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Fontes renovéaveis de energia sao vitais para combater as mudancas climaticas,
mas podem trazer problemas de estabilidade para os sistemas elétricos onde estao
instaladas. Elas sao conectadas por meio de conversores com controle Seguidor de
Rede (Grid Follower - GFL), necessario para maximizar sua geracio. Entretanto,
GFLs possuem capacidade de suporte a rede muito limitada.

Este trabalho propée o Conversor de Controle Hibrido (Hybrid Control Con-
verter - HCC), um novo tipo de sistema de controle para VSC (Conversores Fonte
de Tensao, ou Voltage-Source Converters). O HCC emula a operacao de dois con-
versores individuais, que estariam operando em paralelo e simultaneamente, sendo
um GFL e o outro com controle Formador de Rede (Grid Former - GFM). Assim,
o HCC apresenta caracteristicas de ambos ao mesmo tempo: o controle de poténcia
rapido e preciso do GFL, e as capacidades de suporte a rede e black-start do GFM.

O modelo matematico do HCC é desenvolvido e anélises de estabilidade e ro-
bustez sao apresentadas. Resultados mostram que o HCC é tao estavel e robusto
quanto as estratégias de controle usuais (GFL/GFM) para os casos analisados.

Duas possiveis applicacoes do HCC sao apresentadas. A primeira lida com ca-
pacidade de suporte & rede de turbinas edlicas. E mostrado que o HCC confere per-
formance superior a turbina, comparado com o controle tradicional (GFL), levando
a transitorios de frequéncia mais amenos. A segunda aplicacdo mostra que o HCC
permite uma conexao autonoma entre redes ac que estejam conectadas por um sis-
tema HVDC ramificado. Assim, o sistema HVDC apresenta suporte automaético
as redes ac, permitindo um compartilhamento natural de geracao e carga entre as

mesmas, sem a necessidade de agoes especificas de controle pelo operador do sistema.
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Renewable energy sources are vital to fight against climate change, but they
may bring stability issues to the electrical systems. They are connected to the grid
through converters with grid-following (GFL) control, which is needed to maximize
their generation. The problem is that GFLs have very limited grid support capabil-
ity.

This work proposes the Hybrid Control Converter (HCC), a novel kind of VSC
control structure. It enables the converter to emulate the operation of two individual
converters working in parallel and simultaneously, being one GFL and the other with
grid-forming (GFM) control. This way, the HCC can show behavioral characteristics
of both at the same time: the fast and accurate power control of the GFL, and the
inherent support and black-start capabilities of the GFM.

The full mathematical model of the HCC is developed, and stability and robust-
ness studies are also conducted. Results show that the HCC is at least as stable and
robust as usual converter control strategies (GFL/GFM) for the analyzed cases.

Two possible applications for the HCC are presented. The first one is related to
grid support of wind turbines (WT). Results show that, when applied to WT con-
verters, the HCC presents superior performance when compared to the conventional
GFL, resulting in a smaller grid frequency drop during transients. The second ap-
plication shows that the HCC allows for autonomous connection of multiple distinct
ac systems using a meshed HVDC transmission system. This enables automatic fre-
quency support, and also generation and load sharing between the ac grids, without

requiring any specific action by the system operator.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Renewable Energy Sources and Associated Challenges

Power generation from Renewable Energy Sources (RES) has drastically in-
creased in the past decade. As the world rallies to find solutions for the global
climate crisis and avoid irreversible climate change, renewable energy has been the
top candidate to reduce the emission of CO2 and other greenhouse gases. Wind
and solar generation are the fastest-expanding RESs [I], as shown in Figure
with progressively lower investment costs and a technology that has been getting
increasingly mature over time [2].

The drastic increase in renewable generation has even led to the decommission of
conventional fossil-fuel-based power plants in some countries [2]. The International
Energy Agency (IEA) estimates that, if we are to achieve the sustainable develop-
ment goals discussed and agreed upon in the past years, the share of RESs in the
global energy matrix must keep expanding aggressively, rising from 30% (in 2020)
to around 60% in 2030 [3]. Aside from that, there is the ongoing energy transition,
where electric vehicles are overtaking traditional fuel-based transportation, domes-
tic heating systems are shifting from gas- or oil-based to electric, and so on. This
paradigm shift is going to skyrocket the energy consumption in the coming decades,
increasing even more the demand for renewable energy.

