local connected load.

5.2.3 Grid-Connected Mode with Variable Irradiance

This part of simulations was performed to investigate the performance of syn-
chronverter with intermittent nature of SPP. Simulations were started at ¢t =0 s
with synchronverter supplying local load of 150 + 530 kVA in stand-alone mode.
Synchronization was started at ¢ = 0.2 s and synchronverter was synchronized
with grid at ¢ = 0.38 s. The duration from ¢t = 0 s to ¢t = 0.85 s is not shown in
results of this part of simulations as this is already illustrated in results of Section
5.2.2. After grid connection, the synchronverter active and reactive power outputs

were set at 210 kW and 60 kVar, respectively.

TABLE 5.6: Irradiance Level in W /m?

Irradiance Level 1000 800 400 400 1000

Time in seconds 2 4 5) 8 9

1200

1000

800

600

Irradiance (W/mz)

400

200

FIGURE 5.10: Grid-connected performance with variable Irradiance level: Ir-
radiance level

Irradiance level was set at 1000 W/m? initially. From ¢ = 2 s, the irradiance level

was varied as tabulated in table 5.6. Variations in Irradiance level are shown in
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Figure 5.10. Effect of variations in irradiance level on SPP voltage and power
can be observed in Figures 5.11 and 5.12, respectively. Both Vpy and Ppy were
changed with the variations in irradiance level. With 60% reduction in irradiance
level, the SPP power was reduced by 52.38%. Oscillations were observed in Vpy
when the irradiance level was 400 W/m?. These oscillations were +1.18% of the

steady-state voltage level.

Synchronverter output active power P,, shown in Figure 5.13, followed the same
pattern as that of SPP power. In case of ideal source, in Chapter 3, P, was equal to

the reference value P, due to availability of infinite power at the dc side. However,
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FIGURE 5.14: Grid-connected performance with variable Irradiance level: syn-
chronverter frequency f,

with SPP, the available power was limited, therefore, P, was deviated from P,.

The output power P, was also reduced by 52% due to the reduced SPP power.

The power P, shown in Figure 5.13 is the power exchange with the grid. Before
t = 4 s, the synchronverter was injecting 60 kW into the grid. At ¢t = 5 s, since
the SPP power reduced to 100 kW, the synchronverter was unable to supply local
load. In this case, 50 kW was supplied by grid to meet the local load as shown by
-50 kW in Figure 5.13 between t =5 stot =8 s.

Even with variations in the dc side power, the synchronverter kept its frequency
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fo at the nominal value with negligible variations, as shown in Figure 5.14. The
maximum variation observed in frequency was of 0.05 Hz at t = 8.5 s. The
response time of the transient in frequency was 1.396 s. The maximum ROCOF
observed was 0.15 Hz/s that is much less than the threshold level defined by IEEE
standards. It can be concluded that the frequency control loop of synchronverter

worked exceptionally to keep the frequency at the nominal value.

Synchronverter reactive power (), and output voltage v, are shown in Figures 5.15
and 5.16, respectively. It is mentioned in Section 3.2.2 that the frequency control

loop responds much faster than the voltage control loop to the grid dynamics.
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FIGURE 5.17: Grid-connected performance with variable Irradiance level: dc-
bus voltage Vpc

For this reason, the voltage response was slower to the irradiance variation. The
response time of voltage was 1.24 s. Between ¢t = 5 s to t = 8 s, the voltage of the
synchronverter was set to steady-state value of 380 V at which the reactive power
output was lesser than the reference value (Q,. A surge of 4.98% was observed at
t = 8.34 s that is less than the threshold level of £10% defined in IEEE standards.
The rate of rise of voltage was 0.06 V /ms.

DC bus voltage Vpe is shown in Figure 5.17. Since, the maximum duty cycle
of boost converter was set to 0.55, Vpe went below the nominal value during
lower Irradiance level due to lower voltage extraction from the SPP. Therefore, a
sophisticated control is required here to maintain the dc link voltage. By applying
dc-bus voltage regulation proposed in [96], the output voltage of synchronverter

can be improved further.

The performance of synchronverter with intermittent nature of SPP was found
satisfactory. Synchronverter kept its frequency at the nominal value irrespective
of the drastic changes in power of SPP. However, the voltage regulation was a bit
slower and can be improved by regulating the dc link voltage. One major difference
from ideal source, discussed in Section 3.4.2.1, was found that the synchronverter
was unable to track the reference values of active and reactive power due to the

finite source of power at the dc bus.
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5.2.4 Grid-Connected Mode Following Frequency Event

This part of simulations was performed to verify the inherent frequency tracking of
synchronverter with SPP at the dc bus. Simulations were started at ¢t = 0 s with
synchronverter supplying local load in stand-alone mode. Synchronization was
started at ¢t = 0.2 s and synchronverter was synchronized with grid at £ = 0.38 s,
as in Sections 5.2.2. After grid connection, the synchronverter active and reactive

power outputs were set at 210 kW and 60 kVar, respectively. The synchronverter

was operating in ()p—mode discussed in Section 3.2.3.

