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Summary

The technological advancements and the decarbonization requirements have pushed
towards generating more electricity from renewable energy sources and the transportation
electrification. This guarantees a more sustainable energy sector, but it also has a heavy
impact on the grid infrastructures. In fact, the shift from a synchronous generators (SG)-
based electricity production towards static converters is impairing the stability of the grid.
For this reason, it is important to find out new control strategies for power converters,
which can guarantee a seamless substitution of the traditional SG-based generation.

A promising technology is the emulation of SGs using virtual synchronous machine
(VSM) algorithms. This would enable static converters provide the so-called ancillary
services (frequency regulation, reactive support...), which are necessary to the correct
operation of the electric power system.

The goal of this thesis is, therefore, to propose a VSM model called Simplified
Virtual Synchronous Compensator (S-VSC), which can provide each of these ancillary
services. This dissertation first presents an overview of the existing VSM strategies and
then describes and experimentally validates the S-VSC. Finally, a state-space modeling
technique, called component connection method, is extended and applied to the S-VSC
model, in order to obtain a simulation model that can be used to analyze larger power
systems with an high penetration of power converters.
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Chapter 1

Introduction

Thanks to the favorable properties of electrical energy, its easy transmission and trans-
formation, modern societies strongly rely upon it in every sector: industrial, commercial
and residential. Typically, electrical energy is obtained from a primary energy source
(e.g. fossil fuels, water energy or nuclear energy) using synchronous generators (SGs),
transmitted and then delivered to the final user through the electric power system.

The power system was initially designed, as depicted in Fig. 1.1, for a traditional
centralized generation and distributed load structure, where the generation units were
large thermal or hydroelectric plants, located as close as possible to the primary energy
source (i.e., rivers, dams, sea) to optimize the energy production process.

Industrial Loads

»‘-\x
:
/Transmlssm &

Dlstrlbutlon

/ Networks

Nuclear Plants
Commercial Loads

Figure 1.1: Structure of traditional power systems. Pictures from Wikimedia Commons.
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Under this paradigm, the generation of electricity can be programmed by acting on the
primary energy source and the power is then delivered in ac through the highly efficient
transmission lines and transformers to each and every load that requires it (i.e., industrial
customers, residential and commercial loads).

This paradigm have been applied for roughly a century and it is still prevalent.
However, in the last decades, thanks to the technological advancements in renewable
energy technology (efficiency of solar panels and the exploitation of wind power) and the
run for decarbonizing the energy sector, the traditional power system architecture have
experienced a radical modification, converging to the structure shown in Fig. 1.2. This
modern structure still features large centralized generation plants, but with a reduction of
traditional power sources, such as fossil fuels and nuclear power [1], in favor of renewable
energy sources, such as wind and solar PV. Moreover, also numerous smaller distributed
prosumers (i.e., electricity users and providers at the same time) have been spreading.
These prosumers are the traditional final electricity users, who have integrated a local
generation system, such as rooftop solar panels or cogeneration units for both heat and
electricity production. This modifies the active power flows at system level: from the
old paradigm of unidirectional power flow from the generation to the loads, through the
transmission and distribution networks, to the contemporary bidirectional power flow,
where both centralized and distributed generation are feeding the energy transmission
network.

Solar PV / i
; Bidirectional
Power Flow

Transmission &
Distribution <
Networks N B.
o o [

Nuclear Plants

Coal Plants

Commercial

Gas Plants

Ultra Fast Charging Stations

Figure 1.2: Structure of a modern power systems. Pictures from Wikimedia Commons.
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Another paradigm shift is the transportation electrification. In the present years, the
terrestrial mobility is shifting towards electric or hybrid propulsion, therefore requiring
the installation of charging networks for electric vehicles. This means that a large number
of electronic loads will be connected to the grid, ranging from the reduced power on-
board-chargers (few kW) up to the recent fast or ultra fast chargers (charging power up
to hundreds of kW) to quickly recharge electric cars while covering long distances. This
faces the grid with new challenges in terms of active power delivery and consumption,
but it also represents an opportunity for distributed storage systems and compensators,
thanks to the vehicle to grid (V2G) technologies.

While the electrical layout has changed, the operation of the electrical power system
still follows the original arrangement. The grid management is structured in a hierarchical
structure, as represented in Fig. 1.3. This control structure is organized in three layers:

Primary control layer: this is the innermost control layer and it operates at unit level. It
represents the frequency/excitation control of synchronous generators in traditional
power plants or the inner current/voltage controllers in power converters. This layer
is usually implemented as a standalone controller, not interacting with the other
generation units. This layer features short time constants and operates in the time
span of seconds or less (ms for power converters);

Secondary control layer: this second layer is in charge of the integral regulation of
voltage and frequency for a given electrical region (e.g., a country). This regulation
is performed by a centralized measurement of frequency (whole region) and voltage
(several key nodes) and a centralized controller which feeds the power references to
the controlled units. This secondary layer is slower than the primary and operates
in the span of minutes;

Tertiary Control » Reserve balancing
hours
. Secondary Control
minutes (Region—Country * Centralized control f'& v (integral)
Level)
* Local control f& v

) (proportional )
seconds Primary Control * SG speed and
and less (Unit Level) excitation regulation

+ Converter inner
controllers

Figure 1.3: Hierarchical control of power systems.
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Tertiary control layer: the uppermost layer is in charge of the slow modifications of the
active and reactive power generation planning, with the goal of restoring the power
reserve of the generation units. This is the slowest regulation. It is performed
manually by the grid operator and it operates in the hours time span.

In summary, the modern power systems are, on one hand, becoming very different
from the past from the hardware point of view, as the power flows are inverting and the way
electricity is generated is shifting towards renewables. On the other hand, however, its
control structure and the relative experience must be preserved, as it would be impossible
to operate a radical modification of the power systems from their roots.

It seems obvious the necessity to find new ways of integrating the new energy sources
and the distributed generation paradigm into the existing grids, by slightly altering the
existing control paradigm (e.g. tuning of the control layers) and adapting it to the new
reality. This goal can be achieved by emulating SGs using static converters.

Therefore, this thesis deals with the emulation of synchronous machines with
power converters. The motivation of this research lies in the rising amount of
inverter-based energy conversion connected to the electric grid, in particular power
generation from renewable energy sources (RESs) and charging stations for electric
vehicles (EVs) and the consequent issues from the power system perspective (lack of
inertia, harmonics...).

In this introduction, which are the required SG features and why it is necessary to
implement them will be explained. Moreover, the relevance of this research topic will be
corroborated with data on the market of both renewable generation and electric mobility.
Finally, the main contributions of this research and the detailed outline of this thesis will
be presented.

1.1 Ancillary Services for the Power System

The design and structure of contemporary electric power systems find their roots in
a more than a century old paradigm [2]. This paradigm relied on a centralized power
generation from programmable sources (e.g., coal power plants), through SGs, using the
transmission lines and distribution networks to deliver the energy in a unidirectional way
to the ac loads (i.e. motors, lamps, heaters...).

Therefore, the correct operation of such power systems was designed around the
synchronous generators. This meant that the quality indicators in power systems were
defined starting from the behavior and control of these synchronous machines.

These indicators are [2]:

* A constant frequency (e.g., 50 Hz or 60 Hz);
* A constant voltage amplitude;

* Protection of the system in case of faults;

4
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* A sinusoidal voltage supply with low harmonic content and limited harmonic
interactions.

The SGs were, and still are, able to support and preserve these indicators, by providing
the so called ancillary services.

In the following sections, these services will be described more into detail. More-
over, the differences between traditional SGs and modern power electronics-based
generating plants from the grid perspective will be highlighted.

1.1.1 Frequency Control and Inertia

The first power grid quality aspect is the constancy of the frequency. As it is designed,
the power system guarantees the equilibrium between the active power demand and its
consumption by keeping the grid frequency close to its nominal setpoint [3]. Moreover,
it is also important to keep the grid frequency within the given specifications to ensure
the correct rotational speed of electrical machines directly connected to the grid, which
are still widespread in industrial applications.

This frequency regulation, during load transients (load increases or generation de-
creases), is performed by SG-based plants into three sequential phases, as depicted in
Fig. 1.4.

Contingency FCAS Automatic Generation Control
Provides a base level of frequency sensitive reserve Regulation FCAS/Energy Re-dispatch
L .

50Hz

Inertia Secondary Frequency

Slows frequency Control
decline Changes unit set points to

restore frequency
Slope = RoCoF

to 50Hz

Primary
Frequency

Control
Arrests decline

Frequency arrested

v

Time (secs)

Figure 1.4: Frequency profile and frequency control intervention after a generation
reduction. Extract from [4].

In the first instants of the unbalance, the SGs automatically accelerate or slow down
to counteract the frequency variation (inertial effect). This way, the variation of their
kinetic energy is employed to reduce both the maximum frequency variation and the rate
of change of frequency (RoCoF), i.e., the frequency derivative.
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After this first phase of the transient (few seconds), the primary regulation of the
frequency (proportional frequency control) comes into action (minutes timescale). The
generating units which feature this optional service modify their operating point (active
power injection) and contribute to restore the correct frequency setpoint.

Finally, in the span of tens of minutes, the frequency of a grid portion (e.g., a country)
is restored to its setpoint by the secondary frequency control, which is a centralized
integral control, setting the active power references of the generation units taking part to
it.

In case of severe faults (too large or too fast frequency variations), the power systems
are equipped with frequency protection relays. These relays monitor both the absolute
value of the frequency and its derivative and automatically disconnect loads (load shed-
ding) and generating units in case of severe faults, trying to preserve the correct grid
frequency and protecting the electrical equipment.

On the other hand, electronic converters do not automatically provide these features.
Regarding the inertial effect, being static without moving parts, there is no kinetic energy
available to inject or rotors to accelerate to counteract sudden frequency variations.
Moreover, power converters behave as constant power sources (e.g., PV plants) or loads
(e.g., EV charging stations) with non-programmable power setpoints. In fact, speaking
of power generation from RESs, the converters are controlled according to a maximum
power point tracking (MPPT) logic [5], with the goal of exploiting the RES as much as
possible. With regard to electronic loads, they always absorb the needed active power,
independently on the frequency and the voltage level of the grid (within rated conditions).
This latter aspect means that no primary nor secondary regulation of the frequency is
compatible with the MPPT logic, since the active power setpoints do not depend from
the plant operator but from the RES available power.

For this reason, recent grid codes prescribe clear requirements for the RES converters
connected to the grid regarding the frequency control [6-8]. Specific active droop
curves are provided, as the example of Fig. 1.5. These curves prescribe different droop
coeflicients (in the range 2-5 %) for different frequency ranges. Besides, to reduce
the sensitivity of the droop controller to very small frequency variations, a deadband is
usually implemented around the nominal grid frequency.
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Figure 1.5: Example of power-frequency curve for a PV plant. Extract from [6].

Moreover, inertial action is currently mandatory for wind turbine interfaced to the
HV grid [6, 9] and it can be obtained by exploiting the wind turbine rotor. This is not
the case for PV plants, where no mechanical parts are involved and some kind of energy
storage must be employed (e.g., batteries, capacitors...) [10].

The key concepts of frequency control and how RESs differ from SGs can be sum-
marized as follows:

* The grid frequency and its constancy is a key quality aspect for power systems;

* SGs preserve the grid frequency leveraging their rotor inertia and the modification
of the active power setpoints of the primary generating units;

* Too severe or too fast deviations from the frequency setpoint may lead to the
interruption of the supply;

* Converters do not embed inertial capabilities;

* RESs and electronic loads as fast-charging stations are not programmable and their
power flow is not modified according to a frequency regulation logic;

* Contemporary grid standards are prescribing precise frequency regulation coeffi-
cients and require inertial action from wind turbines.
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Case Studies

The difficulties of integrating RESs into the electric grid have been confirmed by
several power outages, which can be partially imputed to the non optimal or wrong
behavior of power converters. It is of interest mentioning two recent exemplary cases
taken from the Australian power grid, which demonstrate the impact of state-of-the-
art RES plants connected to the grid. These outages are useful to analyze the really
necessary features for grid-tied converters and corroborate the need of more advanced
control techniques for inverters, such as the emulation of SGs.

The first example is the South Australia (SA) blackout, dated 26th September 2016.
From the technical analysis of this fault [11], the following chain of events emerged:

1. Atmospheric events caused a sequence of six voltage dips over a two-minutes
period;

2. Nine wind farms reduced their power generation, as their control system could only
withstand a limited number of voltage dips in that period span;

3. The generation reduction led to a larger power import towards SA and the conse-
quent overload trip of the interconnection with the Victoria region;

4. The load shedding protections failed to trip, due to the too fast decay of the
frequency (see the profile in Fig. 1.6);

5. The SA blackout occurred as the power balance could not be maintained.

Heywoed Interconnector opens at ——
16:18:15.8

Figure 1.6: Frequency profile after SA grid separation. Extract from [11].
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From this event, two main conclusions [11] are drawn:

1. RESs plants must be equipped with suitable controllers, able to withstand multiple
fault events;

2. Alarger inertia is necessary. This would limit the RoCoF and enable the protection
relays to intervene.

The second example is a recent grid separation fault (4th January 2020), which
happened again in the Australian network [12]. In this case, the severe bushfires which
afflicted Australia in the summer caused an outage of multiple 330 kV transmission lines.
This led to a grid separation between the regions of Victoria and New South Wales. In this
case, the grid separation did not lead to a black out in either regions as it happened in 2016
and the frequency could be maintained within the specifications, as reported in Fig, 1.7.
However, this fault highlighted that at least 40—50 % of the distributed PV systems did not
behave according to the most recent Australian technical standards and tripped untimely.
This means that the technical standards for distributed PV units must be improved under
the aspect of fault ride-through capabilities and a more accurate verification of the actual
fault ride through (FRT) capabilities is necessary.

Frequency recovers to
above 49.85 Hz, approx.
18 minutes after the event

Islanding
event

00:00

ower recovery band

Figure 1.7: Frequency profile of the Victoria—New South Wales grid separation. Extract
from [12].

1.1.2 Voltage Regulation - Static Voltage Regulation

The second cornerstone of power systems is the constancy of the voltage level. The
amplitude of the voltage must be kept within the standard prescriptions [13] and its
variation is strongly related to the reactive power (at least in mainly inductive networks).
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To accomplish this task, there are several options, which operate the so called static
(steady-state, long term) voltage regulation:

* Voltage regulation of the generation plants;
¢ Variable ratio transformers and autotransformers;

* Capacitive and inductive compensators.

Dealing with the generation aspect, this thesis will focus only on the first solution.
Also in this case, there are several layers of regulation. The first layer operates on single
generating units. SGs are equipped with an automatic voltage regulator (AVR), which
directly operates on the excitation of the machine, so that their terminal voltage tracks its
reference. This first regulation layer can also receive extra signals, such as from a power
system stabilizer (PSS) to compensate the voltage drop of the interconnection transformer
or provide damping of the electromechanical oscillations of the rotors [2, 14].

The second level of regulation is a centralized voltage regulation, controlling the
voltage level at key grid nodes, representative of their regions. This secondary control
operates the static compensators and shares the reactive power load among the generating
units.

This is again designed for SGs units. They can in fact modify their operating point
to exchange reactive power with the grid within the limits of the so called capability
curves [2]. In this case, static converters can be equipped (and are, according to the
technical standards [6—8, 15, 16]) with suitable control techniques in order to implement
the required capability curves. Such curves, as the example of Fig. 1.8, prescribe the
reactive power (per unit of the plant maximum power) that must be injected depending
on the converter terminal voltage. Referring to Fig. 1.8, the generation unit is not simply
asked to inject active power, but must be able to operate in any point of the red region,
according to the specific reactive power/voltage law (Q = f(v)) given by the grid operator.

V/ Virom V/ Vrom

1,1 1,1

Wind Plants Solar PV

Figure 1.8: Example of reactive capability curves for a wind and solar PV unit connected
to the HV grid. Extract from [6, 7].
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To summarize:
* Static voltage stability depends on the reactive power equilibrium;

* SGs are equipped with AVR and must be able to inject/absorb reactive power
according to capability curves;

* Also static converter plants (e.g., PV) must be able to exchange reactive power with
the grid according to capability curves, defined by the technical standards.

1.1.3 Voltage Regulation - Dynamic Voltage Regulation

The structure of the power system must withstand and clear short circuits. This means
that the transmission and distribution networks are protected by breakers (e.g., equipped
with overcurrent relays) to isolate faulty branches of the network and clear the fault.

Again, SGs are appropriate to trigger such protections. In fact, in case of voltage
reductions at their terminals (as it happens when there is a short circuit in the network),
they automatically inject a fault current. Depending on the electrical distance from
the point of fault (i.e., depth of the voltage reduction at the machine terminals), they
inject a larger or smaller peak current. For near faults, they can easily inject a short
circuit current few times larger than their rated value (e.g., 4-5 pu) without incurring
into thermal protections, thanks to their long thermal time constant. Therefore, they are
able to remain connected to the grid and ride through the fault and support the grid in
abnormal conditions.

On the other hand, power converters must first be equipped with suitable control
strategies to detect a fault condition, generate the correct current references [5] and ride
through the fault, according to the technical requirements [6—8]. Secondly, due to the
much shorter thermal time constants, they cannot be overloaded and can only inject their
rated current, even for short transients. Finally, generating units also have a key role
during asymmetrical faults. Such faults are the most common and require fault current
both in the positive and negative sequence to attenuate the overvoltages on the healthy
phases. Again, SGs feature FRT capabilities and can provide positive-negative sequence
current to satisfy these requirements, while static generation plants must be equipped with
more complex control strategies if required to provide such behavior [5, 17]. Therefore,
the rising installed capacity of power generation has pushed the transmission system
operators (TSOs) to introduce more strict regulations to interface new plants to the grid.
As an example, the Germany grid code VDE-AR-4120:2018 [8] prescribes that power
generating modules must ride through symmetrical and unsymmetrical grid faults and
provide dynamic reactive current support both in the positive and negative sequence for
an arbitrary sequence of multiple faults.

11
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To synthesize the dynamic voltage regulation aspect:

The grid is equipped with protections against short circuit faults;

SGs trigger these protections by injecting large short circuit currents (4-5 times
the nominal current);

SGs can ride through symmetrical and asymmetrical faults and can inject positive
and negative sequence fault current;

Static converters cannot inject large short circuit currents (no overload);

Static converters require additional control algorithm to guarantee the FRT require-
ments and the injection of positive and negative sequence currents;

Recent grid codes are requiring more stringent performance from static converters,
forcing the implementation of advanced fault control techniques.

1.1.4 Harmonics

The electric grid requires a sinusoidal voltage with low distortion in steady-state
conditions [13]. In fact, the presence of harmonic and interharmonic components [18] in
the supply voltage may lead to the following detrimental effects:

Additional high frequency losses in electrical equipment and/or loads (e.g., trans-
formers, motors...);

Worse performance of electric motors and generators directly connected to the grid;

Poorly (or non-) damped resonances between different components connected to
the same grid;

Disturbances in electronic equipment;

Unwanted intervention of protection devices (e.g. breakers).

Therefore, it is important to avoid injecting harmonics into the grid and to compensate
any harmonic content as much as possible.

Thanks to their electromechanical construction, SGs are able to generate a voltage
with a very low total harmonic distortion (THD) and are, therefore, highly suited to this
purpose. Moreover, they are able to inject harmonic current when supplied with distorted
voltage, as their stator offers a low impedance path to frequency components other than
the fundamental.

On the other hand, electronic converters generate a wide spectrum of frequencies,
related to the switching of the power transistors, their control strategy and to the resonance
frequency of the grid side filters. They are, therefore, more prone to underdamped high

12
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frequency oscillations, as demonstrated by the accidents reported in Fig. 1.9 [19] and

[20].
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Figure 1.9: Reported wideband oscillations in power systems with power electronics
converters. Source [19]. From left to right:

a) Low frequency oscillations. Nanao, China, 2013;

b) Medium frequency oscillations. Borwin, Germany, 2009;

c¢) High frequency oscillations. Yunnan, China, 2017.

Moreover, electronic loads (e.g. thyristor or diode rectifiers) distort the grid voltage,
due to their harmonic current absorption. For these reasons, power converters must be
equipped with suitable controller so that they do not amplify resonances and can also
compensate the harmonic distortion generated by the loads.

For these reasons, there is a growing interest in the modeling and control of the
harmonic emissions and interactions of converters (in particular wind turbines [21], as
reported in Fig. 1.10) in order to standardize the harmonic modeling and their integration
at power system level. Moreover, grid operators are already requiring simulation models
of the single generating plants for simulation purposes [6, 7].
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Figure 1.10: Example of wind power plant components for harmonic studies. Extract
from [21].

In summary:

* A sinusoidal supply with limited harmonic content is necessary for the correct
operation of the grid;

* SGs do not generate high frequency harmonics and contribute to compensate them;

* Harmonic components may lead to adverse interactions among grid connected
converters;

* Technical standards are regulating the harmonic modeling and the harmonic re-
quirements of generating power plants [6, 7, 21].

1.2 The Role of Virtual Synchronous Machines

As mentioned before, a particularly promising technology is the SG emulation using
virtual synchronous machines (VSMs) [10]. This means that, thanks to its VSM control
algorithm, an electronic power converter provides one or more of the features of a real
SG, therefore supporting the grid providing the aforementioned ancillary services. This
idea is graphically represented in Fig. 1.11.

In this section, a brief overview of the possibilities of the VSMs will be carried out.
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Figure 1.11: Simplified diagram of the VSM concept: the RES converter is transformed
into a VSM with a suitable control algorithm.

The first aspect that can be emulated by a converter is the inertial action of a SG.
Since there are no rotating parts, this feature is called virtual (or synthetic) inertia and
it is defined as an active power injection, negatively proportional to the grid frequency
derivative (RoCoF) [22]. In most models, this feature is obtained by implementing the
so called swing equations of SGs [2]:

d(o, — 0,)

P,—-P,=2H +Dp(0, — 0,) (1.1)

where P,, is the mechanical power at the machine’s rotor, rotating at o, P, is the electrical
power generated by the SG; the grid frequency is w,. The machine is characterized by
the inertia constant H and the damping coefficient D ,.
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This equation let the control model generate an additional inertial power term as

follows:
dAw,

dt
therefore, satisfying the balancing needs of the power system in the very first instants of
a power imbalance.

From the energetic point of view, it is necessary to provide such additional power
from the converter dc side. This power cannot be in fact obtained from a mechanical
rotor as in real SGs. Only when dealing with wind turbines, this additional power can be
absorbed from the kinetic energy of the turbine rotor; on the other hand, solar PV plants
require either the curtailment of the PV power, or the integration of some kind of storage
system on the DC side. It must be noted that this storage system does not need a high
energy content, as it only operates transiently (few seconds) and can be recharged more
slowly.

As seen in section 1.1, not only inertial behavior, but also frequency regulation is
required from RES converters. In this case, the control strategy is much simpler, as
a simple proportional frequency control can be added to generate the suitable power
references. However, a larger reserve is necessary, compared to the inertial action. While
the power injection is limited (few pu of the rated power), the duration of this injection is
prolonged in time, requiring again power curtailing strategies during ordinary operation
or the integration with energy storage systems.

On the other hand, the other grid ancillary services (voltage regulation and harmonic
control) do not require the integration of energy storage systems (neither long nor short
term) as they deal with reactive power exchange. In this case, the critical partis represented
by the AC converter itself, which must be rated to carry both the rated active power flow
and the necessary reactive power exchange, leading to a global oversize of the switches
(larger current rating) and the dc-link capacitors. Regarding the control part, suitable
algorithms are available for both the reactive power control [5] and the filtering action
[23]. In this matter, VSMs can provide the reference signals for such regulators, by
implementing a virtual excitation control, regulating the voltage at the terminals of
the machine. Moreover, the virtual stator, if implemented correctly, can generate the
necessary current references to compensate the voltage harmonics in the grid.

Pinertia = —2H

(1.2)

1.3 An Outlook on Renewable Energy Sources and Fast
Chargers

After having described the needs of the power systems and the criticality of electronics
power converters connected to the grid, it is interesting to provide figures of the market

and penetration of such converters into the grid. The last decades have, in fact, witnessed
a strong increase in the grid applications of power electronics converters. In particular,
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the advancements in power electronics technology enabled the electrification of two key
sectors: energy generation from renewable energy sources and electric mobility.