Grid frequency was dropped by 0.25 Hz i.e. 0.5% at ¢t = 2 s and was restored to
nominal value at ¢t = 2.2 s. Synchronverter frequency f, and grid frequency f, are
shown in Figure 5.18. It was observed that f, was slowly reduced to 49.75 Hz due
to inertia of the virtual rotor. The response time was 222 ms and the ROCOF was
1.04 Hz/s. Similar results were obtained in Chapter 3 with ideal source at dc side.
However, due to finite source of power at dc bus in this Chapter, the response

time is higher than that of Chapter 3.
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FIGURE 5.18: Grid-connected performance following frequency event: grid fre-
quency f, and synchronverter frequency f,

Since, the proposed synchronizer was removed from the synchronverter after grid
connection, as discussed in Section 5.2.2, synchronverter successfully tracked the
grid frequency in grid-connected mode without the requirement of any dedicated

synchronization unit.
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Synchronverter active power output P, and SPP power Ppy are shown in figure
5.19. It can be seen in figure that the synchronverter increased its P,, to the
maximum available Ppy at the dc side, to support frequency. The higher the
reserve available at dc side, the greater the support synchronverter can provide to
the grid frequency. This can also be verified from the results obtained in Chapter
3 where an ideal source was connected at dc side. The infinite power was available

there.

To further improve the inertial response of synchronverter, ESS can be connected

at the dc side. In this way the total reserved inertia will be increased.
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FIGURE 5.21: Grid-connected performance following frequency event: syn-
chronverter reactive power @,

Synchronverter output voltage v, and grid voltage v, is shown in Figure 5.20. The
response is similar to that obtained in case of ideal source in Chapter 3. However,
here v, is more deviated from the nominal value due to 0.5% reduction in the
frequency. The voltage was fluctuated by £8.06% of the nominal value. This is
less than the permissible range of £10% set by the grid codes [61].

Synchronverter reactive power (), is shown in Figure 5.21. The reactive power
was increased by 100% of the reference value of 60 kVar when the voltage was
increased by 8.06% of the nominal value. It can be concluded from the results
obtained in this section that the synchronverter can track and support the grid
frequency without any dedicated synchronization unit. By adding ESS at the dc

side, this inertial response can be improved further.

5.2.5 Grid-Connected Mode Following Voltage Event

This part of simulations was performed to verify the voltage support capability of
synchronverter in grid-connected mode during a voltage event. Simulations were
started at t = 0 s with synchronverter supplying local load in stand-alone mode.
Synchronization was started at ¢t = 0.2 s and synchronverter was synchronized with

grid at ¢t = 0.38 s, as in Sections 5.2.2. After grid connection, the synchronverter
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FIGURE 5.23: Grid-connected performance following voltage event: synchron-
verter reactive power @,

active and reactive power outputs were set at 210 kW and 60 kVar, respectively.

The synchronverter was operating in ()—mode discussed in Section 3.2.3.

Grid voltage was increased by 10% at t = 2 s and was restored to nominal value at
t = 2.2 s. It was observed that the synchronverter voltage followed the grid voltage
as shown in Figure 5.22. Since the synchronverter was operating in ()—mode, as
the result of 10% increase in grid voltage, the synchronverter decreased its reactive
power Q, by 200% of the reference value at the start of the disturbance i.e. at
t = 2 s and then settled it down to the reference value @, of 60 kVar as shown

in Figure 5.23. After the grid voltage restoration, @), again settled down to the
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FIGURE 5.25: Grid-connected performance following voltage event: synchron-
verter active power P, and SPP power Ppy

reference value (). The response time was 35 ms and the settling time was 293
ms. Both the response time and settling time were a bit higher than that obtained

with ideal source in Chapter 3 due to the limited power available at dc bus.

It can be seen from the results that in case of grid voltage deviated more than
10% of the nominal value, the synchronverter voltage would follow the grid voltage
until the protective relays disconnect the grid. At loss of grid, the synchronverter

performance will be the same as discussed in Section 5.2.6.

Synchronverter frequency f, and grid frequency f, is shown in Figure 5.24. Due

to the virtual inertia possessed by the synchronverter, f, was varied slowly due to
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the variations in f;. The maximum change in frequency was 0.02 Hz i.e. 0.04% of

the nominal value.

Figure 5.25 shows synchronverter output active power P, and SPP power Ppy
during the voltage event. It was observed that both P, and Ppy had similar
response than that of the case with ideal dc source. For the £0.04% variation in
frequency, the output power P, was varied by F£10.16% of the rated value that is
about F12% of the reference value P,.

5.2.6 Transfer from Grid-Connected to Stand-Alone Mode

Synchronverter offers seamless transfer from grid-connected to stand-alone mode
without any change required in its controller. To verify this for synchronverter

having SPP at the dc side, this part of simulations was performed.

Simulations were started at ¢ = 0 s with synchronverter supplying local load of
150 + 730 in stand-alone mode. Synchronization was started at ¢ = 0.2 s and
synchronverter was synchronized with grid at ¢ = 0.38 s by slowing down its
virtual rotor using the proposed synchronizer, as in Sections 5.2.2. After grid
connection, the synchronverter active and reactive power outputs were set at 210

kW and 60 kVar, respectively.

Before the islanding event, the synchronverter was supplying the local load and
feeding 60 + 730 kVA into the grid. Islanding was done at ¢t = 2 s by opening the
tie-breaker shown in Figure 5.1. It was observed that the synchronverter kept its
frequency f,, shown in Figure 5.26, at the desired level on loss of grid mains. On

the loss of grid, the frequency f, was increased by 0.06 Hz at t = 2 s.

Synchronverter active power output P,, and SPP power Ppy are shown in Figure
5.27. It can be seen that synchronverter continued to supply the local load, on
loss of grid, without any change required in its controller. The power P, also
shown in figure is the power exchange between synchronverter and grid during the

operation. During grid-connected mode, the synchronverter injected 60 kW into
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FIGURE 5.27: Transfer from grid-connected to stand-alone mode: synchron-
verter active power P, and active power exchanged with grid P,

the grid. At t = 2 s, the synchronverter output was equal to the connected load

irrespective of the reference value P,. Due to the reduced P, at islanding instant,

the frequency f, was increased by 0.06 Hz.

The synchronverter output voltage v,, shown in Figure 5.28, was not changed

dramatically during transfer from grid-connected to stand-alone mode. A surge of

10% was observed at the islanding instant for the time of 30 ms that is equal to

only one and half cycles of fundamental waveform.

Synchronverter reactive power output @, is shown in Figure 5.29. It can be seen

that synchronverter continued to supply the local load, on loss of grid, without
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FIGURE 5.29: Transfer from grid-connected to stand-alone mode: synchron-
verter reactive power (), and reactive power exchanged with grid @,

any change required in its controller. The power @), also shown in figure is the
reactive power exchange between synchronverter and grid during the operation.
During grid-connected mode, the synchronverter injected 30 kVar into the grid.
At t = 2 s, the synchronverter output was equal to the connected load irrespective

of the reference value Q),.

Results obtained in this part of simulations have shown that the synchronverter
has ability to switch its mode of operation from grid-connected to stand-alone
without any change required in the controller circuit. The results obtained were

similar to that of the case of ideal source at dc bus in Chapter 3. However, the
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surge in voltage v, at the islanding instant was higher than that of Chapter 3 due
to the higher ratings of the system.

5.3 Summary

In this chapter, the synchronverter design presented in Chapter 3 is successfully
extended to integrate 250 kW Solar Power Plant (SPP) into power grid. All the
scenarios of Chapter 3 are re-simulated to investigate the performance of synchron-
verter with SPP at the dc bus. Results obtained in this chapter are compared with
those obtained in Chapter 3. In most of the cases the results were similar to that
obtained with ideal source. In stand-alone mode, the results were better due to
the higher ratings of the system. Synchronverter maintained its frequency and

voltage irrespective of the nature of source at the dc bus.

The validity of the proposed synchronizer, presented in Chapter 4, is also verified
for the extended system. It was found that the proposed synchronizer is equally

valid for synchronverter having an intermittent natured source at dc bus.

Later on, the performance of synchronverter was investigated with intermittent
input power, with fluctuating grid dynamics and with loss of grid mains. One of
the major difference found was the availability of limited power at the dc side.
With ideal source at dc bus, the synchronverter can draw infinite power to track
the reference values all the time. However, with SPP at the dc bus, the output
power can deviate from the reference values particularly with low irradiance levels.
To further improve the performance of synchronverter with SPP, the dc bus voltage

regulation is suggested.