The first market of interest is the energy generation from renewable energy sources,
such as solar PV and wind. Only these two sources are considered in these thesis, as
they are mainly interfaced to the grid by means of a power electronics converter. Starting
from Fig. 1.12, it is clear that the installed solar PV and wind power capacity has been
rising in a nearly exponential way. This rise means that larger and larger shares of the
electricity consumption will be covered by this technology. For solar PV, this coverage
is already significant in some countries (i.e., Italy and Germany), reaching almost 10 %
of the electrical energy consumption, as shown in Fig. 1.13.
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Figure 1.12: Worldwide newly installed solar PV [24] and wind [25] capacity in the years
2000-2019 .
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Figure 1.13: Share of electricity consumption covered by PV power in 2018 [26].
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The second emerging market is the electric mobility one. The amount of EV sales is
foreseen to rise steadily (as shown in the statistic of Fig. 1.14) in the next decade. As a
consequence, fast and ultra fast chargers (UFCs) for electric vehicles (including AC 43
kW chargers, DC chargers, Tesla Superchargers and inductive chargers) installations have
been rising almost exponentially in the past few years, as it emerges from Fig. 1.15. This
market is at the moment uniquely considered as a load connected to the grid. However, it
provides great potential for VSM applications. In fact, each charging station is interfaced
to the grid by a converter and usually features a local storage system for peak load shaving.
If such converters were properly designed (bidirectional power flow), they could greatly
improve the quality of the grid, acting as distributed static compensators, providing
partially or fully the grid services mentioned in section 1.1.
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Figure 1.14: Forecast of the EV sales in the years 2020-2030 [27].
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Figure 1.15: Cumulative number of fast chargers installed worldwide in the years 2010—
2019 [28].
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1.4 — Goal of the Thesis and Research Contributions

This dramatic increase in the electrification is opening up many new challenges for
both power electronics designers and power system operators, in relation to the grid
requirements and reported accidents of section 1.1. Moreover, due to ecological and
safety reasons, many countries are reducing the share of generation from synchronous
machines. A key example in this direction is Germany, which planned to close nuclear
power plants by 2022 [1] and coal power plants by 2038 [29]. As it can be seen in
Fig. 1.16, Germany is still strongly dependent on coal and nuclear power (a total of
47% of the electrical energy production). Therefore, the only viable way to accomplish
these decarbonization goals is to strongly increase the generation from both natural gas
(SG-based) and from renewables such as wind and solar PV (today covering 35 % of
the production). However, in order to seamlessly integrate the new installed power
capacity it will be necessary to include smarter control strategies, such as VSMs.

1%

B Renewable energy

® Coal (brown)

® Coal (black)
Nuclear

® Natural gas

® Other sources

H Petroleum products

Figure 1.16: German electrical energy sources mix for the year 2019 [30].

1.4 Goal of the Thesis and Research Contributions

This thesis deals with the analysis, implementation and validation of a new VSM
model called Simplified Virtual Synchronous Compensator (S-VSC). The goal is to
develop a parallel VSM structure, only providing ancillary services to the grid.

1.5 Thesis Outline

The main results and novelties of this research are summarized as:

* The S-VSC model is intended as a plug-in for a traditional grid-feeding, current
controlled inverter, as the majority of the RES converters and fast chargers. The
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advantage of this solution is the easy current limitation and the larger control
bandwidth, compared to a voltage-controlled inverter.

* The S-VSC generates additive power contributions to the inverter references, to
guarantee grid services (inertia emulation and compensation of current harmonics)
and grid support during symmetrical and asymmetrical faults with reactive power
only. In the literature, however, the virtual machines are always in charge of
processing the full power references. Therefore the S-VSC always operates at low
load, featuring higher transient stability and damping;

* The damping of the S-VSC is done using only an equivalent g-axis damper winding.
Therefore, the damping is fully independent and decoupled from the primary
regulation of the frequency. Full dampers model have already been used in some
models. In the proposed model, a simplified damper is adopted, in order to ensure
the same performance, but at a reduced complexity;

* A focus on the harmonic compensation capabilities of VSMs and their experimental
assessment for the proposed S-VSC model;

* The extension of system level state-space modeling techniques for advanced con-
trollers of power converters using the component connection method (CCM) ap-
plied to the S-VSC.

This thesis is divided into 5 chapters as follows:

Chapter 1 : Introduction to the issues of power generation from renewable energy
sources and challenges of a power electronics-based power system. Review of the
ancillary services needed by the grid and the relative grid standards;

Chapter 2 : State of the art of SG emulation strategies: presentation of the models and
comparison;

Chapter 3 : Description of the proposed SG emulation strategy: Simplified Virtual
Synchronous Compensator. Detailed description of the model equations, elec-
tromechanical damping strategies and excitation control;

Chapter 4 : Experimental validation of the proposed S-VSC in normal and abnormal
grid conditions;

Chapter 5 : State-space modeling of grid connected converters using the component
connection method (CCM). The S-VSC state-space model is derived using CCM
and then validated experimentally;

Conclusions : Conclusions of this research and future perspectives.
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1.6 Published Works and Achievements

This PhD research activity led to the following scientific publications:

Journal Papers

* F. Mandrile, E. Carpaneto and R. Bojoi, "Grid-Feeding Inverter with Simplified
Virtual Synchronous Compensator Providing Grid Services and Grid Support," in
IEEE Transactions on Industry Applications, doi: 10.1109/TTA.2020.3028334.

* F. Mandrile, S. Musumeci, E. Carpaneto, R. Bojoi, T. Dragicevi¢, F. Blaabjerg,
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Energies 2020, 13, 4824.

Conference Papers
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Chapter 2
Overview of VSM Models

Starting from 2007, several VSM models have been proposed in the technical literature
[31-70] and are shown as a tree diagram in Fig. 2.1. In this chapter, these VSM solutions
are presented and the specific features of each model are highlighted. Useful review
papers are also available in the literature, as [71-73].

[ Voltage Source j [ Current Source j
~ VISMA Il [31] - VISMA [39-41]
Synchronverter - VISMA | [42—-44]
Base [32, 33]
Further
Synchronverter -| Synchronverters
Self-sync [34] [45-50]
~  Osaka [35-38] .| SPC [51-58]
-  KHI [59, 60]

A

VSYNC [61-66]

Y

CVSM [67—70]

Figure 2.1: Tree diagram of the main VSM solutions available in the technical literature.

Since VSMs are a high level control technique and their behavior does not depend
on the topology of the dc/ac converter nor on the grid side low pass filters, in this thesis
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(as in most literature), a two-level three-phase inverter, interfaced to the grid through an
LCL filter as in Fig. 2.2 will be considered. This converter is considered to be supplied
by an ideal dc source, such as a battery storage system.

Inverter LCL Filter Grid

——————————

Setpoints —» Controller |<—Feedback

Figure 2.2: Diagram of the considered inverter for VSM implementation.

After having introduced the hardware topology of the converter, it is useful to provide
a first major classification of VSM models. They can be divided according to their grid
side equivalent behavior in two groups: voltage source or current source VSMs.

The voltage source VSMs behave as a controlled voltage source or as an equivalent
Thévenin circuit connected to the grid (see Fig. 2.3). This voltage source is controlled
by the controller according to the VSM model, receiving the current feedback from the
grid (in this thesis the converter side current i; will be considered, but also the grid side
current i, can be used).

|
|
|
Pset,Oser : VSM

| Model
'\ Voltage Source VSM

Figure 2.3: Equivalent block diagram of a VSM behaving as a voltage source.

The advantages of this approach can be summarized as follows:

» Easy control strategy: they are controlled in open loop fashion and the voltage
reference e; is directly fed to the PWM modulator;

* They are more suited for a connection to a weak grid compared to current controlled
converters. In fact they present an inductive behavior for a large frequency range
and are, therefore, less prone to harmonic instability as demonstrated in [74, 75].

However, this paradigm presents serious drawbacks that can affect the practical imple-
mentation. First, it is difficult to provide an effective current limitation strategy. This is a
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crucial aspect for the correct operation of the converter in case of faulty conditions (e.g.
voltage dips in the grid) and it must be ensured in order to avoid untimely disconnections
of the converter, due to overcurrent faults.

Moreover, some models, as it will be explained in the following sections, use the
physical low pass filter inductor (L; and its equivalent resistance Ry) as the stator
impedance of the VSM. This way, the stator is emulated as a Thévenin circuit, where the
inverter reference voltage e is the equivalent back emf of the virtual machine and the
inductive filter L is the equivalent stator impedance. This leads to two disadvantages:

* The magnitude of the inductive filter Ly values is typical smaller compared to
the one of real SGs stators. Therefore, they are not emulated properly. Besides,
in case of a large ratio between the resistive and the inductive parts of the filter,
there is a coupling between the active and reactive power channels, which must be
compensated by an appropriate control strategy;

* The physical filter is determined by hardware design considerations (current ripple
reduction) and, therefore, it has constant parameters. It is, however, beneficial
to tune the virtual stator parameters and modify them online. Besides, the ratio
between the resistive and the inductive part of the filter is fixed and may lead to
couplings between the active and reactive power transfer.

This second drawback can be solved by adding a proper control strategy, which emulates
a virtual stator, at the price of increased complexity.

The other VSM paradigm is the current source behavior. In this case, the VSM is
equivalent to a current source connected to the grid, as shown in Fig. 2.4. In this case,
the VSM model measures the grid voltage v, and generates proper current references i;
for the inner current controller.

d N . .
I Current Source VSM O P
I 31
I
Pser:Qser : VSM
_—
: Model
I
| Vg
\

Figure 2.4: Equivalent block diagram of a VSM behaving as a current source.

Compared to the voltage source approach, the current source model completely solves
the current limitation issue, being able to control the actual current within the specified
limits. Moreover, the stator emulation does not depend on the actual converter filter
parameters, as the converter behaves as an ideal current source. This way, the machine
stator can be emulated with no limitation dictated by the physical parameters of the
converter. Moreover, the ratio between the resistive and inductive part of the virtual stator
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can be tuned in order to avoid the coupling between the active and reactive channels. The
drawbacks of this solutions are the reduced robustness when connected to weak grids
[74, 75] and the greater complexity due to the closed loop current controller.

In the following sections, each solution presented in Fig. 2.1 will be presented and
analyzed. Finally, an overall comparison of the state of the art will summarize this
chapter.

2.1 VISMA

The family of the VIrtual Synchronous MAchine (VISMA) models represents the first
attempt of SG emulation using static converters. The first works were published by the
Clausthal University of Technology in 2007 [39, 40]. Then, this model evolved into two
other variants (i.e., VISMA I and VISMA II). In total, the VISMA models are:

¢ VISMA Base[40, 41];
e VISMA I [42-44];
 VISMA II [31].

In the following sections, each of them will be described in detail.

2.1.1 VISMA

In this first release of the VISMA model, the SG was fully modeled according to the
classical power system representation of SGs [2]. This is a voltage-input current-output
model. The VISMA model generates the current references i* for the current controller.
The adopted model is a 7-th order SG implementing: a virtual rotor, damper windings
on both the d- and g-axis (modeled as the D and Q windings), stator windings (d and ¢
windings) and a full excitation winding (e), as shown in Fig. 2.5.
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~N

Dampers

- Q
T T

Full SG i Current | i
—
! Model Controller
[}
__,:L__ Tii
Figure 2.5: Equivalent block diagram of the VISMA model [40, 41].
The VISMA SG equations [41] divided as follows:
* Mechanical part:
w = [(Ty-Te)dt
0 = [oudt 2.1)
3., . .
T, = 5 (}»dlq - qud)

where T,,, and T, are the virtual mechanical and electromagnetic torque; o, is the
virtual rotor speed and 0, its virtual position;

* Virtual dampers:

Ap = —fRDiDdt
d-axis . . 2.2
. _ A —Mapiqg— M.pi. (22)
Ip =
Lp
}\Q = —fRQile
-axis . 2.3
q = Mo — Mgyoiy 2.3)
0 LQ

where D and Q stand for the damper on the d-axis and g-axis, respectively. The
damper variables are A and 7 (flux linkage and current), while the parameters of the
dampers are R (resistance), L (self inductance) and the mutual inductances with
the other windings of the same axis (Myp, M,p and M.p);
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 Stator:
M = - / (vd —Ryiz+ (0,7\(1) dt
daxisy M = Mapip — Medic .
lg =
Ly
Ag = — [ (vg— Ryiq—org)dt
-axis 1 . 2.5
1 P g — Mqgolo )
q Lq

where the nomenclature is similar to the dampers. The variable A indicates the
flux linkages, i the currents, R the resistances, L the self inductances and M the
mutual inductances. v is the grid voltage vector, transformed into the (d,q) frame
synchronous with the virtual rotor;

* Excitation winding:

Ae — [ (ve = Rei,) dt

; M — M. pip — M,4i4
q
L,

(2.6)

where v, is the excitation voltage, i, the excitation current, A, the excitation flux linkage.
The excitation parameters are the resistance R,, the self inductance of the excitation
winding L, and the mutual couplings on the d-axis M,p and M, .

This model features the following benefits:

* Physical-based model: the emulation of a traditional SG is complete and the same
power system theory can be applied;

* No need for a Phase Locked Loop (PLL);
* Current limitation during faults thanks to the current controller;
» Same ancillary services performance as SGs.

However, this early model is very complex and requires a large computational effort.
Moreover, being a full implementation of a SG, it also inherits the classical drawbacks of
SGs, such as electromechanical oscillations and poor damping. Moreover, the complete
emulation of the excitation winding sets a strong limitation on the dynamic behavior of
the reactive power.
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2.1.2 VISMA I

A first improvement of the VISMA is represented by the VISMA 1 [42—-44]. Similarly
to the VISMA, it is a voltage-input current-output model and it is divided into two parts,
as it can be seen in Fig. 2.6.

Virtual Admittance _ bi
( L .
Vg | —O 1 A Current € N
Ry +sLg | Controller o
oA L——]y
: X
[E’ 0] dq <6r
abc
/ N e E \\
| Dp : f(S) <
| I
| Ty |
P ] 1 T2y ! G I
| Oy +\/ J 52 |
| I
T, Y |
| . | P
\. Mechanical Emulation - | _ /

Figure 2.6: Equivalent block diagram of the VISMA I model [42-44].

The first part is the mechanical emulation, implementing a slightly modified version
of the swing equation:
Ty —Te=Jo+Dp- f(s), 2.7

Compared to the classical swing equation, the damping term is here provided by the
transfer function D, - f(s) and it is proportional to the derivative of the rotor speed .
Only limited information is available on the structure of f(s), but from [42], f(s) is
implemented as a low pass filter with a long time constant (i.e., 1 s).

The second part is a virtual admittance (resistance R; and inductance Lg), which
calculates the current references i* from the grid voltage v, and the machine virtual back
emf e. The amplitude of the back emf is generated externally and it equal to £.

In summary, the VISMA 1 is a simplified version of the VISMA and does not emulate
non necessary aspects, such as the excitation winding or both damper windings. It still
preserves the current limitation capabilities and does not need a PLL. However, many
aspects were left unclear and the damping strategy is not well explained, therefore, it is
difficult to judge its actual performance.
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2.1.3 VISMAII

The second variation of the VISMA is the VISMA 1I [31]. This represents a novelty
for the VISMA family, as it is a current-input voltage-output model. The VISMA 1I is
composed of two parts, as shown in Fig. 2.7.

Virtual Impedance

i,’ - 1. _ | e.
Lovs./ Pass | % > R, + 5L, O i
Filter |
+
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/ -_— - - - - === - — — — — ~
| D, - £(s) |= ‘I
I
| Ta |
Pger 1 T 1 Wy 1 |
I . LI
| o +\/ J 52 |
| I
Te Y I
| o P
\. Mechanical Emulation - | _ /

Figure 2.7: Equivalent block diagram of the VISMA II model [31].

The mechanical part is identical to the one of the VISMA I, guaranteeing a similar
behavior.

The difference from the VISMA 1 is the presence of a virtual impedance instead of the
virtual admittance. The open loop reference voltage for the PWM modulator is, therefore,
calculated as:
ef=e— (Ry+sLy)il (2.8)

1

where e is again the back emf of the VISMA, R, and L, the virtual impedance resistive
and reactive part, and ilf is the filtered converter current. The converter current must in
fact be filtered before feeding it to the virtual impedance, as the involved derivative would
amplify the high frequency components of the measured current. The proposed filtering
is a low pass filter, but no specific information about its tuning is given.

In conclusion, this is a simpler model compared to VISMA and VISMA 1, since no
closed loop control is involved, and inherits all the benefits of a voltage-source VSM.
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However, there is no current limitation algorithm available and the virtual impedance
practical implementation is unclear in its numerical aspects (filtering of the measured
converter current).

2.1.4 Summary and Conclusions on VISMA Models

The three VISMA models available in the literature represent a landmark for VSMs
as their are the first examples of this technology. However, there are several limitations,
which do not make these models feasible for actual implementation.

In particular:

* The base VISMA model is too complex and inherits all the disadvantages of real
SGs (oscillations...);

* The modified VISMA 1 is an improvement of the base VISMA, but it is unclear
how the electromechanical damping is implemented;

* The VISMA Il is a good attempt towards a voltage-source model, however it suffers
from implementation drawbacks related to the derivative of the virtual impedance
and the current limitation strategy.

2.2 Synchronverter

The Synchronverter model was first proposed in 2009 [33, 76], followed by a more
complete journal paper in 2011 [32]. Several modifications and improvements were
proposed in the following years and they will be described in the following sections. A
useful review, which keeps track of the modifications and of the improvements to this
model can be found in [45].

2.2.1 Base Synchronverter Model

Initially, it is useful to describe the original Synchronverter model [32] and its basic
features. The block diagram of this solution is depicted in Fig. 2.8.
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Mechanical Emulation

( D Wy
| P C) + Sync [ve
| —A PLL <I—
Ty Y
P ! 1 T X 1 o 1 |
set m r
—t o —:C)—» 7 " |
\ - )
____________ _". —_—eeer e e e e e -
T, 0,
SG
Equations
¢; | PwMm To Power
" | Generation Stage
- - _ _ A — A _ _ _
/[ |Qe \
Oser | TN 1 Mygiy | i
(- Ks |
| From Power
Qa | Stage
| D Amplitude| | Ve
K Detection |
I |
l Vet }
N e e e _

Reactive Control + Voltage Droop

Figure 2.8: Block diagram of the base version of the Synchronverter [32].

This is a current-input voltage-output model, as it receives the converter current i; as
a feedback and directly generates the moving average voltage reference e’ for the PWM
modulator, without using closed loop controllers.

This model consists of three parts, as shown in Fig. 2.8:

* Mechanical emulation part;
* Reactive control and voltage droop control;

* SG equations emulation.

Mechanical Emulation

The mechanical emulation is performed by implementing the swing equation of SGs

as follows:
do,

dt
34
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where T, is the equivalent mechanical torque, 7, is the electromagnetic torque of the
Synchronverter, J is the inertia of the virtual rotor, w, is its virtual speed, D, the damping-
droop coefficient and o, the rated grid frequency. In this model the torque is obtained
from the power references by assuming an almost constant rotating speed equal to the
nominal grid frequency. Therefore 7, = Py, /.

It can be noticed that a droop-based damping is implemented, using the coefficient D ,.
This means that the base version of the Synchronverter couples the damping action and
the active droop action, as it will be explained in detail in section 3.3.1. For now, it can be
said that the necessary values of D, to provide sufficient damping to the Synchronverter
are much larger (around ten times) than the droop coeflicients required by the technical
standards (2-5%), as seen in 1.1. This leads to a large active power injection into the grid
when it is operating at non nominal frequency.

The second key aspect of the Synchronverter is the grid synchronization algorithm.
The synchronization process is performed by using a PLL, which is in charge of measuring
the grid speed and angle to initialize (Sync signal) the mechanical part of the model,
ensuring a seamless synchronization.

The tuning procedure for the virtual parameters is available in [32].

Reactive Part

The second part of this model, marked in blue in Fig. 2.8, is the reactive power control
and the voltage droop control.

This consists in an integral controller (with gain 1/K) which tracks the sum of the
external reactive power references Qg (e.g., coming from the grid operator) and the
reactive power reference coming from the voltage droop control Q4. The output of this
controller is the equivalent excitation flux linkage M i s.

This can be explained by the following equation:

Myiy = / Maﬁ (2.10)

The voltage droop is of proportional type, with gain D,,.

Q4= Dq (Vset - Vg) (2.11)

where Vi, is the reference voltage and Vg is the measured grid voltage amplitude from
the instantaneous grid voltage v,.
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SG Equations

Finally, the implementation of the SG electrical equations links the mechanical and the
reactive part to the model output. The following equations are, therefore, implemented:

T, = Mfif-<2,-,s’ﬁ'1(e,)>
é;.k = ooerifﬁﬁ(O,) (2.12)
Q. = —oMyis(i;,cos(6,))

where e is the reference voltage to be fed to the PWM modulator; sTﬁ(G,) and cos(0,)
are two angle vectors as follows:

sin (0,) | [ cos (0,)
— . 2n 2n
sin(0,) = |0 (O = 3 ||; cos(6,) = |08 |0 — 5 (2.13)
) 2n 21
_sm (6, + ?) _cos (Br + ?)

and the notation (-, -) indicates the inner product of the quantities within the brackets.

It must be noted that the electrical quantities (voltages and currents) are expressed in
the three-phase stationary frame. From these equations, the Synchronverter operates as
a Thévenin equivalent, with a voltage source ¢; behind the LCL physical filter reactance
Ly. This represents an issue, as the typical values for L, are smaller than the typical
values of impedance of a SG [46]. Moreover, this value is fixed and cannot be tuned
during the operation.

The voltage-source behavior also leads to the coupling of the active and reactive power
flows when connected to grids where the resistive part is not negligible. This means that
a decoupling controller is necessary.

Summary
The features of this model can be summarized as:
» Easy implementation, directly from the SG equations;
* A PLL is needed for the initial grid synchronization;

* The electromechanical damping is performed leveraging a droop action. The
necessary damping coefficient is much larger than usual active droop coeflicient,
leading to an excessive active power injection when the grid frequency is non
nominal;
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* No current limitation under faulty conditions. There is no closed loop current
control;

* The VSM virtual stator impedance is the physical impedance L ¢ of the LCL filter
interfacing the converter to the grid. This is a smaller value than the usual for SGs
and cannot be tuned online.

2.2.2 Self-Synchronizing

The need for a PLL of the base Synchronverter was solved in [34], where a self-
synchronized version was proposed. The relative block diagram is depicted in Fig. 2.9.
The proposed self-synchronization process is as follows:

1. The Synchronverter is off. The switch Sp is closed and the voltage droop control is
off (Sg is open). The selector Sc is in position 1: the feedback current i = i,. The
power references are null;

2. The model is activated. The PWM modulation is disabled and the VSM model
is executed, using as feedback the fictitious current ig calculated using the virtual
impedance as follows:

e~V
ly = 5
R+ sL

(2.14)

3. The equivalent back emf ¢ of the Synchronverter matches the grid voltage v, and
the virtual current i, reaches zero. At this point, the Synchronverter is ready to be
connected to the grid and the modulation can be enabled;

4. As soon as the modulation is enabled, the current feedback uses the measured
converter current i; instead of the virtual current i/,. The model can now be fed
with the required power setpoints.
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Figure 2.9: Block diagram of the self-synchronized version of the Synchronverter [34].

The switches Sp and Sp are opened and closed to activate/deactivate the active and
reactive droop controllers.
The self-synchronized Synchronverter has the following features:

* The PLL is not necessary anymore, solving a drawback of the base implementation;

* The virtual admittance can be tuned in order to obtain the desired virtual synchro-
nization transient. However, it is not used in ordinary operation;

* The operating stator impedance is still the physical filter one, as in the base version;

The current is still not limited in case of faults, as in the base model;

If Sp is open, then there is still an excessive active droop effect, as before.
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2.2.3 Further Modifications and Improvements

More improvements were added to the Synchronverter during the years, in order to
solve the remaining drawbacks.

Current Limitation

The lack of current limitation during faults has been solved with two different ap-
proaches:

* An hysteresis controller is enabled when an overcurrent is detected and switches
the model from voltage source to current source operation [48];

* The Synchronverter is fully switched to a current-source model [49, 50].

In both cases, a virtual impedance is employed to generate the current references
for the internal controller. In [49], additional protection features were added to prevent
the model to reach the current limitation and instabilities during fault (i.e., load angle
limitation and virtual excitation flux limitation).

Virtual Stator Impedance Active-Reactive Power Coupling

Several solutions have been proposed [77-79] to decouple the Synchronverter from
the physical filter impedance and the resistive/reactive ratio of the grid at the point of
connection. In particular:

* Virtual increase of the filter parameters [77], by altering the reference signal to the
modulator as in Fig. 2.10. The reference voltage is corrected so that the voltage g

is:
(n—=1)vy, + e}
g=—-—2% 1 (2.15)
n
this results to an equivalent impedance n times larger than the filter impedance.
However, this method maintains the ratio between the resistive and the reactive part

of the impedance;

3{(}1— I)Lf (I’l— I)Rf\ Rf Lf

N - -
Virtual Impedance g Vg

Figure 2.10: Synchronverter with virtual impedance as in [77].

* Addition of virtual capacitors in series to the virtual stator to prevent dc voltage
component in the grid voltage to interact with the VSM [77];
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* Decoupling strategies [78, 79] to limit the influence of non purely inductive net-
works.
Damping-Droop Coupling
The limitation of the damping-droop coupling has been solved in the following ways:

* Partial saturation of the active droop power and selection of the damping power
using filters [46, 47], as depicted in Fig. 2.11. This strategy separates the damping
torque (high frequency) from the low frequency droop action and torque references,
which are saturated in the range [7},in, Tnax| to comply with the inverter rating;
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— > o + Filter 1 ®r 1
Tmax E ;
Low-Pass _/+
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Droop Torque +
Torque Setpoint Mygiy T Ti

Figure 2.11: Synchronverter with damping and droop decoupling as in [46, 47]. The rest
of the model is as in the base version of Fig. 2.8.

* A damping correction loop, based on the derivative of the ratio between the active
power flow and the virtual flux of the Synchronverter. This solution requires low
pass filters due to the derivative involved [80].

Summary on Synchronverter

The Synchronverter model gained great popularity due to the easy implementation
of its initial formulation. However, as it has been demonstrated in the literature [78, 79],
the base version has some drawbacks, such as the dependence from the physical filter
inductance of the converter. These issues have been solved during the years. However,
this increased the complexity very much. Moreover, the current limitation in case of
faults is a serious drawback, which can only be solved by shifting to a current controlled
model, again introducing additional complexity and the shift to a current source VSM.
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2.3 Synchronous Power Controller (SPC)

The Synchronous Power Controller (SPC) was first patented in 2011 [51-53]. This is
a voltage-input current-output model and its general structure is depicted in Fig. 2.12.
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Reactive Control

Figure 2.12: General block diagram of the SPC.

This model is organized in the following key blocks:

* Power Loop Control (PLC): this is the cornerstone of the electromechanical emu-
lation and damping. Several variants have been proposed and they will be analyzed
in the following sections;

* Reactive control. The SPC employs a PI controller for the reactive power manage-
ment. This generates the peak voltage of the SPC back emf £;

* Virtual admittance: The virtual admittance generates the current references for the
current controller.

The power feedbacks P, and Q, are calculated from the converter current i; and the
grid voltage v, as follows:

P.+jO.=3/2 (Vgoc +jvg[3) (ii(x — jiiﬁ) (2.16)

It is useful to define the maximum transferable active power Pp,,x = EV /Xy, as
this parameter is used for the tuning of the various PLC variants. This is the maximum
transferrable power across an inductive line of reactance X;,;, supplied by the voltages E
and V. In the specific case, V is the nominal grid voltage and it is equal to the SPC voltage
E. The total reactance is the sum of the virtual one and the grid one X;,; = X, + Xj.

41



Overview of VSM Models

2.3.1 PLC Base Version

The first version of the PLC implements the swing equation of SGs [54, 57, 58]. This
can be expressed as follows:

1
PLC(s) = ——— 2.17
(s) wy (Js+Dp) @17
The parameters of the PLC can be calculated as follows:
2HS
J = =
Wy
(2.18)

20 [2HSpPax
Pr = N e

This implementation of the PLC is simple and similar to the theory of SGs, however,
it has a serious drawback. In fact, it shows a strong coupling between the damping of
the SPC (coeflicient D ) and the active droop effect. Typically, the necessary values for
D, to guarantee satisfactory damping are around ten times larger than the normal droop
coeflicients prescribed by the grid standards. Therefore, this solution would inject a too
large active power when the grid frequency is off nominal values.

2.3.2 PLC PI Version
The second version of the SPC uses a PI controller as PLC [56, 58].

PLC(s) = xSt ku (2.19)
S

The gains kx and kg of this regulator are calculated as follows:

2
ky = C L
HSpPrmax (2.20)
o
k =
H 2HS,

Differently from the previous solution, this PLC does not mix the damping and
the droop action. This enables a separate integration of an active droop controller,
tuned according to the grid requirements. However, also this solution is not free from
drawbacks. In fact, due to the proportional term of the PI regulator, the virtual speed
o, suffers from large disturbances, related to the active power feedback (i.e., harmonics,
measurement noise...) and, therefore, provides lower quality information about the actual
grid frequency.
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2.3.3 PLC Lead-Lag (LL) Version
The last version of the PLC is based on a lead-lag regulator [55, 56, 58] expressed as:

PLC(s) = K25+ ki 2.21)
)= X, .
The gains k, k; and k, of this regulator are calculated as follows:
20, 1
k, = ¢ -
HSpPpax 2HPmaxRD
Wy
ki = 2.22
i SHS, (2.22)
1
k, =
§ 2HRp

This solution embeds a tunable active droop controller. In fact, the parameters depend
on the droop coefficient Rp and are adjusted accordingly. Like the PI solution, also this
one features a direct feed-through of any disturbances in the active power measurement,
which propagate to the virtual speed o, without filtering.

2.3.4 Conclusions and Summary on SPC

The SPC is the most promising VSM model in the literature due to the following
advantages:

* Current controlled with easy current limitation;

No PLL is needed;

The synchronization is based on power, making it more robust under weak grids;

Tunable virtual admittance;

Decoupling between damping and droop action for some implementations (PI and
LL).

However, the base version of the PLC must be excluded for the embedded and not
tunable active droop action and further improvements are necessary to provide more high
frequency rejection to the virtual rotor speed.
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2.4 Osaka Model

The Osaka model is a voltage-source VSM, proposed by authors from the University
of Osaka [35, 81] for the first time in 2011.

The block diagram of this model is shown in Fig. 2.13. This model has a few key
aspects. The first one regards the mechanical emulation and it implements the swing
equation of SGs, but the grid frequency for damping is measured by a PLL. This damping
method will be described more in detail in 3.3.2. This guarantees a damping action, that
is fully decoupled from the active droop control.

A second aspect is that the active droop control is embedded as a virtual governor (see
Fig. 2.14), which generates the reference power P* as the sum of the external setpoint
Py and the active droop power. The droop control parameters are the gains kgr00p, Rp
and a low pass filter time constant .

To overcome the major limitation of voltage source VSMs (current limitation), two
overcurrent mechanism are implemented to avoid overcurrent protection during voltage
dips. The first one is a virtual resistance Ry;;,,, limiting the reference voltage as follows:

e;-k =€ — Rlimii (223)
The second method is the scaling of the active power reference, according to the rms
value of the measured grid voltage VgZJmS. This allows a power limitation while keeping
constant the relative angle between the grid and the VSM.

Finally, a PI reactive power regulator was added in [36] to generate the peak value of
the virtual back emf voltage £ of the model and this is able to track the reactive power
references and perform a proportional voltage control.

The features of this model can be summarized as:

* Voltage source model with current limitation features;
* Active and reactive droop controllers are embedded;
* No virtual stator is implemented and it relies on the physical filter parameters;

* Damping performed using a PLL, therefore increasing the complexity of this model.
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Figure 2.13: Block diagram of the Osaka model.
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Figure 2.14: Active droop control of the Osaka model.

2.5 Kawasaki Heavy Industries (KHI) Model

The Kawasaki Heavy Industries (KHI) Model was first presented in [59]. The KHI is
a voltage input current output model, as shown in Fig. 2.15.

45



Overview of VSM Models

e Vo
S . ﬂ?(— PLL £
/ 1+sty + -
| P,
|
|
|

A

Mechanical Emulation Y

N~ e e e e . / il','
i*| Current |e€;
—> — >
Controller
s - - - = = = ~
. Reactive Droop +| Algebraic Impedance
Q.set D
r+ q Voltage Control |

I
|
)

Figure 2.15: Block diagram of the Kawasaki Heavy Industries (KHI) model [59, 60].

The mechanical emulation implements a virtual governor with inertial action, per-
formed using a low pass filter tuned with a proportional gain k, and the filter time constant
t4. The damping is provided by a PLL. The output of the mechanical part is the load
angle ¢ of the virtual machine.

Then, a voltage amplitude control at the point of common coupling is implemented
with a PI regulator. This regulator does not only track the reference voltage V., but
also takes into account the reactive power exchange requirements coming from a reactive
droop control. This second part of the model generates the virtual machine back emf
amplitude £. Moreover, the reactive part of this model implements an integral regulation
of the voltage and a proportional regulation of the reactive power. This might be an issue
when it is necessary to comply to the specific reactive capability curves and reactive
power injection laws prescribed by the grid standards (see section 1.1.2).

The feedback of these two parts are the active and reactive power exchanged with the
grid, calculated from the converter current i; and the grid voltage v, as follows:

Pe +er = 3/2 (ng +jvgq) (iid - jiiq) (224)

Finally, the current reference i* is calculated from a virtual algebraic stator impedance,
implementing the fundamental frequency phasorial behavior of the SG stator. The inputs
of this algebraic impedance are the amplitude £ and load angle ¢ of the virtual back emf
e of the model. Then, the following calculation is performed in the virtual rotor (d,q
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frame: .
‘a| =y |94 Ved (2.25)
iy eq—Vgq '
where Y is the algebraic stator:
1 R, X,
TR+ X2 |-X Rs] (226)

This specific implementation is simple and requires low computational effort, how-
ever, it shows an incorrect behavior when the KHI is supplied with a distorted or unbal-
anced voltage. In this case, the impedance shown by the KHI is constant at each and
every frequency and sequence, differently from the real SGs, which have an inductive
behavior. This aspect will be tested and discussed more specifically in section 4.5.

The summary of the KHI model are:

* Current source model, with easy current limitation during faults;
* Algebraic stator, not suitable when supplied with voltage harmonics;

* Needs a PLL for damping.

2.6 VSYNC

The VSYNC model was first proposed in 2009 in the framework of the VSYNC
European Project [61, 62]. Several papers, also including field validation were published
in the following years [63—-66].

The idea behind this model is to modify the conventional PLL structure in order to
emulate the SG mechanical behavior.

From the general block diagram of Fig. 2.16, the following features can be reported:

* This is a voltage-input current-output model;
* The grid synchronization is performed using a PLL;

* There is no reactive power loop implemented.

lpset ¢ li
s g e

Vg Prey P Power |! Current i
—>| PLL —»@—» > LN
to Current Controller

Figure 2.16: Equivalent block diagram of the VSYNC model [62].
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The current references i* are generated in the rotating (d,q) frame synchronous with
the modified PLL angle and they are calculated from the active power reference P* as
follows:

o= g Vgd *
d 3 vgd +v3,
2.27)
2 v
q 2 2
3 Vea Vg

where the power reference P* is the sum of the external power references Pj.; and the
PLL power references P,.r (i.e., P* = Py + Prey).

The structure of the modified PLL is depicted in Fig. 2.17. The power reference P, s
is calculated to emulate a SG. To accomplish that, the PLL gains K; and K; are computed

as follows [62]:
E

Xt()t
Wy
2HS)
where E is the nominal voltage of the converter (i.e., 1 pu), X;,, is the total reactance

between the converter and the grid, o, is the nominal grid speed, H the inertia constant
of the VSYNC and S, the base power of the converter.

K, =

(2.28)

i

0,

V, sin(AB) 0,

=
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Figure 2.17: Block diagram of the modified PLL employed by the VSYNC model [62].

The positive features of this model can be summarized as:

* Current controlled: the current can be limited easily in case of faults;

* Easy implementation, as it is based on a modified PLL.

However, this model has many drawbacks and limitations:

* The electromechanical behavior is influenced by the non linearities of the PLL;

¢ There is no stator emulation;

* There is no indication about the reactive power management and in general the grid
support features.

For these reasons, this model does not look promising for a complete SG emulation.
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2.7 CVSM

The Cascaded Virtual Synchronous Machine (CVSM) was first proposed in 2013 [67]
and later refined in [68—70]. This model can be considered as a hybrid between a voltage
source and a current source. In fact, as it can be seen in Fig. 2.18, it features a cascaded
voltage and current control. This way, this model can efficiently limit the current in case
of faults, without incurring into any overcurrent protection.
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Figure 2.18: Block diagram of the CVSM.

The mechanical emulation part, shown in Fig. 2.19, implements the classical swing
equation and uses the speed measured by a PLL to provide damping. Therefore, the
damping action and the active droop control are fully decoupled. However, the PLL is an
additional component, increasing the complexity of the model. This model also includes
an active droop control with coeflicient k4,0 -
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Figure 2.19: Mechanical part of the CVSM.

Y

The reactive part (see Fig. 2.20) of the CVSM provides a reference voltage ¥ for the
virtual impedance. The value of this voltage depends from the voltage setpoint V., and
the effect of a proportional control of the reactive power with coeflicient D ;. This means
that no zero-error tracking of the reactive power reference is possible in every condition.
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Figure 2.20: Reactive part of the CVSM.

As in many other solutions, the active and reactive power feedback P,, Q. are
calculated from the converter current i; and the grid voltage v, as follows:

P.+jO.=3/2 (vgd +jvgq) (iid - ji,-q) (2.29)

Starting from the voltage reference ¥, the measured current i; and the virtual speed o,
the reference voltage v, for the voltage controller is calculated by the virtual impedance
shown in Fig. 2.21.
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Figure 2.21: Virtual impedance of the CVSM.

This virtual impedance is implemented in the (d,q) frame by neglecting the derivatives
of the current and preserving only the motional cross terms. This simplifies the implemen-
tation, but introduces a wrong behavior for frequencies different than the fundamental.
This can be easily observed by comparing the full implementation and this simplified one
at the negative sequence (corresponding to twice the fundamental frequency in the (d,q)
frame).

In the Laplace domain, the full implementation of a RL impedance, supplied by a
voltage v, expressed in the (d,q) frame is:

Vdg = Rigg + joLigy + sLigg (2.30)
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If supplied by a negative sequence voltage at frequency —2w, the equivalent impedance
is:

Vag = Rigg + joLig, —2joLig, (2.31)
resulting to an impedance equal to R — joL.

On the other hand, the simplified impedance, not having the derivative term, results
to a value of R + jwL. This means that the negative sequence behavior of this VSM is
exactly the opposite (in terms of phase) of the one to be expected from SGs.

Finally, the VSM employs a cascaded voltage and current control, therefore limiting
the current injection in case of faults. This solution is effective, however reduces the
overall bandwidth of the system and involves a more complex tuning procedure, compared
to other models with a single control loop.

In summary, the CVSM has the following features:

* Is a hybrid between a voltage source and a current source VSM;

* Is equipped with a damping based on the PLL measurement, therefore decoupling
the damping and the active droop actions;

* Does not have an error free tracking of the reactive power reference, implementing
a simple proportional control;

* Implements a simplified virtual impedance, neglecting the derivative terms. This
simplifies the implementation, but features an incorrect behavior when supplied
with voltage harmonics and negative sequence components;

* Presents two cascaded regulation layers (voltage and current), being therefore to
protect the converter in case of faults. However, this reduces the bandwidth and
introduce more complexity in the tuning procedure.
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2.8 Conclusions of the VSM Overview

The literature provides us with numerous SG emulation solutions. It is, therefore,
important to compare them under each of the ancillary services aspects, in order to select
the most appropriate for the practical implementation.

The following Table 2.1 summarizes the different solutions presented in this chapter
and can represent a useful reference.

Table 2.1: SUMMARY OF THE LITERATURE REVIEW OF
THE MAIN Ex1STING VSM STRATEGIES

Damping- Stator Current
Model Model Type Droop Emulation Limitation PLL Needed
VISMA Current No Full Yes No
Depending on
VISMA 1 Current £(s) Full Yes No
VISMA II Current Depending on Full with No No
f(s) derivative
Synchronverter . .
Voltage Yes Physical Filter No Yes
Base
SO Voltage Yes Physical Filter No No
Self-Sync & Y
SPC Base Current Yes Full Yes No
SPC PI Current No Full Yes No
SPC L-L Current Tunable Full Yes No
Osaka Voltage No Physical Filter Yes Yes
KHI Current No Partial Yes Yes
VSYNC Current No None Yes Yes
CVSM Hybrid No Partial Yes Yes
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Chapter 3

Simplified Virtual Synchronous
Compensator (S-VSC)

This thesis proposes the Simplified Virtual Synchronous Compensator (S-VSC) as
a valid VSM solution. In this chapter, S-VSC model is presented and described in its
features and composing parts. This chapter is organized as follows:

* Initially, it is described how this model is integrated into the control of a grid-tied
converter;

* The proposed S-VSC is described in its every part, with a special focus on the
electromechanical damping and the design and tuning of the reactive power control.
This section will also contain specific experimental results relative to the damping
methods;

* This model belongs to the current source category presented in chapter 2. Therefore,
a section is devoted to the adopted current controller and its limitation strategy.

The contents of this chapter have been partially published in [§2—-86].

3.1 Model Integration in Inverter Control

The S-VSC is a VSM control strategy intended for an inverter interfaced to the electric
grid by means of an LCL filter, as shown in Fig. 3.1. In this thesis, the inverter dc link
is provided by a constant dc voltage source. This dc voltage can be provided e.g. by a
renewable energy source integrated with a storage system or the storage system of a fast
charging station.
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Figure 3.1: Integration of the proposed S-VSC into the control of a current-controlled
inverter.

The inverter control system measures the output current i; of the inverter, the line-line
(or phase-neutral) voltage across the filter capacitors v, and the dc side voltage v4.. Any
modulation strategy can be used and does not alter the behavior of the S-VSC, since
it only influences the high frequency (switching frequency and above) behavior of the
system. Therefore, in this thesis the output of the controller is the moving average voltage
reference of the converter v*, which is considered to be applied ideally. This assumption
is reasonable when studying VSMs, as the frequencies of the VSM (e.g. mechanical
emulation) are orders of magnitude smaller (Hz) than the switching of the converter (kHz
range). The two aspects are therefore fully decoupled. In practice, this moving average
voltage reference is then transformed into gate driving signals for the power switches by
applying any of the modulation techniques available in the technical literature [87].

The innermost control loop is the converter current controller, which receives the
reference currents from the higher level VSM logic. These references are the sum of
the external power setpoints (e.g. coming from a grid voltage or frequency control) and
the S-VSC currents, in charge of compensating any grid perturbation (e.g. frequency or
voltage variation, harmonics...). The S-VSC is the source of grid synchronization for the
current control (with the virtual rotor angle 6,). In fact, thanks to the inertia of the virtual
rotor, the S-VSC provides a stable and filtered grid angle measurement. Therefore, a PLL
is not needed for the operation.
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The block "Reference Limitation" is in charge of limiting the amplitude of the ref-
erence current vector to comply with the inverter ratings in all cases (even during faults
and grid abnormal conditions).

3.2 Model Description

To describe the S-VSC structure, it is practical to introduce a simplified diagram of
the converter and control assembly. This diagram assumes that the inverter behaves as
an ideal current source, injecting exactly its reference values into the grid. The system is
therefore represented as in Fig. 3.2. The hardware part is modeled by a controlled current
source i; connected to the grid through a CL filter. This current source is generated from
the external power setpoints and the S-VSC virtual powers.
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Figure 3.2: Equivalent of the proposed S-VSC embedded into a current-controlled in-
verter.

The S-VSC is therefore a voltage-input, power-output model. The input voltage v, is
measured across the LCL filter capacitor Cy. The S-VSC is organized in several blocks,
each in charge of a specific aspect of the VSM:

1. Power calculation: calculation of the active and reactive power of the S-VSC from
its currents and the grid voltages;

2. Mechanical emulation: this is the virtual rotor of the machine. This block provides
the virtual speed o, and angle 0, of the VSM and frequency support to the grid;

3. Excitation control: reactive channel management, virtual excitation flux control for
reactive support during faults and short circuit current injection;
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4. Electrical equations: Virtual stator and optional virtual dampers. Provides tunable
harmonic compensation.

In this thesis, the per unit notation was adopted. The following base values are used:
base angular speed wj, (i.e., nominal grid angular frequency), base power S}, (power rating
of the converter) and base voltage V;, (peak value of the phase voltage).

3.2.1 Power Calculation

This block calculates the feedback virtual active power P, and virtual reactive power
Q, for the S-VSC model. These virtual powers are calculated from the virtual machine
currents i,,, not using the actual inverter currents i;. This guarantees higher immunity
against the measurement uncertainties and avoids the introduction of non-linear effects
due to the current saturation in case of inverter overload. The virtual powers are assumed
to be tracked by the converter control with zero error. This assumption is valid since
the bandwidth of this controller is much larger than the power variations of the S-VSC
(hundreds of Hz vs Hz).

The virtual active and reactive powers of the S-VSC are calculated from the measured
grid voltage and the S-VSC virtual currents as:

P,+j-0,= (ng +jvgd) (ivd - jivq) (3.1)

3.2.2 Mechanical Emulation

This is the key part of the S-VSC. In fact, it is in charge of the synchronization
with the grid (providing a measurement of both the grid frequency o, and angle 6,) for
the converter controller. In the S-VSC model, a simplified version of the synchronous
generators swing equation is implemented. The well-known swing equation [2]:

d(o, — 0,)

Py = Pe=2H——

+Dp(0, — 0,) (3.2)
is here simplified by removing the damping term D, (o, — w,). The electrical feedback
power P, is here the virtual machine power P, and the prime mover mechanical power
P,, becomes the virtual reference active power P;. The result is depicted in the block
diagram of Fig. 3.3.

P+ 1 O
2Hs

P,

Figure 3.3: Simplified swing equation block diagram used in the S-VSC.
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3.2.3 Current References Generation

A novelty of the S-VSC is that it always operates with zero power references (i.e.
P; = Q; = 0). The active and reactive power setpoints are processed directly by the in-
verter control loops and the virtual machine is only in charge of generating compensation
references to provide grid ancillary services (virtual inertia, reactive support, harmonic
compensation). The advantage can be explained with the load angle characteristic (P,,, d)
[2] of a SG, depicted in Fig. 3.4. The stable operating region of a synchronous machine
corresponds to the load angle interval (—x/2,7/2). The VSG models available in the
literature operate over this whole stable region, changing radically their load angle ac-
cording to the needed active power flow. On the other hand, the S-VSC always operates
around the point & = 0, at nearly-zero active power (i.e., P, = 0, P, = 0). Therefore,
when the active power transfer to the grid must change, only the converter control loops
vary their operating point. The S-VSC does not change its load angle and it operates in
parallel with the converter, similarly to a synchronous condenser, just injecting fractions
of its nominal active power during grid transients. Moreover, in the S-VSC also the virtual
speed m, does not change significantly, as the virtual rotor does not have to modify its
position with respect to the grid voltage vector. This leads to a better quality of the grid
frequency estimation, when using the S-VSC virtual speed, even during load transients.
Moreover, this leads to improved both small signal and large signal stability [2], as more
angle margin during grid faults is available.

P, A

|
1

Pmax

S-VSC

Y

|
|
|
|
|
|
-n -1/2 I
I /2 L
|
|
|

_Pmax

A

>»|
»>|

|
I
|  Stable Operating Region

Figure 3.4: Power angle relationship of a SG and the operating area of the S-VSC.

The current reference i:qu for the inner controller is then derived from the sum of
the external power setpoints PQ™ and the S-VSC compensating power references PQ,,,
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according to:
P*+P,—j(O"+
l.;e — Vv .]('Q QV) (3.3)
q Vd — JVq
and are then limited to comply with the converter rating as it will be explained in section
3.6.1.

The advantages of this structure will be experimentally demonstrated in chapter 4.

3.2.4 Electrical and Magnetic Equations

The electrical equations of the S-VSC emulate a virtual stator in the (d,g) rotating
frame and optionally include a simplified damper winding on the g-axis, as it will be
described in section 3.3.4.

As for real electrical machines, the excitation flux acts on the d-axis (reactive axis),
while the g-axis deals with the active power (torque). This is a slight difference com-
pared to traditional PLL-oriented grid-tied converters, which relate the d-axis with the
active power (in phase with the grid voltage) and the g-axis with the reactive power (in
quadrature).