Chapter 6

Conclusions and Future

Directions

Synchronverter is the best replication of synchronous generator in future power
grid. It has inherent capability to remain synchronized with grid without any
dedicated synchronization unit. However, for seamless transfer from stand-alone
to grid-connected mode, the synchronverter requires a synchronizer to track grid
phase prior to grid connection. As stated in research objective 1, in this research,
an enhanced, PLL-less, auto-synchronizer for the synchronverter is proposed that
offers: (a) fast and promising synchronization with grid independent of the grid
phase angle lagging or leading the local voltage phase angle, (b) fast and promising
synchronization with grid independent of the deviation of grid voltage magnitude
from the nominal value, and (c) uninterrupted power supply to local load dur-
ing synchronization process. Therefore, the proposed synchronizer addressed the
problem found in existing PLIL-less synchronizers. The performance of proposed
synchronizer is compared with existing DRMSV-based synchronizer. Results ob-
tained from comparison have shown that the proposed synchronizer addressed
the limitations and uncertainties of DRMSV-based synchronizer, enabled the syn-
chronverter to supply power to the local load during synchronization process, and
improved the synchronization speed upto 99% under certain grid conditions.
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As stated in research objective 2, the effect of variations in connected load on syn-
chronverter performance in stand-alone mode is investigated in detail. It is found
that synchronverter has capability to mimic synchronous generator by keeping its
frequency and voltage within the permissible range defined by grid codes. It is also
found that the higher the ratings of the system, better will be the performance of

synchronverter.

As stated in research objective 3, in this study, the performance of synchronverter
with SPP connected at the dc bus is investigated and compared with its perfor-
mance with ideal dc source. It is found that the performances in both the cases
are similar except few differences. One major difference is the availability of finite
power at the dc bus. In case of ideal source, synchronverter can draw infinite
power at any instant to keep its output equal to the reference values irrespective
of the operating conditions. However, with SPP, the output power can deviate
from the reference value because of the finite source of power. The performance
and inertial dynamics of synchronverter can be improved further by connecting
ESS at the dc bus. By connecting ESS at dc bus, virtual inertia will be increased

and performance will be more similar to that of the ideal source at dc bus.

6.1 Future Directions

Findings of this research on the synchronverter performance in various modes
of operation show promising solutions to stabilize the future power grid. This

research can be extended in various directions in future as highlighted below:

e In this study MPPT-controlled solar power plant is integrated into power
grid. Due to this conventional MPPT approach, the output voltage of the
boost converter deviated from the nominal value under low irradiation level
condition. A sophisticated control of dc bus is required that incorporates
the intermittent nature of SPP, and regulates dc bus voltage irrespective of
the operating conditions. Several DC link voltage algorithms have been pro-

posed in literature that can be applied to further investigate the performance
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of synchronverter with non-ideal source at dc bus with variable dc voltage

scenarios.

e This research considered a solar power plant without any parallel-connected
energy storage device at the dc side of synchronverter. ESD in parallel
with RERs has positive impact in inertia emulation. In this way, the energy
reserve at dc side can be increased and more energy can be drawn or supplied
to dc bus. This will increase the overall virtual inertia of the system. The

work presented here can be extended to a system including an ESD at the

dc side.

e This work is based solely on simulations. It can be validated with experi-
mental setup in future. In this study, synchronizer for three-phase synchron-
verter is proposed. In future, the proposed auto-synchronizer can be tested
for single-phase synchronverter. Experimental setup of single-phase syn-

chronverter can also be designed to validate the proposed auto-synchronizer.

e Issues like; required storage capacity calculations of ESD, charging and dis-
charging algorithm and the effect of state-of-charge of ESD on synchronverter

performance need to be explored in the future.

e This study focused on single synchronverter unit operating in stand-alone
or grid-connected mode. It can be extended to multiple parallel operating
synchronverters in a hybrid microgrid. Similarly, the validity of proposed

auto-synchronizer can be tested for multiple parallel operating units.

e The control parameters of synchronverter used in this research are not fully
optimized. There are several optimization approaches proposed in literature
to get better inertial, dynamic and steady-state response from synchron-
verter. These algorithms can also be applied on synchronverter presented in

this study.

e Most of the stability analyses of synchronverter presented in literature as-

sume ideal source at the dc bus. Small-signal model of the complete system
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including SPP, discussed in this study, can be developed. Stability analy-
sis can be performed using small-signal model including the uncertainties in

operating conditions of SPP.

e There are some additional windings termed as damper windings in the rotor
of synchronous machines. These windings suppress the hunting and helps to
synchronize the CSG with grid after disturbances. These damper windings
can be included mathematically in synchronverter model presented in this

study.

Future directions of this research are not limited to the afore-mentioned points.
There is no limit of the knowledge and above all those who know, there is One

Who truly knows.
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