The equivalent circuits of the S-VSC electrical part are depicted in Fig. 3.5a (d-axis)
and Fig. 3.5b (g-axis). Such equivalent circuits are similar to the ones found in the
traditional modeling of synchronous alternators [2].

. Ry o }"q Ly . Ry w, kg Ly
ﬁ_\/vv_@_mnm_ _lﬂ_\/vv_@_m_
Optional
Vd dstd % Vg d;‘t" Damper
Winding
(a) (b)

Figure 3.5: Equivalent circuits of the S-VSC in the rotating (d,q) frame. From left to
right:

a) S-VSC d-axis equivalent circuit;

b) S-VSC g-axis equivalent circuit.

Compared to synchronous alternators, the non ideal (e.g. saturation) and other
unnecessary features for the synchronous machine emulation have been excluded (e.g.,
damper windings on both axes, dynamics of the excitation winding). It can be seen that
the d-axis circuit comprises the excitation flux linkage A..
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3.2 — Model Description

The resulting electrical equations of the virtual machine are as follows:

1 d\g

= —RS' — r}\ - -

Vd lg—® q+0)b dr
(3.4)

_ 1 dh,

Vq = —Rslq + OJ,«}\,d + m—bw

where R; is the stator virtual resistance and A, and A, are the virtual stator flux linkages;
o 1s the base angular speed.

The virtual currents iy and i, of the S-VSC can be calculated through the inverse
magnetic model of the machine (here without the simplified damper winding on the
g-axis) as follows:

i }\e_}\d
d
Ly
3.5
. y (3.5)
lq = _L_s

The electrical and magnetic part of the S-VSC can be modified according to the
selected damping method, as it will be described in detail in Section 3.3.

3.2.5 Harmonic Compensation

The S-VSC virtual stator also embeds a harmonic compensation feature. Just as
real synchronous machines do, also the S-VSC is able to generate compensating current
references to counteract harmonic distortions of the grid voltage. The virtual stator can
be represented in the stationary (a,f3) frame as in Fig.3.6. In fact, at steady state it acts as a
virtual inductance L (the resistance Rj is usually much lower and is therefore neglected).
Therefore, this virtual stator circuit, when supplied by a grid voltage including » arbitrary
harmonic distortions of order 4, generates harmonic current references that are as follows
in the stationary (o) frame:

af
op — vh
b hogLy’

i h=1...n (3.6)
This means that the S-VSC is able to generate a compensating current, that is inversely
proportional to the virtual stator inductance L. Since the virtual stator inductance is
tunable, the magnitude of the injected current can be varied. It must be noted that a
suitable current controller is needed to track high order harmonics current references.
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.aff
2,
—_———————

v § Ly

Figure 3.6: Equivalent circuit at steady state for harmonic compensation in the equivalent
(o,p) frame.
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Figure 3.7: Simulation comparison of the proposed S-VSC with the existing KHI model.

The tunable harmonic compensation feature has been tested in simulation (due to the
complexity of the experimental setup) with an existing VSG model: the KHI [59]. The
following system has been considered:

* A three-phase converter with ideal DC source equipped with an LCL grid-side
filter (same parameters as the experimental setup listed in Tab. 4.1);

* A transformer to interface the generating plant with the grid. It has been modeled
with its equivalent inductance L, = 0.1 pu;

* Both models have been tuned with equivalent parameters (inertia, damping, virtual
stator...);
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3.3 — Electromechanical Damping

* The converter was modeled with average values. An accurate modeling of the PWM
modulation is in fact not necessary when dealing with lower frequency phenomena,
such as the harmonic distortion;

* Both controllers were implemented in digital form and the equivalent delay of the
digital controller and PWM modulation was included as well;

* Both systems were equipped with the same PI+RES current controller, as described
in Section 3.6.2;

* Both models were operating at no load in order to clearly identify the differences
among them.

To compare the two systems, a 5% S5th harmonic voltage perturbation has been applied
to the grid (e,). The voltage shapes at different points (v, v,) and the current injected
into the grid were compared and the results are displayed in Fig. 3.7. Both models behave
equally under ideal grid conditions (left column), by injecting no current. The voltage
is not distorted in any point. When the voltage perturbation is applied (central and right
column) both systems inject current at the disturbance frequency. However, the KHI
model, being implemented with an algebraic virtual stator, injects very large currents
that further contribute to the voltage distortion. On the other hand, the proposed S-VSC
(right column) is injecting smaller currents according to (3.6). Such currents are effective
in compensating the voltage distortion. As it can be seen in Fig. 3.7, both the line-line
voltages v; and v, do not feature the typical peak shaving caused by the 5th harmonic,
but have a more sinusoidal shape.

3.2.6 Excitation control

The last core block of the S-VSC is represented by the excitation control. This block
deals with the reactive power management of the machine. In summary, this block
acts as an integral controller of the reactive power, generating the virtual excitation flux
linkage A, for the VSM electrical part. This block is crucial during voltage dips and short
circuits, as its action provides the necessary excitation flux to inject or absorb reactive
power towards the grid to support the voltage and trigger the short circuit relays.

This block will be described in detail in section 3.4.

3.3 Electromechanical Damping

As mentioned in section 1.2, the first key aspect of a VSM is the electromechanical
emulation. This means that the VSM must:

* Provide virtual inertia: active power injection proportional to the inverse of the
grid frequency derivative;
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* Feature a damped behavior: the virtual rotor speed and the active power exchanged
with the grid must not oscillate;

* Track the grid frequency, providing the best estimate possible;

* Be as little as possible sensitive to faulty grid conditions which do not affect the
actual grid frequency (e.g. voltage dips).

Therefore, particular care must be devoted to the electromechanical implementation
of the VSM. In this section three conventional damping solutions will be presented and
analyzed. Then, two original damping solutions are proposed for the S-VSC:

1. Droop-based damping: Damping action proportional to the virtual speed error
from nominal value (Conventional);

2. PLL-based damping: damping power proportional to the speed error from mea-
sured grid frequency (Conventional);

3. PI-based damping: a PI regulator is used in place of the machine virtual rotor
(Conventional);

4. RQ-damping: emulation of a simplified virtual damper winding on the machine
g-axis (Proposed);

5. Lead-lag-damping: A lead-lag filter acts on the active power feedback of the
electromechanical loop (Proposed).

In the following subsections these damping strategies will be presented, as well as the rel-
ative tuning procedure. In each case, the tuning procedure starts with the inertia constant
H, the damping factor { and the virtual stator inductance L given as target parameters.
Finally, they will be validated experimentally and their performance compared.

3.3.1 Droop-Based Damping

The simplest solution available to provide electromechanical damping to a VSM is
the droop-based damping and it is adopted by several models in the literature, such as
[32, 56, 88]. This method implements the well known swing equation of synchronous

generators [2]:

d(o, — wg)
Py = Pe = 2H————+ D (0 — ) (3.7)

imposing the grid frequency wy to its nominal value o,. This means that the virtual speed
o, and virtual rotor angle 0, are calculated from the reference power P* and the virtual
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feedback power P, as follows:
oy
2HE = P"-P,-D,(0, — 0,)

d(6,)
dt

(3.8)

= (,)r

The resulting block diagram of the mechanical part is shown in Fig. 3.8. The damping
power P, is a feedback which ensures proper damping of the virtual machine.

1 Wy Wp 6,
. -2 >
2Hs s
P + g
DP

Figure 3.8: Block diagram of the mechanical part of a VSM using Droop-based damping.

This damping solution features the following characteristics:

* The damping action is proportional to the frequency error from its nominal value,
therefore an active droop effect is embedded into this solution;

* It does not rely on the measurement of the grid voltage;

e It is highly immune from disturbances, as there is not a direct feedback from the
grid;

e It is the simplest damping algorithm.

However, it is affected by the major drawback of coupling the damping with an active
droop control effect. This aspect will be further explained in section 3.3.6.
Tuning Procedure

The tuning procedure of D, is based on the electromechanical linearized model of
synchronous machines, available in the technical literature [2]. From the linearized swing
equation, the following block diagram of Fig. 3.9 can be obtained.
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C 2Hs + D),

A

Figure 3.9: Linearized model of the electromechanical behavior of the S-VSC with the
Droop-based damping.

The parameter k; is the synchronizing power, equal to the maximum active power that
can be exchanged with the grid in case of a mainly inductive connection (k; = EV /X;,;).
The characteristic equation of the linearized model of Fig. 3.9 is:

2Hs* + D s + apks =0 (3.9)

By comparing (3.9) with the characteristic equation of a generic second order system
(two complex poles defined by their damping { and natural frequency wy):

D (Obk
s2+2Cw0s+(D%:s2+—ps+ d

3.10
2H 2H (3-10)

the value of D), is therefore obtained as:
D, =({\8Hwpks (3.11D)

3.3.2 PLL-Based Damping

A second widespread solution [69, 88] is to use the grid frequency measured by
a PLL instead of its nominal value. The implementation of this method is similar to
the droop-based damping presented in Section 3.3.1. In the swing equation (3.7), the
measured grid frequency wpyy i1s used instead of its nominal value w,. The resulting
block diagram of the mechanical part is shown in Fig. 3.10.

P+ 1 Wy wp 0,
_ ’ - L >
2Hs s
WpLL Og wp Wg
Dprr = PLL(s) |« -~ [~

Figure 3.10: Block diagram of the mechanical part of a VSM using PLL-based damping.
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The PLL behavior is modeled by the PLL(s) transfer function. In this thesis a
standard PLL structure has been considered, as shown in Fig. 3.11.

This PLL structure is equivalent to the diagram of Fig. 3.12, relating directly the grid
frequency o, to the speed measured by the PLL wpy ;. The overall transfer function of
the PLL can be therefore easily calculated as:

s (st 1 kre)

Aoprr
——=PLL(s) = (3.12)
AB, 52 + sopk b + wpkPEE
Wp
s
OpLL
v y v PLL | ®
abc q PLL
abc ;
—> dq > k;’LL + lT >

Awg |, WPLL

Figure 3.12: Equivalent block diagram of the considered PLL.

This solution features the following characteristics:

* The damping action is independent from the active droop action. Therefore, the
primary regulation is an optional feature, similarly to the reality of contemporary
power systems. Moreover, the frequency droop coeflicients can be chosen to satisfy
the power system needs, not being mixed with the damping coefficient;

* A PLL is needed to measure the grid frequency wp;r. Therefore its dynamics
influences the VSM, introducing sensitivity to harmonics, distortions and abrupt
grid voltage vector variations.
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Tuning Procedure

The tuning procedure is equivalent to the already presented one for the droop-based
damping. A correction coefficientis however necessary. This correction factor, depending
on the machine and grid inductances, is obtained from empirical considerations and from
the existing literature [69]. The value of damping coefficient Dp; . is therefore obtained

as follows: IowL I wL
st st
Dpri=Dp— ¥ = ¢\V8Hwpk, 3 £ (3.13)

N N

3.3.3 PI-Based Damping

The PI-based damping employs a Proportional-Integral regulator to eliminate the
steady-state active power error of the VSM. As mentioned in the comparison section, this
solution is also employed by other VSM strategies (i.e. SPC [56]). It is here applied and
described to provide a term of comparison with the other presented damping solutions.

The block diagram of this solution is depicted in Fig. 3.13. The PI regulator PI(s) is

defined as:

k
PI(s) = kg + Th (3.14)

where k, is the proportional term, providing damping, and kj is the integral one, in
charge of the inertial action.

P* + w ) 0
v PI(s) . =2 s

P,

Figure 3.13: PI-based damping block diagram.

The benefits of this damping method are the following:
* No embedded droop characteristic (as in the PLL-based damping);
* No PLL is needed.

However, this damping method features a high sensitivity to disturbances in the grid
voltage. This is due to the proportional term of the regulator, which does not filter the
input disturbances.

Tuning Procedure

The two parameters of the PI regulator k; and k; must be tuned in order to ensure
the proper damping and inertia to the virtual machine. The tuning procedure is similar

66



3.3 — Electromechanical Damping

to the one of the droop-based and PLL-based. By applying this damping method to the
linearized model of the VSM, the following block diagram of Fig. 3.14 is obtained.

Awg
AP} + k, |Aw, ® Ad
ka + = -2 >
Z s + s
AP,
ks <

Figure 3.14: Linearized model of the electromechanical behavior of the S-VSC equipped
with the PI-based damping.

First, the integral gain kj of the PI is calculated by comparison with the generic
virtual rotor mechanical equation of a synchronous machine. This term provides in fact
the inertial active power contribution to the VSM. Therefore:
1
" 2H

The proportional gain is tuned from the characteristic equation of the linearized model
of Fig. 3.14:

kp (3.15)

1+ PI(s) 2k, = 0 (3.16)
s
Equation (3.16) can be rearranged to obtain the following:
s + kakyops + kiksop =0 (3.17)

The obtained characteristic equation can be compared with a generic second order
system:

52+ 2Lwos + wf =0 (3.18)

This characteristic equation features two complex poles defined by their damping

and natural frequency wo.
By comparing (3.18) and (3.17), the following relationships are found:

20wp = kgkswp

(3.19)
WF = kiksop
It can be easily obtained that:
kn
kg = 2
‘ Vo, (3.20)
1
kp = —
" 2H

which are the final tuning values for the PI-based damping.
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3.3.4 RQ Simplified Damper Winding

Synchronous generators employ damper windings to provide the necessary electrome-
chanical damping to the machine. The earlier VSM models [40] proposed a full emulation
of such dampers in the virtual rotor (d,q) frame. This solution is effective, but it requires
an accurate modeling of the physical structure of the synchronous generator. Therefore,
this thesis proposes a simplified virtual damper winding on the machine g-axis. This
solution guarantees satisfactory damping performance and reduces the complexity of
the model to be implemented, as well as the number of parameters to be tuned.

This solution features the following benefits:

* The damping action is independent from the active droop action. Therefore, the
primary regulation is an optional feature, similarly to the reality of contemporary
power systems. Moreover, the frequency droop coeflicients can be chosen to satisfy
the power system needs, not being related to the damping requirements;

* A PLL is not required during the operation and the virtual rotor angle can be
employed to generate the reference frame for the inverter inner current control;

* The g-axis damper does not interact with the d-axis virtual excitation control;
* The simplified damper winding is a physical-based concept, which leads to a
better understanding for practicing engineers.
Damper Model Description

The description of the proposed virtual damper winding starts from the winding
diagram of the VSM, depicted in Fig. 3.15a. This damping method consists in adding an
extra winding on the machine g-axis and, therefore, modifying the electrical equations
and the g-axis magnetic model of the VSM. The VSM swing equation does not feature
any damping term and can be described by the block diagram of Fig. 3.15b.
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Figure 3.15: S-VSC model with the RQ-damping method. From left to right:

a) Winding diagram and rotor section of the S-VSC in the rotor (d,q) frame. d; and g
are the stator windings, ¢gamper and d.x. the rotor windings. They represent the g-axis
damper and the equivalent excitation winding, respectively;

b) Simplified swing equation diagram when using the proposed simplified g-axis damper
winding.

The d.. winding on the d-axis represents the excitation of the virtual machine, while
the g gamper Wwinding on the g-axis provides the damping. The stator windings are modeled
as explained in section 3.2.4. The details of the excitation winding will be described in
later sections.

The per unit electric equation of the damper winding is the well known electrical
equation of a generic short-circuited winding:

) 1 dhy
Virg = Rrglrg + (D_b o
where v, is the voltage at the terminals of the damper winding, R, is the virtual damper
winding resistance, i,, the current through the damper winding and A,, the damper
winding flux linkage. w; represents the base angular speed of the system.

Being the damper winding short-circuited, v,, = 0. This way, (3.21) can be written

(3.21)

as:
dMrg )
dt = —(Dbququ (322)
At this point, the damper winding time constant T, can be defined:
Ly
Tro0 = 3.23
rq0 o) qu ( )

where L,, represents the damper winding inductance. Therefore, (3.22) can be expressed

as:
dhrg ,
Tt = ~Lugirg (3.24)

69



Simplified Virtual Synchronous Compensator (S-VSC)

It is useful to describe this damper winding with an equivalent circuit of the g-axis as
in Fig. 3.16. This equivalent circuit shows the additional current term in the g-axis, due
to the damper winding.

Ry w,hg Ly Loy = Lrg — Ling

Figure 3.16: Simplified equivalent g-axis equivalent circuit.

Since VSMs are virtual models, with no physical limitations, the virtual damper
winding leakage inductance L., can be arbitrarily imposed to 0, by defining the mutual
inductance L,,, equal to the damper winding inductance L,,. Therefore, the equivalent
circuit of Fig. 3.16 is simplified as shown in Fig. 3.17.

. Ry  w/Ag Ly .
ig : _ Irq

db, dh
v Ghq L Ghrq R,
4 dt rd dt % rq

A

lg —lrq

Figure 3.17: Simplified equivalent g-axis equivalent circuit.

After this simplification, the damper current can be written:

Mg = _(iq - irq)qu

A
irg = LL’; +i, (3.25)
By substituting (3.25) in (3.24):
dhg Mg .
Trq0 g = _qu(L_rq +1y)
d\, )
rrqod—t" = —(Mrg + Lrgiy) (3.26)

The g-axis current therefore contains an additional term with respect to (3.5):

Mg — N
iy = % (3.27)
q
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The set of equations (3.26), (3.27) is therefore complete and fully describes this
damping method. It must be noted that the d-axis equations are not influenced, as the
proposed g-axis damper winding does not interact with the d-axis. This way, the behavior
of the reactive control, acting on the d-axis, is not affected by the presence of the damper
and can be therefore tuned to guarantee the desired dynamic reactive response.

Tuning Procedure

After having presented the RQ-based damping model, the two parameters of the
virtual damper winding 7,0 and the total g-axis inductance L, = Lg+ L, must be tuned
in order to ensure the proper damping to the virtual machine. The tuning procedure is
based on the linearized model of the S-VSC as described in Fig. 3.18.

Awg
1 A(Dr N wp Ad
2Hs A s "
EoVo
Zq (s)

Figure 3.18: Linearized model of the electromechanical behavior of the S-VSC with the
RQ-based damping.

First, starting from the simplified g-axis equivalent circuit of Fig. 3.17, the total g-axis
equivalent impedance Z, () of the machine can be derived:

Zq(s) = Lg+ qu//qu
1+ 57,4 (3.28)

Z,(s _—
a(s) qtl+srrq0

where T4 = T,40(Ls/Lg:) is the short circuit time constant of the virtual machine.

The effect of the grid inductance L, can also be included in Z, in order to consider
the effects of different connection points. In this case, the external value of the grid can
be simply added to L.

The advantage of writing this equivalent impedance Z, is that a straightforward g-axis
magnetic equation can be written as:

d,

— = —Z4(8)ig (3.29)
The characteristic equation of this linearized system can be now derived as follows:
VZ
142 20 _ (3.30)
2Hs*Z,
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Equation (3.30) can be rearranged to obtain the following:

1 o, V> ®, V>
S+ —s7+ 0 s+ 0 =0 (3.31)
Trq 2H(Ls+Ly)  2H(Ls+ Lg)Trq0
and the following terms can be defined:
4 (Lgr + Lg)
R B L S
@ TrqO(Ls + Lg)
5 (3.32)
b (x)nV0
R ™ 2H(Ly+ Ly

The obtained characteristic equation (3.31) can be generically rewritten as:
(52 +2Lwos + @) (s + p,) =0 (3.33)

This characteristic equation features two complex poles defined by their damping
and natural frequency oo and one real pole —p,.
By comparing (3.33) and (3.31), the following relationships are found:

agrg = pr+28wo

bRQ = 2Lwopr + w% = (*)gprTrqO (3.34)
w5

pr = WoTrq0 — 22;

Having 4 variables (0o, p/, Trq0, Ls) and only the three relationships of (3.34), it is
necessary to introduce an additional equation to derive the tuning parameters. A possible
criterion is to minimize the machine inductance L, given the inductance L (from power
quality considerations). This solution guarantees a better stability of the virtual machine.
In particular, a smaller L, means a larger transient synchronizing power k; = VO2 /Zy,
meaning that the machine can provide a larger active power, improving the transient
response [2]. The following condition is therefore added:

OLg
(9600 Bl

0 (3.35)

The parameter L, is directly proportional to agg. Therefore, azp must be minimized,
resulting in:

d, woTrq0 — 20 — woT,
4RO _ () = o 4 0Tra0 26 ol (3.36)
dwO (wOTrqO - 2@)
leading to:
woTrq0 =20+ 1 (3.37)
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Combining (3.32), (3.34) and (3.37), the following is obtained:
L™ = (20+1)*(Ly + Lg) — Lg (3.38)
However, the solution wt,40 = 2{—1 cannot be accepted. In fact, agg > 1 (Ly > Ly

by definition).
From (3.37) and (3.32), 7,40 is also derived:

00 = /(20 +1)3/b (3.39)

The final tuning values are as follows:

Ly = 20+ 1D)*(Ly+Ly) - L,

Trqg0 = V(2C+ 1)3/b

Experimental Validation of the Tuning Procedure

(3.40)

The capability of the tuning procedure to guarantee the desired damping, given the
design parameters H, { and L, has been validated experimentally. First, the same design
damping coefficient { = 0.7 has been used with a set of inertia constant values H = 1, 2,
4,8 and 12s. A voltage dip of —2 % with a phase jump of —2° has been applied by a grid
emulator to perturb the S-VSC. The resulting virtual speed o, is shown in Fig. 3.19. As
it can be seen in the figure, the trend of the virtual speed always shows a well damped
behavior, in accordance to the design values. The different values of inertia constant
H lead to larger or smaller variations of the virtual speed, being the angle perturbation
constant, the virtual speed variation is proportional to the inertia of the virtual rotor. Also
the natural frequency of the speed oscillation depends on the virtual inertia constant.
However, the damping factor is always in accordance with the design value.
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Figure 3.19: S-VSC virtual speed o, during a voltage dip —2 % with a phase jump of
—2°. Different values of the inertia constant (H = 1, 2, 4, 8 and 12 s) have been tested to
demonstrate the effectiveness of the tuning procedure.

A further experimental test altered the design damping coefficient to { = 0.4, keeping
the inertia constant at H =4 s. The result, shown in Fig. 3.20 demonstrates that the tuning
procedure is capable of guaranteeing the desired damping factor.

50'05 1 1 1 1 1 1 1 1 1
50
S5
T 49.95 F
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Figure 3.20: S-VSC virtual speed o, during a voltage dip —2 % with a phase jump of
—2°. Different damping design values ({ = 0.4 and 0.7) have been tested to demonstrate
the effectiveness of the tuning procedure.
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3.3.5 Lead-Lag-Damping

The Lead-lag damping employs a lead-lag filter on the calculated virtual active power
feedback P, of the virtual machine. The block diagram of this solution is depicted in
Fig. 3.21. The lead-lag filter LL(s) is defined as:

1+
LL(s) = —2%

(3.41)
1 +s7),

where 1, and 7, are the time constant of the zero and the pole of the filter, respectively.

P+ 1 @r Wp 0,
d 2Hs s
P

1 +s7,

1 +s7,

B

Figure 3.21: Lead-lag damping block diagram.

The benefits of this damping method are the following:

No additional complexity of the g-axis (compared to the RQ-based damping);

No embedded droop characteristic;

Limited sensitivity to disturbances into the grid (e.g. phase jumps), compared to
the PLL-based or PI-based damping;

No PLL is needed.

Tuning Procedure

The two parameters of the proposed lead-lag filter T, and T, must be tuned in order
to ensure the proper damping to the virtual machine. The tuning procedure is similar to
the one of the RQ damping of 3.3.4. By applying this damping method to the linearized
model of the S-VSC, the following block diagram of Fig. 3.22 is obtained.
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Figure 3.22: Linearized model of the electromechanical behavior of the S-VSC with the
lead-lag damping.
The characteristic equation of this linearized system can be derived as follows:

1 (O _
1+ Z_I‘ISTkSLL(S) =0 (3.42)

Equation (3.42) can be rearranged to obtain the following:

3 1 5 cobksz wpk, 1

_ — = 3.43
g +'cps * 2H 'cps+ 2H =, ( )
and the following variable can be defined:
(O] k s
= 3.44
a=— (3.44)
The obtained characteristic equation of (3.43) can be generically rewritten as:

(5% + 2wos + 0)) (s + py) =0 (3.45)

This characteristic equation features two complex poles defined by their damping
and natural frequency wg and one real pole —p,.
By comparing (3.43) and (3.45), the following relationships are found:

1
ZCOJ() + Dy = —
Tp
2wopr +05 = ak (3.46)
a _ 2
o = Wgpr

where k = 1;/7,.

Having 4 variables (0o, p;, k, T,) and only the three relationships of (3.46) available,
it is necessary to introduce an additional equation to obtain the tuning parameters. A
possible solution is to minimize the ratio k = t,/t,, which means minimizing the high
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frequency gain of the filter. This solution guarantees the least sensitivity from high
frequency disturbances affecting the grid. The following condition is therefore added:

ok
—=0 (3.47)
60)0
where the minimization depends only on wg, since the damping coeflicient { is given as
a design input.
From (3.46), it is possible to obtain p,:

2QLwopr+0o = 0oprTp
@0 (3.48)
pr B Wty — 2?;
Then, by substituting (3.48) into (3.46):
1
2(_,(1)0 + wm—ozg = —
T, — T
- 7 (3.49)
0¢z Z
2 +—— = — =k
S0 woT, — 2 T,
The aforementioned minimization can be now applied to (3.49) as follows:
ok
- -0
(90)0
T, (00T, — 20) — woT,T
2, + Z(Op C) 2Ozp -0
(wop — 2€)
1 3.50
N o (3:50)
(@otp — 2¢)
2
(0ot — 20) =1

WoTp =2Cil

There are, therefore, two solutions for wyt,, which can be used to derive p, from
(3.48):
0T, = 20+1 = p, = o
(3.51)
0T, = 20-1 = p, = -0y

It is evident that the second solution (wgt, = 2{ — 1) is not acceptable, since it would
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lead to a real pole in the right half plane. It is therefore obtained that:

o = (20+1)a

0
pr = o (3.52)
ko= (20+1)°

The final tuning values are as follows:

o 2H
P U)bks (ZQ + 1)3 (353)
2H
o= o D

Discrete Time Implementation

This damping solution has been implemented digitally after a zero-order-hold dis-
cretization of the LL(s) transfer function. The resulting discrete-time expression of the
lead-lag filter is as follows:

xézl — e—Ts/rp 'xiL + (1 _ e—Ts/Tp)(l — E) . P\’f
T
. g (3.54)
pk = xk + £ . pk
v, f LL Tp v

where T is the discretization time step, k is the discretization instant and x;; is the
internal state variable of the lead-lag filter.

3.3.6 Damping Methods Experimental Validation and Comparison

In this section five damping methods and their tuning have been introduced and
analyzed:

1. Droop-based damping;

2. PLL-based damping;

3. Pl-based damping;

4. RQ-based damping (proposed);

5. Lead-lag damping (proposed).
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In this subsection, these methods will be compared from both a theoretical and an
experimental point of view. The comparison will be based on the following criteria:

* Embedded active droop action: this quantifies how much active power is injected
by the S-VSC when it is operating at non-nominal grid frequency;

* Sensitivity of the virtual rotor speed o, to grid disturbances (such as phase jumps).

The theoretical comparison will be based on the same linearized model, in order to
derive the necessary transfer functions. The linearized model is based on the following
assumptions, deriving from the classical theory of power system analysis:

1. The virtual resistance of the VSM is neglected (i.e. Ry = 0);

2. The virtual flux linkages are assumed to be constant in the first instant of the

. . . d,
electromechanical small signal transient. Therefore, % = F= ddx; =0

3. The VSM is operating at no load, i.e. Pp = Qg = 0 and so are the virtual currents
of the machine;

4. The linearization is performed around the nominal grid frequency w, = 1 pu;

5. The behavior of the internal controller is considered to be orders of magnitude
faster (kHz) than the electromechanical transients (few Hz) and it is therefore
approximated to a unity gain transfer function.

Under these assumptions, the VSM and grid system can be modeled by the following
linearized system, shown in Fig. 3.23.

A¢gl
Awyg

—> % —>®—> P(s)

AP} +

M(s)
API T

F(s)

AP,

A

E(s)

Figure 3.23: Block diagram of the linearized electromechanical model of the S-VSC for
damping comparison.

This linearized model is presented in the most general way, in order to be applied to
each presented damping method. Therefore, the following blocks are introduced:
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* Mechanical block M (s) describing the virtual mechanical emulation of the VSM,
relating the active power error and the virtual speed;

* Electrical block E(s) describing the virtual stator of the VSM and its interaction
with the grid;

* Grid frequency estimation block effect on the VSM P(s), to include and describe
the action of the PLL;

* Filter on the active power measurement F(s).
These blocks assume different value for each damping method. Table 3.1 summarizes

the value of each block for each damping method.

Table 3.1: TRANSFER FUNCTIONS OF THE LINEARIZED MODEL
FOR EACH DAMPING SOLUTION.

Method M(s) E(s) F(s) P(s)
Droo ! k 1 0
P 2Hs+D, :
PLL - ki 1 _PLL(s)DprL
2Hs+ Dpy g 2Hs +Dpr1
k
PI kg + -2 k, 1 0
s
1 EyV,
RQ — 070 1 0
2Hs Z4(s)
1 1
LL — k, M- 0
2Hs I +s7,

In order to study the effect of the different disturbances that may occur, the following
inputs have been introduced:

¢ Grid frequency variation Aw;

¢ Phase jumps of the grid voltage Ad,.

Embedded Droop

Starting from the linearized model presented above and applying it to each of the
presented damping method, the embedded droop characteristic is studied by calculating
the following transfer function:

APV _ 0y CObE(S)
Ao (_P (s) + 1) s+ 0pF(s)E(s)M(s)
80

3.55
o (3.55)
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For the various damping methods, substituting the values of Table 3.1:

2Hk . 0wns? + D k.®
sOpS pRsWp Droop—based
2Hs2 + DPS + kywp
opks (PLL(s)Dprr —2Hs — Dprr) PLL-based
2Hs?> + Dpprs + ksop
AP, _ | 2HEVowys RQ-based (3.56)
Awg 2HZ,s? + EoVowp |
ks
Wp S PI-based
52 + (kas + kp) opky
2Hopks (1+57,) s LL-damping
2H (1 + 57,) 82 + pky (1 + 57;)

which are plotted in Fig. 3.24. For the plot, an example VSM has been used, with the
following parameters: w, = 100xrads™'; H =4s;{=0.7; ks =5pu; Ly = L, =0.1pu;
PLL bandwidth set to 10 Hz.

40 F - . . .
% 20 | -
s OF -
<L<1
Al o Y Y oY H oY T R
300 L) LA RAL | L) LELLELEALI | L) LA | L) LERLILELRALI L) LERILERALI L) LELILELALI
200 k ! ! : ! Droop | _
. PLL
< 100 F : : : PI =
~ RQ
0F LL ]
-100 b s sl PR | PR | PR | PEETETEETe | PEETETEEET
1073 1072 1071 10° 101 102 103

f (Hz)

Figure 3.24: Transfer function of the embedded droop characteristic of the S-VSC with
the RQ-based damping.

It can be easily calculated, and seen graphically in Fig. 3.24, the active power injected
by each damping method when the grid is operating at non-nominal frequency at steady
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state (s — 0):
D, Droop-based

= (3.57)
0 Other solutions

AP,
A(Og s—0

Therefore, the droop-based damping will inject active power into the grid when the
grid frequency is different from its nominal value (e.g. frequency after a fault, before
the action of primary and secondary frequency control). The amount of injected active
power depends on the value of the damping coeflicient D,. This would not represent
an issue, if the damping coeflicient D, were equal or similar to traditional active droop
coefficients (around 2 % to 5% [2]). Following the tuning procedure for the example
VSM, presented in 3.3.1, D, = 157 pu. This value is around ten times larger that the
usual droop coeflicients (5-20 pu). Therefore, an the active power injected is around ten
times larger than the one expected by the primary regulation of the frequency.

This is not the case with the other methods, as their low frequency gain is 0. Therefore,
if the grid frequency is different from its nominal value, they will not inject any active
power into the grid. If a primary frequency regulation logic is needed, an external droop
controller can be added. This droop controller can be freely tuned, according to the usual
droop coeflicients.

This analysis was validated experimentally. The loss of a major generation unit,
leading to a significant active power unbalance, was emulated by a grid emulator and
the grid frequency was varied according to the profile shown in Fig. 3.25. The values
of the frequency nadir (49.2 Hz), the maximum frequency derivative (270 mHz/s) and
the frequency after fault (49.75 Hz) were chosen to magnify as much as possible the
differences between the five damping methods. For each damping method it has been
added an active droop control (droop coeflicient set to R = 5%) to shown how much
active power would be injected by a canonical droop control strategy. Finally, the inverter
maximum current limit was set to 0.6 pu., in order to limit the excessive active power
injection in case of droop-based damping. In Fig. 3.26 the active power injected by the
inverter for each presented damping method is reported. As predicted, the droop-based
damping tries to inject a very large active power, since its equivalent droop coefficient is
much larger than usual droop coefficients. The current limitation is soon reached and even
after the fault, this damping method still injects a too large power into the grid. On the
other hand, the other damping methods show similar results and active power injection.
They inject inertial power and active droop power during all the fault. However, in this
case, the droop power injection is limited and complies with the design droop coefficient
(e.g., after the fault an active power P; = Af/Rp/ f, = 0.25/0.05/50 = 0.1 pu).

In conclusion, the droop-based damping is much inferior compared to the other
damping methods, as it injects a too large active power when the grid frequency
is far from its rated value. The other damping methods are equivalent under this
aspect.
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Figure 3.26: Active power injected by the S-VSC with the five presented damping methods
during the emulated grid fault.

Sensitivity to Grid Disturbances

Starting again from the linearized model of Fig. 3.23, the sensitivity of the virtual
rotor speed o, to phase jumps of the grid voltage vectors during faults can be studied
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with the following transfer function:

Ao, P(s) + F(s)E(s)M(s)

= 3.58
Aby s+, F()E(S)M(s) (3-38)
For the various damping methods, substituting the values of Table 3.1:
k
- s Droop-based
2Hs? + D s + ko,
PLL(s)D -
()Dprr = ks PLL-based
2Hs? + Dprrs+ ks(x)b
EyV,
Aw, ={- 070 RQ-based (3.59)
Ad)g ZHZqS2 + EoVowp
- ks Ckas + ki) s PI-based
s2 + (kds + kh) (Dbks
ks (1
- s (1+570) s LL-damping
2H (1 + s7,) 52 + wpks (1 + s7;)
which are plotted in Fig. 3.27.
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Figure 3.27: Transfer functions of the sensitivity of the presented damping methods to
phase jumps A¢y of the grid voltage vector.

It is evident from Fig. 3.27 that both the PLL-based and the PI-based damping
methods are more sensitive to phase jumps of the grid voltage vector. On the other hand,
the other three damping methods (Droop-based, RQ and lead-lag) are more immune to
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such disturbances. Therefore, when using these three damping methods the virtual speed
o, represents a more valid estimation of the actual grid frequency and can be used for
monitoring and protection functions.

The different sensitivity to the variation of the grid voltage has been experimentally
validated by emulating a permanent grid voltage dip with phase jump (-2 % and —2°).
The magnitude of the perturbation was chosen in order to avoid the current limitation
of the converter during this test. The outcome of this test for the described damping
methods is shown in Fig. 3.28.

The droop-based damping and the RQ-damping show the best performance. In both
cases the virtual rotor speed is well damped and features a small variation during the dip.
On the other hand, the other three methods (PLL-based, PI-based and LL-based) are more
sensitive to the perturbation. In particular, the PI-based shows the largest speed variation
(—150 mHz) and the largest steady-state high frequency oscillations, caused by the current
and voltage measurements. This large variation in the first instants of the perturbation is
due to the direct feed-through (related to the proportional term k) from the active power
feedback to the virtual speed m,. Better results, with lower sensitivity, are obtained with
the PLL-based and LL-based damping. These two methods are a compromise between
the PI-based and the Droop and RQ-based methods.

In summary, from the point of view of sensitivity to grid disturbances, it can be
said that the droop-based and RQ-based damping methods are superior, being very
immune to disturbances both in transient and steady-state.
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Figure 3.28: Experimental comparison of virtual speed sensitivity to grid voltage distur-
bances for the five analyzed damping methods. The applied disturbance is a voltage dip
with phase jump (-2 % and —2°).
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Comparison Summary

This section presents the results from the comparison of five damping methods for
the S-VSC. These damping methods feature different structures and levels of complexity,
but it is possible to introduce general comparison metrics, thanks to the linearized model
of Fig. 3.23. The experimental comparison highlighted that the droop-based damping
is strongly unsuitable for field operation, as it injects a too large active power under not
rated frequency operation. Among the other models, the best compromise is represented
by the RQ-damping method, as it involves a slightly more complex implementation, but
guarantees both full decoupling between the damping of the S-VSC and the active droop
action of the plant and also high rejection of any non-ideality of the measurements or
faulty conditions in the grid. A summary of the presented damping strategies in available
in Table 3.2.

Table 3.2: SUMMARY OF THE PROPOSED DAMPING METHODS FOR THE S-VSC.

Feature Droop PLL PI RQ L-L
Parameters D, Dpry Lyg, Trq0 k[fl,kf[ T, Tp
Implementation  Very easy Complex Easy Complex Average
Embedded Droop Yes No No No No
HF Rejection Best Bad Bad Best Average

3.4 Reactive Control Design and Tuning

As it is shown in Fig. 3.29, the implemented excitation control is of integral type,
similarly as in [32]. As already mentioned, the reactive power references of the S-VSC
are set to zero (Q;, = 0), being the external active and reactive power setpoints directly fed
to the converter. The reactive controller is therefore controlling the virtual reactive power
of the S-VSC to 0 at steady state. In addition, in order to avoid any adverse interaction of
the inverter current control and the excitation control of the S-VSC, a feed-forward term
Arris added. This term depends on the external reactive power setpoint of the converter
and on the grid inductance Lg, which is estimated in the control by the parameter L g

Q*

v her
ke he
TeS

Figure 3.29: Excitation control block of the S-VSC.
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In order to study the proposed excitation control, a simplified linearized model is
derived, based on the following assumptions:

1. A connection to the medium or high voltage network is considered. Therefore, the
connection to the grid is considered mainly inductive. The grid resistance R, is
therefore neglected;

2. The virtual stator resistances are neglected: Ry ~ 0;

3. The virtual rotor speed is assumed constant o, = oq for the small signal analysis
and the linearization is performed around wgp = 1 pu;

4. The derivatives of the flux linkages of the virtual machine are negligible Tl 0;

5. The inner current controller is considered ideal, and therefore the actual inverter
current is always equal to its reference;

Based on these assumptions, the virtual stator and grid electrical equation can be
derived as follows:
. _ dq .dq
JOrhgg = e, + Lgi, (3.60)
Being the excitation control implemented on the machine d-axis, only the d-axis
component of (3.60) is considered:

Whd = egq + Laiva (3.61)

Therefore, the virtual stator of the S-VSC can be modeled as a Theévenin equivalent
circuit, composed of a voltage source (excitation) and a virtual stator inductance L. The
virtual stator flux A4 can be expressed as:

Mg =N — Lgiyg (3.62)

By combining (3.61) and (3.62), at constant speed o, = mg, the equivalent circuit of
Fig. 3.30 is obtained.

i f)l L Lg

q q
030>\e T ng €g

Figure 3.30: Equivalent d-axis circuit of the S-VSC for the study of the excitation control.

The reactive power transfer can also be linearized, assuming the voltage aligned to
the g-axis and a zero-power operating point (Q¢ = 0). The reactive power variation AQ,
is as follows:

AQ, = V,0Aiy (3.63)

Therefore, the d-axis current iy represents the reactive component of the converter
current. These results will be used in the next subsection to obtain a tuning procedure for
the excitation control.
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3.4.1 Reactive Control Tuning

From the equivalent circuit of Fig. 3.30 and the reactive control structure of Fig. 3.29,
the block diagram of Fig. 3.31 is obtained.

Aeg _ A+
(O] -

Figure 3.31: Linearized model of the S-VSC excitation control.

The characteristic equation of the linearized system of Fig. 3.31 is:
5Te(Ls+ Lg) + ok Vy0 =0 (3.64)
This system is governed by a single pole with a time constant t:

_ Te(Ls + Lg)

3.65
mOkquO ( )

This time constant is then tuned by the user to the design value T = t,.. Therefore, the
resulting gain of the excitation control is:

Ls+ L,
Bl (,l)()Vq()

(3.66)

e

The gain k, guarantees reactive support with the desired tunable time constant t,. As
the actual grid inductance L, is not known, its estimated value L, must be used:

Ly+ L,

e =

3.67
woVeo (3.67)

It is evident that the actual time constant t, depends on the correct estimation ig of
the grid reactance L,. Therefore, online estimation techniques of the Short Circuit Ratio
(SCR) of the grid could be employed [89-93] to update the excitation control gain. In
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general, in most high-power applications, the grid impedance is however a known value,
as it depends on the point of connection to the grid (e.g. Medium voltage connection
through a known transformer) and can therefore be set as a constant.

The error on the actual time constant €; will therefore depend only on the accuracy of
the grid impedance estimation € Ly since the virtual stator impedance L; of the machine
is set by the user. In fact:

Te(Ls +Lg) e
e = TTTe _ ok T Ltk (3.68)
K T, T, Ly+Lo(1 +€Zg) '

As depicted in Fig. 3.32, the error on the time constant is almost linear around the
ideal estimation point € I, = 0. However, the estimation error has a larger influence as the
SCR decreases, therefore particular attention must be taken in case of ultra-weak grids.

15 ] ] ] ] ] ] ]

e (%)

Figure 3.32: Error on the actual time constant e; of the VSM, due to the estimation error
of the grid impedance €L, L;=0.1pu, L, =0.1pu.

3.4.2 Interaction with the Inverter Reactive Control

The reactive support contribution time constant T, of the VSM is tuned according to
the desired current injection specifications. On the other hand, a faster dynamic behavior
is expected when the inverter reactive power setpoints are changed by the user (e.g. static
voltage regulation). To improve this behavior and to decouple the reactive control of the
VSM from the reactive control of the converter, we propose to add a feed-forward term
A ¢, proportional to the reactive power setpoint, to the excitation flux linkage A., as shown
in Fig. 3.29. This feed-forward imposes the excitation flux linkage to the necessary value
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to guarantee the desired steady-state reactive power flow, avoiding an opposite reaction
of the VSM. To study the effect and the tuning of this feed-forward action, the diagram
of Fig. 3.33 following transfer function must be considered:

A 1 A
e - (kff " ) 17 (3.69)
AQ |pe =0 Afpp) T+ AgrLg
where
4 (Ls + Lg) Tes (3.70)
I (L + Lg) tos + keVo '

A0 AQ
| Current Vg0 (1) Vao -
“| Control - -

A *
a0 Ahgy
> Ky 1
Lg + Ly
AQ; = ot ke
/ Tes u
AQy A}\e
V40 L,
Lg+ L,
A
M
+
0y e

Figure 3.33: Block diagram and equivalent circuit of the proposed feed-forward term in
the reactive control of the VSM.

It must be noted that the dynamic behavior of the current controller is approximated
as ideal, since its time constant is order of magnitude faster than the excitation control of
the VSM.

The optimal feed-forward term & ¢ ¢ is calculated by imposing a unity gain of the reac-
tive controller instantaneous response to a step variation in the reactive power reference:

AQ
AQ>k §—00

This results in ks = L. Therefore, the correct value of the feed-forward term is the
estimated grid inductance Zg. In Fig. 3.34 the Bode diagram of (3.69) is plotted with

90

=1 (3.71)
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and without feed-forward. It is evident that the action of the proposed feed-forward is
effective in increasing the dynamic response of the system. This dynamic is limited only
by the performance of the current controller.

1073 1072 107! 10° 10! 102
f (Hz)

Figure 3.34: Transfer function of the inverter reactive control with and without the
proposed feed-forward.

3.4.3 Experimental Validation

The proposed tuning method and feed-forward are experimentally validated in this
section. Two perturbations have been applied to the system:

1. Permanent voltage dip (—10 %). This test validates first the tuning procedure of the
excitation control. Then, the effect of an incorrect grid inductance estimation on
the reactive control is analyzed.

2. Step in the reactive power reference of the inverter. This validates the effectiveness
of the proposed feed-forward term and analyses the effects of an incorrect estimation
of the grid inductance on the feed-forward term.

In each test, the excitation control time constant has been set to T, = 1s. In the first
permanent voltage dip test, the tuning method is validated. As shown in Fig. 3.35a, the
virtual excitation flux linkage A, reaches the final value of 0.9 with the desired 1 s time
constant. The time constant is in fact defined as the time needed to complete 63.2 % of
the transient. In the test case, the total transient is 0.1 pu, therefore, the time constant t is
measured as the time between the beginning of the transient and when A, = 0.94 pu. This
is highlighted in Fig. 3.35a and actually corresponds to the design value of 1 s. Fig. 3.35b
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shows the actual inverter current and grid voltage for the phase a. The positive voltage
envelope shows that the during the voltage dip, the S-VSC action contributes to support
the grid voltage, which does not change abruptly, but it is supported by the S-VSC reactive
current injection. It must be noted that the current is limited arbitrarily to 36 A (0.6 pu), to
show the effectiveness of the current limitation strategy and the validity of the proposed
tuning method also in case of non-linear effects, such as the current limitation.
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Figure 3.35: Validation of reactive control tuning: a permanent voltage dip of —10 % has
been applied. From left to right:

a) Transient behavior of the virtual excitation flux A.. The time constant T, = 1 s of the
excitation control is highlighted graphically;

b) Scope capture of the positive envelope of the grid phase voltage a across Cy (upper
plot, Ch2, 10 V/div) and of the injected grid current, phase a (bottom plot, ChS, 10
A/div).

The tuning sensitivity to the grid inductance estimation has been tested as well and the
results are shown in Fig. 3.36a. Three grid inductance estimation values have been used:
0.8Lg, Ly and 1.2Lg (i.e. +20%). The perturbation is again a permanent voltage dip of
—10%. Asitemerges from the results of this test and the magnification of Fig. 3.36b,there
is a small variation on the actual time constant, even when there is a large estimation
error. Therefore, the proposed tuning method can be considered valid also when the grid
impedance is incorrectly estimated or varies due to faults or reconfigurations.
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Figure 3.36: Sensitivity to grid inductance estimation: a permanent voltage dip of —10 %
has been applied. The estimated grid impedance Zg varies from 0.8L, to 1.2L,. From
left to right:

a) Variation of the virtual excitation flux linkage A.;

b) Detail of to highlight the differences due to a non ideal estimation Zg of the grid
inductance.

Finally, the proposed feed-forward term is validated with a step variation in the reactive
power reference Q*. The results are shown in Fig. 3.37a and Fig. 3.37b. The reactive
power trend is compared with and without the proposed feed-forward term kyr = L.
Thanks to the feed-forward term, the excitation flux linkage A, instantly reaches its final
value and the integral action only corrects the small grid inductance estimation error.
This way, the reactive power transient only depends on the current control and it is not
influenced by the reactive control time constant ., which can be freely tuned to provide
the desired time constant for reactive support during grid voltage variations.
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Figure 3.37: Validation of the feed-forward term: A 0.1 pu step in the reactive power
reference Q* is applied (from O to 0.1 pu). From left to right:

a) Reactive power reference Q* and actual reactive power Q with and without the proposed
feed-forward;

b) Virtual excitation flux variation A, with and without the optimum feed-forward.
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Summary and Conclusions of Reactive Power Control Tuning

In this section it has been explained the structure of the excitation control of the
S-VSC. Moreover, the relationship between the tuning of the excitation control of the
S-VSC and its virtual stator and grid inductances has been revealed. From this analysis,
it emerges that it is important to carefully estimate the grid impedance, in order to obtain
the desired design parameters. Moreover, a feed-forward term is proved as an effective
solution to increase the dynamic behavior of the reactive current control, decoupling the
time constant of the reactive support during voltage dips from the one of the inner current
controller when changing the reference of the reactive channel.

As demonstrated both theoretically and experimentally, the proposed tuning
procedure and feed-forward term are robust against incorrect grid inductance esti-
mation or its variations due to faults or grid reconfigurations. Moreover, the error
in the estimation of the grid impedance are affecting the response only transiently
and are compensated by the steady-state integral action of the excitation control.

3.5 Synchronization and Converter Startup

The grid synchronization process of VSMs is a critical aspect, just as the synchroniza-
tion of real SGs. The advantage of virtual machines is the possibility of having a virtual
transient, with no current exchange with the grid. The control must take care of limiting
the transient inrush currents and ensure a seamless synchronization process. The startup
process of the S-VSC follows the steps:

1. Start synchronization: the S-VSC is enabled and the model is executed by the
digital controller. The current control is off, as well as the PWM modulation. The
power switches (e.g. IGBTSs) are open. No current is therefore injected or absorbed
from the grid;

2. Synchronization: The converter is measuring the grid voltage. The S-VSC is fed
the grid voltage and synchronizes to it without the need of a PLL. The duration
of the transient depends on the initial load angle between the S-VSC and the
grid. As it can be seen in Fig. 3.38a, any initial load angle eventually lead to the
synchronization. The synchronization ends when the virtual speed o, reaches a
steady-state;

3. Start Control: the S-VSC is synchronized and perfectly tracks the grid frequency
and phase angle. The PWM modulation and the current control can now be enabled.
As Fig. 3.38b shows, the PWM is enabled at 7 = 0.1 s after the synchronization is
completed. The currents are controlled to be O A after startup. The converter is
now fully operating. The power references can be modified and the plant is in fully
operational state.
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The startup process is therefore performed in the time span of few seconds, depending
on the initial load angle of the S-VSC. The large virtual speed variations of the S-VSC
(more than 5 Hz) during the synchronization process are not an issue, since this phase
is performed within the digital control, with no current exchange with the grid. Since
the S-VSC operates at no load during the synchronization process, there is no stability
boundary on the initial load angle.
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Figure 3.38: S-VSC synchronization process. From left to right:

a) S-VSC synchronization transient with different initial load angles (x/2, &, 3n/2);

b) Startup transient. PWM and current control are enabled at r = 0.1 s after the synchro-
nization is completed.

3.6 Current Controller

The current control (Current Control and Reference Limitation blocks in Fig.3.39)
can be performed using any of the available strategies presented in literature [5, 94]. In
this thesis a PI controller in the S-VSC rotating frame + Resonant controller on the sixth
harmonic has been implemented.

For any employed controller, the same current limitation strategy is used, as discussed
in the following section.
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Figure 3.39: S-VSC control of a current-controlled inverter.

3.6.1 Current Limitation Strategy

Differently from SGs, industrial power converters cannot be overloaded, even for
short times. Therefore, the current references generated by the S-VSC must be limited
to comply with the rating of the converter. In this thesis, the amplitude of the reference
current vector i ;‘;f (sum of the external setpoints and the S-VSC currents) is limited in its
amplitude |i,. r|, without modifying its angle Zi,. s in the (d,q) plane. Therefore, the ratio
between the active and reactive component of the current is not modified. The output
i:‘iq is then fed to the current controller. This saturation algorithm is visually depicted in
Fig 3.40.

This saturation algorithm works well if the references are sinusoidal at the S-VSC
frequency w,. If harmonics or negative sequence components are present in the current
references i:ff , then, this saturation strategy will introduce a distortion in their shape.
However, this is not usually an issue, as these contributions are limited in amplitude (few
percent of the nominal current).
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Figure 3.40: Current limitation strategy block diagram.
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Figure 3.41: S-VSC current limitation strategy. Maximum amplitude has been set to 1
pu. Phase a reference current with and without limitation. From left to right:

a) Limitation of a non-sinusoidal waveform (i:ff =1 pu; i;ef =0.1 pu; igef =0.2 pu);
b) Limitation of a sinusoidal waveform (i;ef =1 pu; i;ef = 0.8 pu).

3.6.2 PI+RES in (d,q)

As mentioned before, a PI+RES (tuned to the sixth harmonic) controller in the S-VSC
(d,q) rotating frame as in [95] has been implemented. The relative block diagram is
depicted in Fig 3.42. The tuning of the controller (i.e. the proportional and integral
gains k, and k;) given the control bandwidth fzéw and the zero of the regulator w,; are

performed as follows:
kp

anéWLf
(3.72)
k;

mzikp
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Figure 3.42: Implemented current control in the S-VSC (d,q) frame with a PI and a
resonant controller on the sixth harmonic.

The additional resonant term on the sixth harmonic is necessary to track the harmonic
compensation references. Supplementary resonant controllers can be added for higher
order harmonics (e.g. on the twelfth harmonic to control the fifth and seventh harmonics).
In this thesis simply a resonant controller on the sixth harmonic, as in [95], was imple-
mented. The tuning values of the bandwidth féW and the zero of the current controller
®;; are available in 4.1.

3.6.3 Conclusions and Summary of the S-VSC Model

In this chapter, the S-VSC model and its integration into the control of an inverter has
been proposed and analyzed. The proposed approach only acts as a parallel compensator
add-on and it generates the active and reactive power references for the inverter to provide
the ancillary services, mentioned in section 1.1, to the grid. These services include virtual
inertia, reactive power support and current harmonic compensation, while a traditional
current controlled inverter is in charge of injecting the desired active and reactive power
into the grid. This way, the S-VSC always operates at a small load angle. Therefore, it
presents very good performance in terms of transient stability and damping. Thanks
to the virtual stator model, also voltage harmonics compensation is achieved.

Three electromechanical damping strategies available have been presented and com-
pared with the two proposed damping strategies (RQ-based and Lead-Lag-damping). The
proposed damping strategies globally outperform the ones available in the litera-
ture and especially the RQ-based damping is a good compromise of implementation
complexity and transient performance.
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Chapter 4

S-VSC Ancillary Services Provision
Experimental Validation

In this chapter, the ancillary services capabilities of the S-VSC model has been
validated experimentally. The following set of tests has been performed to study its
behavior for each required ancillary service:

* Active and reactive power setpoint variation: operation under normal conditions;
* Inertial behavior tests: response to grid frequency variations;

* Voltage dips and swells: injection/absorption of reactive current during faults;

* Harmonic compensation.

A dedicated subsection will be devoted to each aspect.

The content of this chapter has been partially published in [82-85].

4.1 Description of the Experimental Setup

The S-VSC model, described in Chapter 3, has been implemented on a three-phase
two-level 15 kVA grid-connected inverter for experimental validation. Fig. 4.1 shows a
picture of the experimental setup. The rated dc side voltage is 400 V and it is provided
by an external bidirectional power supply. The grid side is represented by a 50 kVA grid
emulator providing a 220 Vrms line-line grid voltage at 50 Hz. The control algorithm
is implemented in C code on a dSPACE 1005 platform. Both the inverter switching
frequency and the controller sampling frequency are both 10 kHz. The LCL filter
parameters and the S-VSC parameters are listed in Table 4.1.
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Figure 4.1: Picture of the experimental setup used for the S-VSC validation.

Table 4.1: Inverter and S-VSC parameters for the experimental tests (unless explicitly
mentioned otherwise).

Parameter Value Parameter Value
Vi 120V2 V Sy 15 kVA
Ly 545 pH Cy 22 uF
Lyg 120 pH L, 270 pH
- 500 Hz o 314.15 rad/s
k, 1.712 V/A ki 537.9 V/(As)
L 0.1 pu R; 0.02 pu
H 4s T, 0.1s
L., 0.71 pu Trq0 0.23 s

4.2 Power Reference Variations

The first experimental tests validates the S-VSC capability of injecting power into the
grid. The advantage of the parallel operation of the S-VSC introduced in chapter 3 is
proved by defining two operating modes: VSC and VSG. The difference between these
two operating modes lies in where the external power references P* and Q™ are fed. Such
references can be either provided directly to the inverter control loops (as proposed for
the S-VSC) or given as references to the S-VSC.

The proposed operating mode is the VSC. In this operating mode, the power references
are processed directly by the inverter control loops and the virtual machine is only in
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charge of generating compensation references to provide grid ancillary services (virtual
inertia, reactive support, harmonic compensation).

The second operating mode, introduced for comparison, is the VSG, meaning that
the VSM fully operates as a real synchronous generator, dealing with both the active
and reactive power references. In this operating mode, the inverter current control
loops simply track the references generated by the VSM. The definition of this second
operating mode is useful, in order to compare the proposed S-VSC solution with other
existing models in the technical literature, which can be classified as VSGs.

In these tests, no low-pass filter was applied to the calculated powers, therefore a
substantial power ripple is visible. This power ripple is due to the measurement of the
currents and the grid voltages. In fact, being the power the product of current and voltage,
the measurement noise is amplified. Moreover, the measurement circuit has been used
far from its full range, being the power steps at few tens percent of the nominal power
rating.

First, the same step in the active power references (0.1 pu to 0.2 pu) has been applied
for each operating mode. The results are compared in Fig. 4.2. This test compares both the
VSM virtual speed o, variation and the step response of the active power, when a step in
its reference is given (0.1 to 0.2 pu). It must be noted that in the VSG mode (references fed
to the VSM) the virtual machine has to accelerate, in order to change its load angle 6 and
transfer the required active power to the grid. A larger speed deviation A f can be noted
in Fig. 4.2a. This has two detrimental effects. The first effect is that it slows down the
dynamic power response of the inverter, as it can be seen in Fig. 4.2a, as the virtual rotor
must change its relative position to the grid angle. The second aspect is that the machine
stability is lowered, as the working point of the virtual machine moves to a less stable
position (closer to & = 90°). On the other hand, in VSC mode, the virtual machine does
not change its load angle, but only slightly reacts to the perturbation, without interfering
with the active power step variation. This leads to a faster dynamic behavior, as shown
in Fig. 4.2a, which only depends on the dynamic of the current controller, a smaller
overshoot and a more damped response. Moreover, this also leads to benefits when the
virtual rotor is employed to estimate the grid frequency, for monitoring purposes and as
a feedback for a proportional frequency regulation.
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Figure 4.2: Active power reference P* step (from 0.1 pu to 0.2 pu). Comparison of VSC
operating mode versus VSG mode.

a) Frequency variation of the VSM (mHz) and active power injected by the inverter (pu);
b) Current waveforms for VSG mode. Ch2, phase voltage at the PCC (50 V / div). ChS5,
phase current i, (10 A / div);

¢) Current waveforms for VSC mode. Ch2, phase voltage at the PCC (50 V / div). ChS,
phase current i, (10 A / div).

Therefore, the VSC mode is superior, guaranteeing the desired active power flow with
the fastest dynamics, higher damping ratio and the smallest virtual speed variation, being
therefore able to decouple the active power control of the plant from the internal dynamic
of the VSM.

A similar test has been performed for the reactive power reference Q*. The results are
available in Fig. 4.3. Asin Test 3, also in this case the VSC mode is superior, guaranteeing
a faster dynamic behavior, since the dynamic response does not depend on the machine
parameters, but only on the design of the current control loop.
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Figure 4.3: Reactive power reference Q* step (from 0.1 pu to 0.2 pu). Comparison of
VSC operating mode versus VSG mode.

a) Reactive power transient;

b) Current waveforms for VSG mode. Ch2, phase voltage at the PCC (50 V / div). ChS,
phase current i, (10 A / div);

¢) Current waveforms for VSC mode. Ch2, phase voltage at the PCC (50 V / div). ChS5,
phase current i, (10 A / div).

The final power reference variation test involved a simultaneous active and reactive
power reference step (0.1 to 0.2 pu). This test has been performed in VSC mode. As
per Fig. 4.4, little difference can be seen from the previous individual active or reactive
power step variations, proving that the two active and reactive power channels are well
decoupled.
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Figure 4.4: Active P* and reactive Q* power reference step (from 0.1 pu to 0.2 pu). From
top to bottom:

a) Active and reactive power transient. The feed-forward term of the excitation control is
disabled;

b) Chl, phase voltage a at the PCC (100 V / div). Ch2, phase current i, (10 A / div).

4.3 Inertial Behavior

The following tests highlight the effective inertial behavior of the S-VSC, which
injects active power into the grid to reduce the Rate of Change of Frequency (RoCoF)
and increase the frequency nadir. The results are presented in Fig. 4.5 and Fig. 4.6.

A realistic grid frequency fault profile (e.g. after a major generator disconnection from
the grid) has been emulated by the grid emulator in the first test. The profile parameters
(i.e., frequency derivative, frequency nadir and frequency after fault) have been chosen
in order to increase the active power injected from the S-VSC and make the results more
evident. As it can be seen in Fig. 4.5, the active power is injected transiently (initial few
seconds span) to support the grid frequency. In the final instants of the fault (after 20-25
s), no active power is injected, as the derivative of the frequency is zero and the grid
frequency has reached its post-fault value. An additional active droop controller can be
included if the S-VSC is required to contribute to the primary regulation of the frequency.
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As already demonstrated in 3.3.6, thanks to the RQ-based damping, the active droop
and the damping feature are fully decoupled. This allows the most appropriate tuning of
the active droop coefficients (usually in the range 2—-5% [2]) without affecting the VSM
damping performance. In the second inertial test (Fig. 4.6) a less realistic, but exemplary,
triangular wave profile of the frequency has been imposed (+ 1 Hz deviation from the
rated 50 Hz, 10 s period). This test shows more clearly the inverse proportionality of the
active power injection to the grid frequency derivative. In fact, when the grid frequency
rises (or decreases) linearly, the active power injection is a negative (or positive) constant
value, depending on the set inertia constant H of the S-VSC.

Figure 4.5: Inertial contribution of S-VSC during realistic grid frequency drop.
Top: Grid and S-VSC frequency (Hz);
Bottom: Active power reference from S-VSC (pu).
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Figure 4.6: Inertial contribution of S-VSC. Grid frequency varies triangularly between
49 and 51 Hz with a period of 10 s.

Top: S-VSC frequency (Hz);

Bottom: Active power injected into the grid (pu).

In summary, the S-VSC is fully capable of guaranteeing virtual inertia in case of grid
frequency variations. The inertial power injection is proportional to the virtual inertia
constant H, which is a design parameter of the S-VSC and it is fully tunable by the final
user. Moreover, the inertial effect is fully independent from the primary regulation of the
frequency, enabling the user to add an optional active droop controller with full control
on the tuning of its values.

4.4 Reactive Support During Faults

The S-VSC response in case of voltage dips has been tested and the results are
described in this section. Voltage dip depths suggested by the international grid standards
have been chosen. In particular, a —10 % voltage dip was applied by the grid emulator,
according to the standards EN 50160 and IEC/TR 61000-2-8:2002. The results are
available in Fig. 4.7. Two aspects must be noticed. First, the current limitation strategy
described in Section 3.6.1, is working within the specifications. The current reference
amplitude is saturated to its maximum set value (36 A in this test). This limitation is also
proved by the phase current waveforms in Fig. 4.7b. Second, the inverter injects reactive
current during the fault to support the grid voltage and trigger the protection relays.

The large oscillations that can be seen in the first instants of the fault (Fig. 4.7a)
are 50 Hz oscillations in the (d,q) rotating frame. These oscillations correspond to a
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unidirectional current component in the three-phase stationary frame, as it can be seen
from the scope screen of Fig. 4.7b.
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Figure 4.7: Voltage dip fault according to EN 50160 and IEC/TR 61000-2-8:2002.
Voltage dip from 92 % to 82 % of the nominal voltage. From left to right:

a) Inverter reference currents (A) in the (d,q) frame;

b) Chl, voltage at PCC (50 V / div). Ch2, grid side phase current (10 A / div).

A second test was aimed to demonstrate the reaction in case of voltage swells. The
opposite perturbation (10 % voltage) was applied. As it can be seen in Fig. 4.8, the S-
VSC absorbs reactive power, contributing to reduce the voltage swell. Again, the current
limitation strategy is active and protecting the converter. It is also clear the current
unidirectional component in the early part of the fault.
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Figure 4.8: Voltage swell 10 %. From left to right:
a) Inverter reference currents (A) in the (d,q) frame;
b) Chl, voltage at PCC (50 V / div). Ch2, grid side phase current (10 A / div).

After having tested the S-VSC against voltage dips and swells, the influence of the
parameters (i.e., virtual stator resistance and excitation time constant) on the S-VSC
behavior has been tested and the results are reported in Figs. 4.7 to 4.11. For these tests,
the same perturbation has been applied from the grid emulator: a permanent voltage dip
of —10 Y% with a phase jump of —5°.

Initially a benchmark test with excitation control enabled (t, = 100 ms) and small
stator virtual resistance (Ry = 0.02 pu) was performed. As before, the virtual machine
provides full transient reactive support to the grid with the set time constant. Moreover,
the reference current is clamped to the limit value 7,4, (set to 36 A in such tests).
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Figure 4.9: Voltage Dip Fault (-0.1 pu and —5°). S-VSC with excitation control enabled:
T, =0.1s, Ry = 0.02 pu. Top to bottom:

a) Inverter currents (A) in the (d,q) frame;

b) Ch2, Positive envelope of the voltage at PCC (10 V / div). ChS5, phase current i, (10
A/ div).

Then, the excitation control was disabled (i.e., k, = 0). The result, shown in Fig. 4.10,
demonstrates that permanent grid support can be provided if the excitation control is
disabled. Since there is no reactive regulation, the excitation flux linkage A, of the virtual
machine is constant and equal to its value before the fault.
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Figure 4.10: Voltage Dip Fault (-0.1 pu and -5°). R; = 0.02 pu and excitation control
disabled: k, = 0. From top to bottom:

a) Inverter currents (A) in the (d,q) frame;

b) Ch2, Positive envelope of the voltage at PCC (10 V / div). ChS, phase current i, (10
A/ div).

Finally, the virtual stator resistance Ry was increased up to Ry = 0.2 pu. While the
virtual stator inductance L, regulates the amplitude of the transient support, Ry sets the
damping of its response and the duration of the unidirectional component of the fault
current (50 Hz oscillations in the rotating (d,g) frame). As it can be seen in Fig. 4.11, a
higher resistance leads to a more damped transient after the fault occurred. This does not
effect though the steady state operation, which is determined only by L and A..

110



4.4 — Reactive Support During Faults

40 T

—
30 | ! ! ! —_—ig |

— i

Imaz

180.03V

% [ELEDYNE LECROY.
. . . . . . . . . | Everywhoreyoulook”
160.03 Vv

140.03V

120,03V

00 | 0 G A N o |

100ms oths 100 ms 200 ms 300 ms 400ms 500ms 600ms 700ms 800ms 900 ms

i
AN AAA A A AAMANS A A A AAS A A A LA AN
MY AR AGAALAREALAASANAASARAAAN:

(b)

Figure 4.11: Voltage Dip Fault (-0.1 pu and —5°). S-VSC with large resistance R; = 0.2
pu and excitation control enabled. From top to bottom:
a) Inverter currents (A) in the (d,q) frame;

b) Ch2, Positive envelope of the voltage at PCC (10 V / div). ChS5, phase current i, (10
A/ div).
The outcomes of these tests can be summarized as follows:

* The S-VSC is capable of injecting/absorbing reactive power during voltage dips
and swells;

* The fault response profile can be modified in terms of amplitude (varying Lj),

duration (t.) and unidirectional current component (R;) according to the user
design data;
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* The current reference limitation strategy and the current controller are able to limit
the injected/absorbed current within the given constraints.

4.5 Harmonic Compensation

The harmonic compensation capabilities has been tested under a distorted grid, gen-
erated by the grid emulator. A 5 % 5th harmonic voltage distortion has been introduced.
The system is operating at no load, so that the effect of the harmonic compensation is
clearly highlighted.

a) S-VSC OFF

4v

2V

o

2V

h Hz 100 Hz 200 Hz 300 Hz 400 Hz 500 Hz
[oc) C5 Bl |DC Timebase 0 ms|[Trigger () 128
100 Vidiv 100Vidiv|  100A/dv]  2.00 Vidiv e 50.0 ms/div] Auto oV
0.00 V ofst 0.00 V ofst 0 mA offset| 50.0 Hz/div 1.25kS 2.5kS/s|Edge Positive
8V

5% harmonic component
N reduction L, = 0.1 pu

b) S-VSC ON

2V
bhz 100 Hz 200 Hz 300 Hz 400 Hz 500 Hz
[0CY Cc5 (EMES Timebase 0 ms|[Trigger () 128
100 V/div 100 V/div 10.0 A/div 2.00 V/div 12 Bits 50.0 ms/div| Auto oV
0.00 V ofst 0.00 V ofst 0 mA offset| 50.0 Hz/div| 1.25kS 2.5kS/s|Edge Positive

Figure 4.12: Harmonic compensation test. A 5% 5th harmonic component has been
introduced into the emulated grid. A comparison with the S-VSC enabled and disabled
is carried out. Ly = 0.1 pu. From top to bottom:

a) FFT of the voltage at the PCC when the S-VSC is off;

b) FFT of the voltage at the PCC when the S-VSC is on.
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The beneficial effect of the S-VSC is clear as resulting from the FFT analysis of
Fig. 4.12. The 5th harmonic content in the grid voltage has been attenuated from 6
V to 4 V, proving the effectiveness of the S-VSC harmonic compensation feature. The
compensation effect is also evident from the time-domain waveforms. The current and
voltage waveforms at the PCC are displayed in Fig. 4.13. The line-line voltage (yellow)
shows the typical Sth harmonic distortion, which shaves the peaks of the line-line voltage.
If the S-VSC is off, the converter does not inject or absorbs current (Fig. 4.13a).

As soon as the S-VSC is switched on (Fig. 4.13b), compensating current references
are generated according to (3.6). The current contains a Sth harmonic component that
contributes in reducing the magnitude of the voltage distortion. In this thesis, as men-
tioned in section 3.6.2, the current control has been implemented in the (d,q) S-VSC
frame using PI and resonant controllers on the 6th harmonic. Without such resonant
controllers, the quality of the current reference tracking would have been much lower,
thus decreasing the effectiveness of the harmonic compensation. It is therefore crucial to
employ suitable current controller (e.g. resonant, MPC...) to ensure the correct tracking
of the compensation current references.
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Figure 4.13: Harmonic compensation test. Current and voltage waveforms at PCC. C5
phase current (A), C2 phase voltage (V) and C1 line-line voltage (V). From top to bottom:
a) S-VSC is off;
b) S-VSC is on.

As mentioned in 3.2.5, the harmonic compensation is tunable and depends on the
virtual inductance L; of the stator. To prove it, a further test has been performed setting
L = 0.05 pu. The FFT of the voltage at the PCC is shown in Fig. 4.14. The residual
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component of the Sth harmonic is in this case 2.8 V. Comparing this result with the
previous test (Fig. 4.12), it can be noted that the 5th harmonic is further reduced of
50%. As foreseen, this effect is inversely proportional to the virtual stator inductance
L. A smaller virtual stator inductance L generates a larger compensating current and,
therefore, the voltage distortion is further reduced.

. a) S-VSC OFF

6V
4V

FAY

S

2V
bhz 100 Hz 200 Hz 300 Hz 400 Hz 500 Hz
[oc] Cc5  EIES Timebase 0 ms|[Trigger (1) 118
100 V/div 100 V/div| 10.0 Aldiv 2.00 V/div 12 Bits 50.0 ms/div| Auto 0V
0.00 V ofst 0.00 V ofst| 0 mA offset 50.0 Hz/div| 1.25kS 2.5kS/s|Edge Positive
8V

b) S-VSC ON

5% harmonic component
reduction L, = 0.05 pu
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[oC] c5  (EES Timebase 0 ms||Trigger () 128
100 V/div. 100 V/div 10.0 A/div| 2.00 V/div 12 Bits 50.0 ms/div| Auto oV
0.00 V ofst 0.00 V ofst| 0 mA offset 50.0 Hz/div| 1.25kS 2.5kS/s|Edge Positive

Figure 4.14: Harmonic compensation test. A 5% Sth harmonic component has been
introduced into the emulated grid. A comparison with the S-VSC enabled and disabled
is carried out. Ly = 0.05 pu. From top to bottom:

a) FFT of the voltage at the PCC when the S-VSC is off;

b) FFT of the voltage at the PCC when the S-VSC is on.
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Chapter 5

Modeling of Converters for System
Level Stability Studies

After having presented the S-VSC model and its experimental validation as a single
converter connected to the electric grid, it is necessary to describe how to model it for
system-level studies. In fact, the increasing penetration of electronic-interfaced renew-
able energy sources may lead to instabilities within the electric power system [20, 96].
Therefore, accurate models of the converters and their control are necessary. Moreover,
this necessity has also been translated into grid codes requirements. The Italian TSO
Terna is for example requiring models of different detail for the simulation and analysis
at the power system level [6, 7].

Traditional power system modeling and analysis, has been working with much larger
time constants (electromechanical transients) compared to modern electronic converter
(switching frequency). In modern static converters, these time constants are related to
the physical hardware of the converter (e.g. LCL filters) and the digital current/voltage
controllers. However, to integrate more renewable energy sources into the grid, power
converters may be also asked to provide ancillary services (frequency, voltage and har-
monic content) to the grid, in order to maintain its stability and power quality. These
services, differently from the inner converter controllers, operate with much smaller time
constants, similar to the traditional synchronous machines. Therefore, a multi time scale
analysis of the system, focusing only of certain time scales of interest, may be necessary.
Also, simplified models may be desirable, in order to focus only on specific phenomena,
with the goal of reducing the computational burden of the analysis, which would be
otherwise excessive and would provide redundant results.

With the recent increase in the share of distributed generation from renewable energy
sources interfaced by power electronics converters, accurate and computationally efficient
modeling techniques have become necessary. These techniques are required flexibility
(i.e. can be applied to different systems easily), scalability (i.e. can model more con-
verters/loads and can merge together multiple grid sub-portions) and a selectable level of
detail, to model certain phenomena, while neglecting others.
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Therefore, during the years, several levels of complexity and detail have been pro-
posed. Initially, the research focused on subsynchronous oscillations, therefore neglecting
the behavior of current/voltage controllers [97], being it much faster. In these studies,
the converter was considered a voltage source, ideally controlled in its frequency and
amplitude by active and reactive droop controllers. While being valid for low frequency
oscillations, these simplifications prevent from predicting instabilities or underdamped
resonances at higher frequencies (related to the innermost current or voltage control
bandwidth and grid-side filters resonance frequency). Therefore, more accurate models
have been proposed [98, 99], which model more accurately the high frequency behavior
of the power converters.

Given this introduction, it can be said that the following features are needed to model
power converters for system-level studies:

* The modes of the system must be evident in their frequency and damping, so that
poorly damped oscillations are easily identified;

* Analysis of the relation between the modes and the states of the system, to identify
the states associated with the most critical modes;

* Possibility to derive a reduced order model of the system, by neglecting the dynamic
behavior of some of its parts. This allows shorter simulation time with an acceptable
quality of the results.

The content of this chapter has been published in [100].

5.1 Possible Converter Modeling Techniques

Given the need of system level converter modeling, several techniques have been
proposed. Two are the most popular approaches: frequency domain analysis using
impedance models and the eigenvalue analysis using state-space models [101]. Various
frequency domain analysis approaches have been presented in the literature [102-107],
as well as experimental characterization procedures [108] aimed to obtain the black-box
frequency response of a converter without any knowledge of its internal hardware or
software parameters. This technique is extended to system-level analysis by applying
the Generalized Nyquist Criterion [109], combining the equivalent impedance models
of various converters connected to the grid. Unfortunately, these impedance models
are more difficult to interpret in terms of comprehension of the poles in the system and
how these poles are influenced by the parameters of the system. Moreover, the frequency
domain representation (using Bode plots) of the equivalent impedance of these converters
leads to pole-zeros cancellation.

On the other hand, the state-space modeling clearly identify the modes of the analyzed
system and their correlation to its states (e.g. filter and controller variables) by means
of participation factors [2] and also to the parameters of the system (e.g. tuning values)
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thanks to the sensitivity analysis. Moreover, a state-space model provides an immediate
feedback of the time constants of the system, without the effects of zero-pole cancellation,
that can be present in the impedance model representation.

However, the state-space modeling process can be an analytically demanding task, if
applied to complex systems with many interconnections. A higher number of state vari-
ables, inputs and outputs leads eventually to complicated matrix expressions. Moreover,
the low flexibility is a serious disadvantage: if new components are added to the system,
others removed or modified, the modeling process must be reiterated. This drawback is
especially evident when modeling power converters featuring with advanced cascaded or
more emerging controllers, such as the S-VSC.

In the technical literature some examples of state-space modeling of such controllers
[69] are available, but following the classical monolithic approach, i.e. deriving the
complete model at once. This approach leads to valid results, but it lacks of scalability,
modularity and flexibility (i.e. if any part of the model is modified, then it must be derived
again). Moreover, the large amount of state variables increases the order of the obtained
system. Thus, the complexity of this modeling technique leads involves a larger effort
and it is prone to calculation errors. Therefore, troubleshooting cannot be easily done
during the derivation of the model.

A sound approach to tackle these problems is the Component Connection Method
(CCM). The CCM provides modularity and simplifies the modeling procedure. At the
same time, it reduces the analytical modeling effort and the likelihood of mistakes during
the derivation process, by individually modeling the single components of the system and
then connecting them using sparse interlinking matrices, as shown in Figure 5.1. The
global system is finally derived by combining the individual component.
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Figure 5.1: Modular state-space modeling of a grid connected converter including con-
trollers.

Traditionally, CCM has been employed in power system studies to analyze multi-node
networks featuring several conventional generating units (SGs) and loads starting from
[110]. Later, it was used more specifically to model the early grid applications of power
electronics: static var compensators and HVDC transmission systems [111, 112]. In the
last decade, with the exponential growth of inverter-based electrical energy conversion,
CCM has gained renewed interest and it was applied to modern power electronics-based
power systems. In 2014 CCM was applied to model wind farms and their connection to
the main grid [104, 113, 114]. The same research group extended this work and applied
it to CCM modeling of multiple converters power systems, including detailed converter
models (i.e. accurate control loops and digital delays modeling) in wider inverter-based
power systems.

CCM is currently employed in the stability and interaction analysis between conven-
tional (i.e. grid-following converters) and new breeds of controllers (i.e. Synchronverters)
for renewable generation [115-117]. In these publications, the CCM is just the first step
towards a more advanced state-space p-analysis [117] to consider the uncertainties of the
modeled plants.

CCM is still adopted in power system studies, to include converter-based grid nodes
into larger scale studies (e.g. the study on subsynchronous torsional interactions in
[118]). In these cases, its flexibility is exploited and the modeling procedure is simplified
to neglect aspects at frequency out of the range of interest (e.g. digital control delay).
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5.2 Generalized CCM Modeling Workflow

It is first useful to present a generalized approach to explain CCM modeling, which
will be applied to the S-VSC. The CCM models in a modular way the system under study.
First, the individual blocks must be identified and linearized around the desired operating
point. Then, interlinking matrices relate each block and define the connections among
them. Finally, by algebraically combining the single blocks and the interconnection
matrices, the complete state-space model of the system under study is obtained.

This process is summarized by the step-by-step procedure described below:

1. Definition of the system under study global inputs U and outputs Ys. The inputs
might be external disturbances, such as setpoints variations (e.g. active and re-
active power) or grid fault conditions (i.e. frequency, voltage amplitude or phase
variations). The outputs, on the other hand, can be chosen arbitrarily, depending
on the aspect, which is studied. For example, the power (or current) injected by the
converter and the measured grid frequency using PLLs or VSMs;

2. Identification of the single blocks. Two kinds of blocks can be identified: dy-
namic (containing state variables) and algebraic (not containing state variables). In
general, n dynamic components and m algebraic components are identified;

3. Each component is linearized around the desired operating point (e.g. voltage level,
frequency...);

4. Each k-th linearized dynamic component (e.g. LCL filters, integral regulators...)
must be written in the state-space form:

Xk = Aka+BkUk
k=1...n 5.1
Yo = Cka+DkUk

where X is the vector of the state variables of the component, Uy are the inputs of
the block and Y are its relative outputs. The matrices Ay, By, Cy and Dy are the
component state-space matrices.

5. Algebraic components are defined to simplify the modeling procedure. In the con-
ventional state-space modeling, only dynamic components are present. However,
the introduction of algebraic blocks is very useful when modeling a controller.
Many purely algebraic calculations, such as multiplications and divisions, involve
complicated linearized expressions and it is efficient to simplify this process by
introducing such algebraic block. They do not contain state variables, but only
relate the inputs Uy and the outputs Y as:

Yo =D, U k=n+1...n+m (52)
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A practical example of algebraic components are: sums and divisions for current
reference calculation starting from the power references and droop controllers.

. By aggregating the X} state variable vectors of the single blocks, the vector X; of the
state variables of the global system is obtained. Similarly, the list of the components
inputs U and the list of the components outputs Y are defined as follows:

X, = [Xi...X]
= [Uy...Upml’ (5.3)
= [Yi...Ypml

. By combining the algebraic and dynamic components, an aggregated model is
defined as follows:

X, = A.Xs+B,U
5.4)
= C,X,+D,U
where:
A O 0
0 A 0
A, = .
0 O Ay
number of algebraic
blocks inputs (5.5
—_——
B, 0 --- 0 0 -- 0
0 B, - 0 0 - 0
Ba = . . . . . .
0 O B, O 0
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C; 0 --- 0]
0O G --- 0
C, = |0 0 C,
0 0
. number of algebraic
: blocks outputs
i 0 e e 0 ]
D; 0 --- 0
0 Dy --- 0
D a - . . . .
0 0O --- D n+m

To cope with the introduction of the algebraic blocks, the B, and C, matrices of
(7) must be extended and null elements are added. In detail, as many null columns
as the total amount of inputs of all the algebraic blocks is to be attached to the B,
matrix. Similarly, as many null rows as the sum of the algebraic block outputs must
be added to the C, matrix.

. The connection of the single components is performed by defining the connection
matrices.

These connection matrices T are generally sparse and relate the inputs and outputs
of the single blocks and the global system as follows:

Uu = TLtyY + TysUs
(5.6)
s = TyLY + Ty Uy
. The global linearized system state-space model is finally obtained as:
X, = AsXs+ ByU;
(5.7)
Y = CiX;+ DU

where:
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Ay = Ag+BJT,WC,

B; = B TuyyWD TysBaTys

C, = TyWC, (5.8)
Dy = TyWD,Tys+Ty

W =  (I-D.T,)".

If the system structure needs modifications, then the single blocks and interconnection
matrices have to be modified according to the system structure.

5.3 Component Connection Method Applied to the S-
VSC

In this section, the proposed S-VSC is modeled using CCM. The system is composed
by the converter hardware part, its control (current controller and the S-VSC) and the
connection to the grid, represented by its Thévenin equivalent circuit, as shown in Fig. 5.2.
In this analysis the RQ-damping has been used. A similar procedure can be applied to
model other damping methods.

5.3.1 Definition of System Inputs and Outputs

Following the step-by-step procedure of the previous section, the inputs and the
outputs of the system must be defined first. The inputs U of the system are defined
so to model the possible electrical perturbations that can affect the system. This means
step variations of the active and reactive power references (AP*, AQ™), grid frequency
Awyg, grid voltage amplitude AE, and grid voltage phase angle A, variations. Thanks
to these inputs, the S-VSC can be fully tested under normal and abnormal grid operating
conditions.

The system outputs Y are here selected to analyze the most significant hardware and
control variables of the system (power, voltages, current and S-VSC virtual mechanical
variables):

’

5x1

Uy [AP*,AQ*’A@g,AEg’A(bg]

(5.9)

’
6x1

where AP; and AQ; are the active and reactive powers injected by the inverter.

Yo = [AP:,AQ;, Ay, AS, AvY, Avi]
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5.3.2 Component Identification

The second step is the identification of the blocks composing the system, as highlighted
in Fig. 5.2. In total, n = 4 dynamic blocks and m = 2 algebraic blocks are defined as
follows:

* Dynamic components: LCL filter, Inverter control loops (PI and delay model),
S-VSC electrical part (stator and damper), S-VSC power loops (mechanical part
and excitation control);

* Algebraic components: Power reference calculation (power to current) and grid
perturbation model.
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Figure 5.2: Block diagram of the modeled S-VSC control connected to the physical
system.

5.3.3 Dynamic Components Definition
LCL Filter

The inverter is interfaced to the grid by means of an LCL filter, as shown in Fig. 5.3.
The LCL filter is modeled in the (d,q) frame synchronous to the S-VSC virtual rotor
position 0, rotating at ®,.

i Ry Ly Ryg Lrg i, Rg L,
VCT ICf

e R, | Ve Vpee eg
i

Figure 5.3: LCL filter model in the stationary (a,f) frame.
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This block has the following state variables Xy, inputs Uy and outputs Yz cr:

/

Xper = [N A A A AvE AVE]

Uc = [Ael,Ael, Aed, Aef, Aoy (5.10)

_ d A Aud ALD ALd q 1
Yicr, = [Azi,Azi,Avg,Avg,Avpcc,Avpcc]6xl

The output v, is useful if a multi-inverter plant is modeled, where the voltage
amplitude control at the plant Point of Common Coupling (PCC) .

The necessary state-space matrices Arcr, Brcr, Croer, Dicr are obtained, by lin-
earizing the equations describing this component (in per unit):

.dq

Ly [di.
dq _ dq _ f i . .dq .dgq
e, —Vvg = OJ_b( o + JO,0pi; )+Rdll.
d d Lyg+Lg (did? . .
vl -e! = = g( St joopig! |+ Ry + R GAD

b

Cf dng .dg .dq . dq
PYRPT = [ =iy — jCrov,

The LCL circuit equations of (5.11) are linearized obtaining:

Ly dAi?
Mef = Avg = Rpdil + =2 —L — LiooAif - LyTjAw
, (5.12)
o LjdAi y .
Ae? - Avg = RfAll(.l + (,O_b dtl +Lf03()All. +LfIiOAm

d
Lyg + Lg dAT,

Avd —Ae? = (Rpy+Ry)AIl + o~ (Lyg+ Lg)woAig = (Lyg + Lg) I} Aw
o Lypg+LgdAif ‘
Avi—Ael = (Rpe+Ro)Ail + % dtg + (Lyg + Lg)woAi§ + (Lyg + L)% Aw
(5.13)
CydAv? g g d
(D_b dr - CfO)()AVC - CfVcOA(D = Ali - Alg
. (5.14)
CrdAv d d q q
(D_b i <+ CfO)oAvc + CfVCOACO = All. - Alg
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The state variables derivatives can be now highlighted:

dAi? Ry ®
_ -d -q q b d «d d d
dtl = -y L, Aif + wowpAi; + wpl A + L, (Aef — (RyALf - RdAzg + Av?))

= —wp L—J;Ai? — wo0pAif — wpIEAw + L—f(Ae? — (RgAil = RyAil + Avd))

dAid Rro+R
g _ fe ™ Re q q ®p d d d d
i = —wbmAlg + (DQ(DbAlg + (DbIgOA(D + m(RdAli - RdAlg + AVC - Aeg)
dAil R +R
g _ fe ™ Re g d d Wp q q q q
i = —wbmAlg — (DO(DbAlg - (DbIgOA(D + m(RdAli - RdAlg + AVC - Aeg)
dAv? Op g Db,y q q
T = C_fAli - C—fAzg + wp0pAve + @pV A
dAv! Wp g Op g d d
T = C_fAli - C—fAzg — 0pmeAVE — meCOAa)
(5.15)
The outputs of the block are calculated as follows:
Av{ = RgAil = RgAid + Av¢ 516
Avi = RgAil - RgAil + AV
and:
L,R R,L:i; +R¢;,L, — L,R L L
AV = 5O g ST TIETE ANy 8 A IS el
Lyg+Lyg Lyg+Lyg Lyg+Lg Lyg+Lyg
L,R R,Ls; +RsoL, — L,R L L
AVe = S0 g LB TIE e T e p iy T A T 6
Lfg+Lg Lfg+Lg Lfg+Lg Lfg+l(,§ 17)

The complete state space matrices of the LCL filter are available in Appendix B.

Current Controller

This model considers a digital (with sampling time 7y) PI current controller imple-
mented in the (d,g) synchronous reference. The proportional and integral gains of the PI
regulator are k, and k;. The digital controller and the modulation introduce a total delay
T; = 1.5-T and this is modeled using a first order Padé approximation. By modifying this
block, a higher order approximation can easily be used. The complete control diagram
of the controller is depicted in Fig. 5.4.
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le 2-Tys | ¢
24+ Tys

Figure 5.4: Block diagram of the PI regulator and equivalent delay (PI + delay) of the
digital control and modulation.

The following state variables Xj,, are identified (the integrator Axflq and the delay
model ijq), as well as the inputs Uy, and outputs Y7, of this block:

_ d A4 d A41
Xy = [Axi’Axi’Axd’Axd]4><1

U = |Ai A Al AT (5.18)

/

Y = [Aefl’ Ae?]le

The state-space matrices of this block are Ay, Bryy, Crny, Dy, describing the fol-
lowing set of equations:

v =k (i =) +x? + woLyil
vl = k(i = if) +x! - woLyif
dx?
! = kl' (l* - ld)
dt d
P (5.19)
— = kl' (l* - lq)
dt 1
dx’ 2 4
—4 = ——xd+ —vd
dt Ta Tq
q
o 24,4
= y !
dt Ty Tq
with the following outputs:
elfl = —xld+xj—kpi2+kpil.d—m0Lfi?
(5.20)
el = —x!+xd—kyis+ woL i + kpi?

The complete expressions of the matrices of the controller are available in Appendix B.
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S-VSC Electromagnetic Equations

The electrical and magnetic equations of both virtual stator and rotor of the S-SVC
were presented in Chapter 3. The block state variables Xg;;, inputs Ug;; and outputs Yg;;

are defined as: ,

Xeir = [Ahg, Mg, Ahrgly,

’

Ueiw = [AV,AvE, Aoy, AN,

(5.21)

/

Yei = [aid, ALl

The state-space matrices Agy;, Beir, Ceir, D of this block are obtained from the lin-
earization of the electromagnetic equations of the S-VSC, summarized here:

. 1 d\g
V4 = —Ri,g— (Or}\,q + (j)_b?
) 1 di,
Vq = _Rslvq + (l)r7\d + m—bE
dhrg .
TrqOT = _}\rq - qulvq (522)
. >\fe - }‘fd
lyd = I
. Mg = Ay
ivg = 7
N
which are linearized as:
1 dAM
Mgy = —Rbivg+ - dtd — WoAhy — AgoA®
) 1 dA)N,
Avgq = —RsAlvq + — + (,\)()A?\d + AdoAO)
Wp
dA\, .
Tr0— 1 = ~Ahrg — Lyghiy, (5.23)
Al, — AN
AV = —eL d
N
AN, — AN
Aiyg = ——
S
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The state variables derivatives can be highlighted:

dAM Ry R;
d = —(Db—AXd + 0g - (DbA}\q + (obAvgd + (ObAq()A(D + Q)b—AXe
dt Ls LS
dAL, R, R,
= -0 0pAAg — wb—Akq + wb—Aqu + u)bAvgq — 0pAgoA® (5.24)
dt Ly Ly
dAM L 1+L,,/L
e _ iAkq—ﬁAqu
dt TrqOLs Trq0
The outputs are simply:
Ahe — AL
Aiyg = Tl — 0
Ly
(5.25)
. Ahrg — AN,
Alvq = L—S

The complete expressions of the matrices of the S-VSC electromagnetic part are
available in Appendix B.

S-VSC Power Loops Equations

The swing equation (active power loop) and the excitation control (reactive power
control) equations of the S-SVC are described by this block. Its state variables Xp,er,
inputs Up,,er and outputs Yp,,., are as follows:

Xpower = [A(,O, A5, Axe]éxl

’

Upower = |AvE, AVE, Ail, Ail, Ao |, (5.26)

Ypower = [APy,AQ,, Aw,, A, Axe]/jxl

The state-space matrices Apower, Browers Crower» D Power Of the power loops block are
again obtained by the linearizing the relative equations:

dw,
-P, = 2H
dt
dd
- = (0, — @) wp (5.27)
—k, % - dhe
Ve dr
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The state variables derivatives can be highlighted:

dAw Ide quO ngO ngO

b
= L AP

- A - —A —Ai ——Ai
dt 2H 2H 8T oy TVsa T g S T g v
dAd
— = 0pAw, — 0pAm,
dAh, b, Lyg0 Lyao Veqo Vedo
= k,—AQ"+k,—Avoy —ke—Avy, — k Aiyg+k Ai
dt eVgO Q e VgO Ved e VgO Veq e VgO lvd e VgO lvg

(5.28)
The complete expressions of these matrices are available in Appendix B.

5.3.4 Algebraic Components Definition
Power Reference Calculation

The power reference computation algebraic block performs the following calculation
to obtain the current references iy, startmg from the external power references PQ*,

S-VSC currents i, and the grid voltage v g :

_ P -Jo

i, d+]lse - (5.29)
et T =
where:
P; = P"+P,
(5.30)
O; = 0°+0,

Due to the division involved in (5.29), a dedicated block is justified to simplify the
modeling process.
There are no state variables, while the inputs Ug, y and outputs Yg, ¢ of the block are:

Urer = [AP*.AQ". AP, AQ, AVEAVI]!
(5.31)

YRer = [Ald,Al ]2><1

Equation (5.29) is linearized, obtaining:
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Vgdd Vgg0 Vgd0 Vgq0 Vgd0 Vgq0

A% =
d 2 2 2 2 2 2
VgO VgO VgO VgO VgO VgO
* 02 2 _ * * 02 2 _ *
P tO(vqu ngo) 2onvgd0vqu+Qro(ngo ngo) 2P},V¢doVeq0
4 4
VgO VgO
A = Vgg0 Vgd0 Vgq0 Vgdo Vgq0 Vgd0

o

9= 32 2 2 2 2 2
VIOOVR VR VRV VY

* ¥ 02 )2 * 02 2 *

2P VgdoVeqo + QtO(vqu ngo) N P zo(ngo ngo) +20)Vgd0Vgq0

4 4
VgO VgO

Being an algebraic block, only the Dg,r matrix is obtained and it is available in
Appendix B.

Grid Perturbations

This second algebraic block models the connection to the electric grid. It generates
the grid voltage variations egq according to the global system inputs Aw,, AE,, Ad,,
which represent the grid perturbations.

The grid voltage vector is defined as:
el = Ege/(379) (5.32)

Any phase jump Ad, in the grid voltage vector leads to the variation of the S-VSC
load angle 8. As already presented in the previous power loops section, a grid frequency
Aw, variation leads to a load angle variation and it must be therefore included in (5.27).
In Fig. 5.5, the vector diagram of the grid and S-VSC is depicted, as well as the graphical
representation of the angle variation due to a phase jump in the grid.

Before the perturbation in the grid (time ¢ = 7,), the angles of the grid and the S-VSC
are as follows:

o (1) = o
o () = o (5.33)
5(15) = 3+00-6y, = &
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The S-VSC is assumed locked to the grid, so the virtual speeds are:

ofs) = oo
o ()
o) -oeli) = 0

After the perturbation (AE,, Ady) the angles vary according to:

o - Op (5.34)

o (15) = @
00 (17) = 05 +Ad (5.35)
5(1) = 3+00-0 = So-Ad,

The S-VSC rotor position 0, is a state variable and does not change instantaneously.
The angle variations are as follows:

@, _ ®, O

dt = r b

do,

= e (5.36)
dd

B - oo

Therefore, this block generates the output Y4 (i.e. the grid voltage Aegq) depending

on the following inputs Ugyiq:

[A8, AE,, Adg |5,

UGria
(5.37)

and from the matrix Dg,;4, obtained by linearizing (5.32).

B A B A
el
q o, q Wg ®,
d Fault Ag, d
) e 0
g 5
o ’ eg o o : A:I)g’ > €
X, o 77 3
"o a

Figure 5.5: Vector diagram of the grid voltage and the (d,q) S-VSC rotating reference
frames. The angle A, is defined as the load angle variation after a fault event.
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5.3.5 Aggregated Model

After having defined every dynamic and algebraic blocks, the aggregated model can
be obtained. First, it is necessary to list the aggregated state variables X, inputs U and
outputs Y:

Xy = [XLCL’ Xinv, XEir, XPower]’lsxl
U = [Urcr. U, Uit Upowers Ure s, Ugria oy (5.38)
Y = [YLCL’ Yinvs YE1t, YPowers YRef» YGrid],lgxl

Then, the aggregated model matrices, which are as follows:

Arcr O 0 0

Aa = 0 0 Agy 0
0 0 0 Apower ] 16x16
Brer O 0 0 ... 0
B - 0 B 0 0 ... 0
a - 0 0 Bgn 0 ... 0
0 0 0 Bpower 0 16x27
Cicr O 0 0
0 Crv O 0
0 0 Cgpi 0 (5.39)
Ca - 0 0 0 CPower
| 0 0 0 0 119x16
Dicr O 0 0 0 0
0 Dpy O 0 0 0
P 0 Dgy O 0 0
“ 0 0 0  Dpower 0 0
o 0 0 0  Dgreys O
o 0 0 0 0 Déria| 1050

It must be noted that the matrices B, and C, are extended with a number of null
elements equal to the number of inputs (8 in total) and outputs (4 in total) of the two
algebraic blocks.
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5.3.6 Connection Matrices

The last step is represented by the connection matrices 7. They are obtained by
connecting the inputs U and the outputs Y of the aggregated system to the global system
inputs U and outputs Y. The matrix Ty is zero, as there is no direct feed-through from
the system inputs to the system outputs. The detailed expressions of the connection
matrices are available in Appendix B.

Tuy27><19 Tu527><5
(5.40)

Tsye1o  Tssoxs = O6xs

5.3.7 Derivation of the Global State Space Model

After having obtained all the necessary matrices, by applying (5.8), the final global
state-space system representation (matrices Ay, B, Cy, D) is obtained. The state-space
model is now ready for the analysis and the simulation. Such model could have been
also obtained following a monolithic way. However, thanks to CCM, the modeling phase
can be tackled more easily and quick and straightforward modifications are possible, in
case either the controller or the physical system change. A practical and straightforward
example of this advantage is changing the current feedback of the current controller. In
fact, for grid-connected converters interfaced with LCL filters to the grid, two types of
current feedbacks are usually adopted: grid side current feedback and converter side
current feedback [5].

In the case of the S-VSC, the converter side current feedback is adopted. Therefore,
the outputs of the LCL filter block Y; ¢ include the converter side current and not the
grid side currents. In case the control strategy is modified and the current feedback is
shifted to the grid side current, then, only the Y7 ¢, vector and the relative matrices Crcp
and D¢y must be altered. Every other component remains the same. Moreover, the
interconnection matrices are kept constant as well, being the two feedbacks equivalent
from the point of view of signal routing.

Another example of the easiness of reconfiguration by adding new blocks is the
addition of an external droop controller. If the plant is required a primary frequency
regulation, then an extra proportional frequency controller can added, generating the
necessary active power references for the inner control. Thanks to the adopted CCM, the
S-VSC model is not modified, but a simple extra algebraic block is included before the
reference calculation block. This extra component will receive as inputs the nominal and
the actual grid frequency and generate the active droop power reference, which is then
added to the external power references of the converter.
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5.4 S-VSC State-Space Model Discussion and Validation

After having derived the S-VSC in state-space form, it is possible to numerically
calculate the poles A of the S-VSC, by solving:

det(A; — M) =0

(5.41)

The result is displayed as pole map in Fig. 5.6 and they are also listed in Table 5.1.
The parameters of the system have been chosen according to the experimental setup used
for later validation and are available in Table 5.2. The usual comments about the stability
and damping of the system can be stated. Moreover, the pole map representation helps
visually distinguishing the poles of the system as follows:

* The high frequency poles (1 - 4), related to the LCL filter (in the range of 2 kHz);

* The equivalent poles of the digital control (5 - 8, 11, 12);
* The poles (9, 10) of the virtual stator of the S-VSC and the grid (50 Hz);

* The low frequency poles (13 - 16) of the electromechanical part of the S-VSC (i.e.,
excitation control, damper winding and swing equation) in the range of 1 Hz.

< (Hz)

2000 f
1500
1000

500 F

0

-500 f
-1000 f
-1500 f

-2000 p
-2500 -2000 -1500 -1000 -500 0

A, ¥

R (Hz)

Figure 5.6: Pole map of the S-SVC. The poles are numbered according to Table 5.1.

Then, the analysis of the participation factors [2] can be done, in order to clearly
define which state variables influence the single poles. The participation factor p;; of the
k-th state to the i-th mode is defined as:

Pik = Pix - Vi
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where ®;; is the k-th value of the right eigenvector ®; and Wy, is the k-th value of the
left eigenvector ;.

Table 5.1 shows the results from (5.42), correlating the states and the modes of the
system. Thanks to this analysis, the poles of the system can be linked to the physical
quantities that influence them.

Table 5.1: POLES AND PARTICIPATION FACTORS. ONLY SIGNIFICANT FACTORS ARE DIS-
PLAYED (LARGER THAN 0.1)

Poles 1-2 3-4 5-6 7-8 9-10 11-12 13-14 15 16

fo (Hz) 2084.58 1988.07 1513.86 27292 50.34 31.85 1.38 1.35 0.16

T (ms) 0.35 0.35 0.11 0.61 21.87 517 16739 117.67 999.67
d 0.216 0.229 ~1 0959 0.145 0966 0.691 - -

iy 02065 02079 0.1532 02639 - - - - -
iy 02065 02079 0.1532 02609 - - - - -
igd - - - ~ 02740 - - - -
igq - - - ~ 02810 - - - -

iy _ - - - - 05750 - - -
Xig - - - - - 05759 - - -
Xpd - ~ 06859 0.1876 - - - - -
Xpg - - 06863 0.1875 - - - - -
ha - - ~ 04200 02282 - - - -
Ay - - ~ 04178 02199 - - - -
A _ _ - - - - 22608 55357 -
o, _ - - - - ~ 16308 -22624 -
5 _ - - - - - 16362 22699 -
D - _ - - - - - - 1.0002

This preliminary analysis is useful from the point of view of a multi-timescale study.
In fact, the poles whose time constants are too small or too large can be excluded to
simplify the model. An example related to the considered case study is the simplification
of the model to analyze the low frequency behavior of the system (e.g., inertial behavior of
a power system during a frequency drop), by neglecting the high frequency poles, related
to the LCL filter and the current controller. Since these poles are orders of magnitude
faster than the electromechanical dynamics of the S-VSC, they can be approximated with
a direct feed-through with no dynamics. The individual blocks and their interconnections
can be easily rearranged to obtain the needed simplified model.
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Table 5.2: INVERTER AND S-VSC PARAMETERS FOR THE STATE-SPACE MODEL AND OF THE
EXPERIMENTAL SETUP

Parameter Value Parameter Value

v 230V2 V Sp 15 kVA
Lf 2 mH Cf 5 |JF
Ly, 1 mH L, 3 mH
k, 3.77 Q k; 710.6 Q/s
Ly 0.1 pu Ry 0.02 pu
H 45 k. 0.22
L, 1.048 pu Trq0 0.278 s
fs = fsw 10 kHz Vbe 700 V

Besides, a change of the parameters of the system can be studied wit the state-space
model. The variation of the Short Circuit Ratio (SCR) of the connection to the grid is a
useful example. This analysis can be especially important for wind power applications
connected to very weak grids. Due to the often isolated geographical positions, long
cables or overhead lines, SCR ranging down to 1.5 or even less have been reported [119].

The SCR of the system is swept from 10 to 1.5 and the resulting pole map is shown
in Fig. 5.7. The S-SVC damper and excitation control parameters are tuned according
to the modified grid impedance. As it can be seen from the pole map, the poles of the
LCL filter (1 - 4) change their frequency, as the grid side inductance is modified. The
S-VSC stator poles (9, 10) are also influenced, being the stator in an equivalent series
connection with the grid inductance. The effect is a lower damping of such poles, that
can be however compensated by increasing the virtual stator resistance R,. Finally, the
low frequency mechanical poles (13 - 15) do not alter significantly their damping, thanks
to the tuning algorithm described Chapter 3, but only change their natural frequency. The
excitation control pole (16) is not modified, as it is tuned as described in Chapter 3 to
always guarantee the desired time constant.

In addition to the presented analysis, the state-space model can be used for other
studies. For example, the pole map can be obtained for different operating points (i.e.
operation under load), or the pole variation due to the parametric uncertainty of the
physical components (i.e. grid inductance estimation, filter parameters) on the tuning
procedure of both the controllers and the S-VSC.
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Figure 5.7: Pole map of the S-SVC when the SCR changes from 10 to 1.5. The arrows
indicate a decrease in the SCR. The poles are numbered according to Table 5.1. From
left to right:

a) Complete pole map;

b) Magnifications of the lower frequency poles.

5.4.1 Experimental Validation

The obtained state-space model was then verified experimentally. In this case, the S-
VSC has been implemented on a dSPACE 1007, controlling a 15 kVA three-phase inverter
connected to a grid emulator, as shown in Fig. 5.8. The digital control is executed at f; =
10 kHz, which also corresponds to the switching frequency fi,, of the converter.

The parameters of both the experimental setup and the S-VSC are listed in Table 5.2.
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;!- dSPACE
“| Controller

Figure 5.8: Experimental setup where the controller is based on dSPACE.

The state-space model has been validated performing tests using all the five available
inputs AP}, AQ7 ,, Aoy, AE, and Ady,:

ext?

1. Step active power reference variation AP, ,;

2. Step reactive power reference variation AQ3,,;
3. Step drop of Grid frequency Awg;
4. Grid voltage drop AE, with phase jump Ad,.

The active power flow into the grid and the frequency of the S-VSC are compared
with the outputs of the state-space model in the first test (Fig. 5.9). The active power
reference rises from 0.2 pu to 0.3 pu at = 0.2s. The choice of the power levels have
been chosen in order to perform a more general test of the state-space model. In fact,
the current reference calculation block strongly depends on the initial active and reactive
power references P and Q. Therefore, a non zero initial active power operating point
has been chosen, better to validate this aspect of the model. As it can be seen from
Fig. 5.9 both the S-VSC virtual speed o, and the mean values of the injected active power
are consistent to the results from the state-space model. The state space-model, in fact,
describes the moving average behavior of the system and does not take into account the
switching behavior of the converter and the non-ideal measurement process (e.g. noise,
delays), which on the other hand affect the experimental setup.
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Figure 5.9: Test 1: Step in active power reference AP},

From left to right:

a) S-VSC virtual rotor speed (Hz) from experimental test (Exp) and state-space model
(SS);

b) Active power injected from the inverter (pu) from experimental test (Exp), filtered
active power (Filt) and output of the state-space model (SS).

from 0.2 pu to 0.3 pu.

In the second test (Fig. 5.10), the reactive power injection is validated. In this test,
the reactive power reference rises from 0.1 pu to 0.2 pu. Similarly to the previous Test,
the initial non-zero operating point has been chosen better to test the current reference
calculation block of the model. Also in this case, the state-space model of the S-VSC
is accurate enough to simulate the step transient of the reactive power reference. Again,
the state-space model does not include the switching and non-ideal behavior of the
experimental setup. This non-ideal behavior can be neglected when dealing with longer
timescales, such as in Test 2. In fact, these aspects act with much shorter time constants
and do not significantly affect the behavior during these transients (operating in the time
scale of seconds).
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Figure 5.10: Test 2: Reactive power reference AQ; . step from 0.1 pu to 0.2 pu. Reactive
power injected from the inverter (pu) from experimental test (exp), filtered reactive power
(Filt) and output of the state-space model (SS).

The third test (Fig. 5.11) validates the model against the input relative to the grid
frequency variation Aw,. A step frequency variation of —0.2 Hz has been applied by the
grid emulator. The S-VSC compensates the grid frequency drop by injecting inertial active
power into the grid. The state-space model is able to predict both the S-VSC frequency o,
profile, as demonstrated in Fig. 5.11a, and the extent of active power injected, as shown
in Fig. 5.11b. The frequency variations can be studied using the state-space model, as
obtained here, for system level studies, when analyzing frequency regulation and inertial
support in the power system. This kind of analysis can also help studying the different
inertial action resulting from the tuning of the S-VSC (the parameters of interest are in
this case the inertia constant H and the virtual damper parameters 7,40 and L,,, which
are directly related to the electromechanical damping { of the virtual machine, as it was
described in Chapter 3).
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50

499} =
N =]
s 2
49381 s
49.7 - - -
0 0.5 1 15 2
t (s)
(a)

Figure 5.11: Test 3: Grid frequency step drop Aw, from 50 Hz to 49.8 Hz.

From left to right:

a) S-VSC virtual rotor speed o, (Hz) from experimental test (Exp) and state-space model
(SS);

b) Active power injected into the grid (pu) from experimental test (Exp), filtered active
power (Filt) and output of the state-space model (SS).

Finally, the fourth test (Fig. 5.12) validates the state-space system in case of a realistic
grid fault. The fault is emulated by stepping the grid voltage amplitude down to 95 %
of its nominal value and applying a phase jump of —5°. In such tests, the quantities
of interest are the reactive power injected into the grid (Fig. 5.12a), supporting the grid
voltage, and the virtual excitation flux of the S-VSC A, (Fig. 5.12b) to evaluate the time
constant of the excitation control. As expected, the state-space model predicts well both
the trend and the amplitude of such quantities, therefore being a good analysis tool to
study the S-VSC tuning and response.

QFup
03¢ Qrat |
Qss —
= 0.2} 1 =
£° e
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0 0.5 1 1.5 2

Figure 5.12: Test 4: Grid voltage drop AE, = =5 % with phase jump A¢p, = —5°.

From left to right:

a) Reactive power injected into the grid (pu) from experimental test (Exp), filtered reactive
power (Filt) and output of the state-space model (SS);

b) S-VSC virtual excitation flux A, from the experimental test (Exp) and state-space model

(SS).
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5.5 Conclusions and Summary of VSMs State-Space Mod-
eling

In this chapter, the CCM-based step-by-step algorithm to derive the state-space
model of a grid-connected converter equipped with advanced cascaded controllers
has been presented. This modeling approach is suitable when tackling cascaded con-
trollers with interconnected signals thanks to its modular structure. Moreover, it enables
an easy modification or reconfiguration of the system, without fully remodeling it.

This method can be employed to obtain the state-space model of grid-tied inverters
equipped with advanced cascaded controllers or emerging control techniques, such as the
S-VSC with the goal of studying and simulating the stability of a power system with a
high penetration of renewable energy sources. Besides, state-space models are practical
in case of multi-timescale analysis of the power system: the eigenvalues of the system
under study can be obtained, as well as their correlation to its state variables. Simplified
models can, therefore, be obtained, by neglecting high or low frequency phenomena
which are out of the scope of the analysis.

The state-space models obtained thanks to CCM represent a useful tool for both power
electronics engineers and grid operators. The first can obtain preliminary information
about the weak spots of the converters they are designing and test their behavior under
different operating conditions (normal and abnormal). From the grid operator perspective,
such state-space models could be provided by the manufacturers with different level of
details [6, 7] and then be integrated in a more system-level analysis.
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Chapter 6

Conclusions

6.1

Summary of the Thesis Contributions

This dissertation dealt with the analysis, implementation and validation of a
new VSM model called Simplified Virtual Synchronous Compensator (S-VSC). This
model operates as a parallel VSM structure, only providing ancillary services to the grid.

The main results of this research can be summarized as:

The S-VSC model is intended as a plug-in controller for a traditional grid-feeding,
current controlled inverter, as the majority of the RES converters and fast chargers.
The advantage of this solution is the easy current limitation and the larger control
bandwidth, compared to a voltage-controlled inverter.

The S-VSC generates additive power contributions to the inverter references, to
guarantee grid services (inertia emulation and compensation of current harmonics)
and grid support during symmetrical and asymmetrical faults with reactive power
only. In the literature, however, the virtual machines are always in charge of
processing the full power references. Therefore the S-VSC always operates at low
load, featuring higher transient stability and damping;

Two damping methods are proposed (see 3.3): the RQ damping, using an equiva-
lent g-axis damper winding and a Lead-lag damping, which is based on the filtering
of the feedback active power. Both methods are providing an effecting electrome-
chanical damping to the S-VSC and feature both a full damping-droop decoupling
and reduced sensitivity to grid disturbances;

A focus on the harmonic compensation capabilities of VSMs and their experimental
assessment for the proposed S-VSC model;

The extension of the CCM state-space modeling technique to study the S-VSC in
system level integration.
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Conclusions

During the PhD activity, a total of 18 papers were published. 6 of them about the
emulation of SGs (2 journal and 4 conference papers). Moreover, three prizes were won
for the research activity.

6.2 Future Developments

The following main future developments of this research are foreseeable at the mo-
ment:

* Further system level studies of the S-VSC, including its transient stability during
faults and a comparison with traditional SGs and other VSM implementations;

* Integration strategies of the S-VSC in ultra fast charging stations, introducing local
energy storage management logic;

* Black start and grid forming capabilities of the S-VSC, which has been studied for
grid-connected application only so far;

e Fault current in case of asymmetrical faults and comparison with the existing
strategies [5];

* S-VSC capable of injecting large short circuit currents during voltage dips (i.e.,
greater than 1 pu), thanks to hardware modifications.
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Appendix A

List of Acronyms and Symbols

~.

A

Al

AVR
CCM
CVSM
EV
KHI
MPPT
PCC
PI
PLC
PLL
PV
RES

RoCoF

Small Signal Variation
Harmonic Order
Imaginary Unit

Laplace Operator

List of Acronyms

Automatic Voltage Regulator
Component Connection Method
Cascaded Virtual Synchronous Machine
Electric Vehicle

Kawasaki Heavy Industries
Maximum Power Point Tracking
Point of Common Coupling
Proportional Integral

Power Loop Controller

Phase Locked Loop
PhotoVoltaic

Renewable Energy Source

Rate of Change of Frequency
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List of Acronyms and Symbols

SG
S-VSC
SPC
THD
TSO
UFC
VISMA
VSC
VSM

VSG

A2

Synchronous Generator

Simplified Virtual Synchronous Compensator
Synchronous Power Controller

Total Harmonic Distortion

Transmission System Operator

Ultra Fast Charger

VIrtual Synchronous MAchine

Virtual Synchronous Compensator

Virtual Synchronous Machine

Virtual Synchronous Generator

List of Parameters

LCL Filter Capacitance
Droop-damping Gain

PLL-damping Gain

Voltage Droop Gain

Nominal Grid Frequency
Bandwidth of the Current Controller
Converter Switching Frequency
Inertia Constant

Maximum Current

Inertia of a Rotating Shaft
Synchronverter Excitation Control Gain
Active Droop Gain

VSYNC PLL Gain 1

Proportional Term of the PI-based Damping
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A.2 — List of Parameters

Excitation Control Gain

Excitation Control Feed-forward Gain
SPC-LL Droop Gain

SPC-PI Integral Gain

Integral Term of the PI-based Damping

; VSYNC PLL Gain 2

; Integral Gain

PLL Integral Gain

Proportional Gain

PLL Proportional Gain
Synchronizing Power

SPC-PI Proportional Gain

Converter Side LCL Filter Inductance
Grid Side LCL Filter Inductance
Grid Equivalent Inductance
Estimated Grid Inductance

Virtual Stator Inductance

d-axis Self Inductance

g-axis Self Inductance

d-axis Damper Winding Self Inductance

g-axis Damper Winding Self Inductance

g-axis Simplified Damper Winding Self Inductance

Total g-axis Inductance of the S-VSC with RQ-based Damping

Excitation Winding Self Inductance
Transformer Inductance

d-axis Mutual Inductance (stator-damper)
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List of Acronyms and Symbols

M, d-axis Mutual Inductance (stator-excitation)
M.p d-axis Mutual Inductance (excitation-damper)
M o g-axis Mutual Inductance (stator-damper)
Ry Converter Side LCL Filter Resistance
Ry Grid Side LCL Filter Resistance
R, Grid Resistance
R4 LCL Filter Damping Resistance
R Virtual Stator Resistance
R, d-axis Stator Resistance
R, g-axis Stator Resistance
Rp d-axis Damper Winding Resistance
Ro g-axis Damper Winding Resistance
R, g-axis Simplified Damper Winding Resistance
R. Excitation Winding Resistance
Rp Active Droop Coefficient
P,.ax Maximum Transferable Active
S, Base Power
Tnax Maximum Torque
Tmin Minimum Torque
Vi, Base Voltage
X, Grid Reactance
X, Stator Reactance
X;or Total Reactance
Z, Total g-axis Impedance of the S-VSC with RQ-based Damping
¢ Damping factor

T4 Active Droop Filter Time Constant
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A.3 — List of Variables

Wp

Wn

®z;

Excitation Control Time Constant

g-axis Short Circuit Time Constant

g-axis Simplified Damper Winding Time Constant
Lead-lag Damping Pole Time Constant

Lead-lag Damping Zero Time Constant

Base Frequency

Nominal Grid Frequency

Frequency of the Zero of the PI Current Controller

A.3 List of Variables

E

Peak Value of the Virtual Back emf

Equivalent Voltage Applied by the Modified Synchronverter
Virtual Back emf

Reference Voltage for the PWM Modulator

Amplitude of the Thévenin Grid Voltage

Thévenin Grid Voltage

; Converter Side Current

Grid Side Current

Reference Current, Limited
Reference Current, Non Limited
d-axis Current

g-axis Current

Excitation Current

d-axis Damper Winding Current
g-axis Damper Winding Current

g-axis Simplified Damper Winding Current
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List of Acronyms and Symbols

=

Iy
Myiy
Prey
Pyet

P*

Vdc

Ve

Filtered Converter Side Current

Virtual Current

Excitation Flux Linkage of the Synchronverter
Reference Active Power from the PLL of the VSYNC
Active Power Setpoint

Active Power Reference

Damping Power

Electrical Active Power

Active Power Injected by the Inverter

Mechanical Power

v Virtual Active Power Reference

Virtual Active Power

Filtered Virtual Active Power

Reactive Power Setpoint

Reactive Power Reference

Voltage Droop Reactive Power Reference
Reactive Power

Reactive Power Injected by the Inverter
Mechanical Power

Virtual Reactive Power Reference
Virtual Reactive Power

Damping Torque

Electromagnetic Torque

Mechanical Torque

dc-Link Voltage

LCL Filter Capacitor Voltage
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A.3 — List of Variables

vy d-axis Stator Voltage
V4 g-axis Stator Voltage
v. Excitation Winding Voltage
ve Measured Grid Voltage
Vpee Voltage at the Point of Common Coupling
? CVSM Input Voltage of the Virtual Impedance
Vser Voltage Setpoint
V, Peak Value of the Measured Grid Voltage
xrr State Variable of the Lead-lag Filter of the S-VSC
0 Load Angle
0, Rotor Position
0, Grid Voltage Vector Position
Mg d-axis Flux Linkage
Ay g-axis Flux Linkage
A Excitation Flux Linkage
Ay s Feed-forward Excitation Flux Linkage
Ap d-axis Damper Winding Flux Linkage
Ao g-axis Damper Winding Flux Linkage
Arq g-axis Simplified Damper Winding Flux Linkage
¢, Phase Variation of the Grid Voltage
®* Reference Frequency
g Actual Grid Frequency
oprr PLL Measured Frequency
o, Rotor Frequency

®, Rotor Frequency Derivative
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Appendix B

State-Space Matrices of the S-VSC

B.1 LCL Filter
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0 0
0 0
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State-Space Matrices of the S-VSC

CrcL =
1 0 0 0
0 1 0 0
Ry 0 —Ry 0
0 Ry 0 —-Ry
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B.3 — §-VSC Electromagnetic Part Matrices

B =

~k, 0  k, —w,L
0 —kp (o,oL,- kp

B.3 S-VSC Electromagnetic Part Matrices

Agir =
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B.4 S-VSC Power Loops Matrices

APower =
0 00
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State-Space Matrices of the S-VSC
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B.5 Current Reference Calculation

Dgey =[D1 D;]
D, =

Vgdo Vgq0 Vgd0 Vgq0

2 2 2 2
Vg0 VgO VgO Vg0
Vegq0 Vgd0  Vgq0 Vgd0

2 2 2 2
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0
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B.6 — Grid Perturbation Matrices

B.6 Grid Perturbation Matrices

DGrid—
€2d0
€gq0 Eo ~€gq0
P (B.20)
—€gd0 — —  €gd0
g0

B.7 Connection Matrices

Only the non-zero elements are given:

Tw(1L7) =1 Ty(28) =1 Tu(318)=1 Ty(419) =1 T, (513)=1
Ty (6,16) =1 T,,(717) =1 T8 1) =1 T,,(92) =1 T,(10,3)=1

Tuyyrxio © Tuy(114) =1 T,y(12,13) =1 T,,(13,15) =1 T,y (143) =1 T,,(154) =1
T,y(16,9) =1 T,,(17,10) = 1 T,y (21,11) =1 T,,(22,12) =1 T,,(23.3) = 1
Ty (24,4) =1 T,,(25,14) = 1

Tus21xs  © Tu(18,3) =1 To(19,1) =1 T,5(20,2) =1 T,5(26,4) =1 T,,(27.5) = 1

3 3 3 3
T,y (1,1) = EngO T,y(1,3) = 5150 T,y(1,2) = Evg‘f0 Tyy(1,4) = 51;10
. 3 3 3 3
Tiyexio * Tyy(2,2) = SVeo To(24) =3l Ty(21)==2Vi Ty(2.3) = =315,
Tsy(3’13) = 1 Tvy(4,14) = 1 Txy(s,?’) = l Tsy(6,4) = 1
(B.21)
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