Even though RESs are vital to tackle the climate issue, they bring new chal-
lenges when compared to conventional power plants. Wind generation, for instance,
directly depends on the wind speed that the Wind Turbines (WT) experience. Pho-
tovoltaic (PV) panels generate power proportionally to the solar irradiation to which
they are subject. The stochastic variations of wind and sunlight lead to a variable
power generation, which may, in turn, lead to instantaneous unbalance between

generated power and demand [4, [5]. At low penetration level, this variability in
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Figure 1.1: Evolution of the global energy generation by RESs [1].

generation is not very relevant, being comparable to regular variations in the energy
demand [5]. Therefore, conventional units such as hydro or thermal Synchronous
Generators (SG) can guarantee the electrical system stability and reliability. The
problem arises when the penetration level of RESs increases, and the existing SGs
are not enough to keep the system operating in a reliable manner.

Wind turbines and PV panels usually generate the maximum power they can ex-
tract from the wind or sunlight at any given time, following a Maximum Power-Point
Tracking (MPPT) algorithm. This characteristic has made them quite competitive
in terms of cost, but it introduces other issues. If they are always operating at
their maximum possible power output, there is no possibility of further increasing
the power delivered to the grid, although it can be reduced by means of inverter
control. Besides that, since RES generation is directly dependent on the natural
resource at any given time, these energy sources are by definition not dispatchable
[5], which means that their generation level cannot be defined freely by the Indepen-
dent System Operator (ISO). On the other hand, with SGs, it is usually possible to
increase or decrease their generation at any given time. This is done by actuators
that control the input water flow or steam, depending on the type of machine, while
respecting their rated power. They are dispatchable, as the ISO can request any
specific generation level at any given time, and the SGs will follow the dispatch
order.

The ISO has to plan the day-ahead and the intraday system operation and



also schedule, in the most economical way possible, the amount of reserve power
available. Since RESs are becoming more prevalent and given the fact that they
are not dispatchable, they pose a great challenge for power systems operation and
planning. One of the main factors related to grid stability that is taken into account
by the ISO is the frequency stability. When there is a momentary mismatch between
generation and demand, the frequency of the electrical system varies. The usual way
to tackle this issue is with traditional SGs, that quickly adapt their output power to
match the demand, providing the necessary support to the grid. They have different
layers of frequency support, with different goals. Reserve units, usually thermal
generation based on SGs, are also kept operating to increase the safety margin of
the system if extra generation is required. It is costly to keep these units operating
as reserve, but they are required especially in grids with high RES penetration to
compensate for the variations in RESs production.

Figure [1.2] illustrates different stages of frequency support, following a given
grid contingency [6]. Initially, the inertial response of the generators dictates the
transient response of the grid frequency right after the fault. When the frequency
drops below an acceptable threshold, the primary response is automatically triggered
on all generators that are able to provide this kind of support. It increases their
output power, which stabilizes the system at a different (lower) frequency level. After
some time, the secondary frequency support is activated for the generators that have
this capability, and extra power is supplied to the grid. This brings to frequency
closer to the nominal value. Finally, the tertiary frequency support is activated by
the system operator, that performs redispatch of the available generators to achieve
a more stable operating point and return the frequency to its nominal value, usually
also taking into consideration economical aspects. In the figure, the zones depicting
different types of frequency support are slanted, to emphasize that their effect is not
instant from the moment they are activated.

During the first moments after a fault, the Rate of Change of Frequency (RoCoF)
is dictated by the system inertia. Conventional SGs are directly coupled to the
electrical grid, and their mechanical inertia inherently reduces the rate at which
the grid frequency drops. The mechanical rotational energy of the SGs serves as
a momentary buffer, avoiding large grid frequency excursions before the support
functionality is activated to halt its drop.

For RESs, the story is different. Since they are not dispatchable, they cannot
properly provide grid support, increasing their generation if and as needed. Besides
that, they are usually connected to the grid using Power Electronics Converters
(PEC), thus being classified as Inverter-Based Resources (IBR). The PEC is needed
to optimize the RES’s generation, enabling them to generate the maximum amount

of power they can on any given moment regardless of the grid conditions. This
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Figure 1.2: Stages of frequency support after a fault.

way, their generation is decoupled from the grid state, and they present no inherent
inertial behavior to help the system stability [7HI0]. With an increasing portion
of the electrical generation being comprised of IBRs, the overall grid inertia and
frequency support capability are steadily decreasing, and transient oscillations are
becoming more severe. With low system inertia, instantaneous mismatches between
generation and demand lead to larger and faster voltage and /or frequency variations,
which reduce the system stability and reliability and may cause the activation of
protection schemes such as load shedding.

These issues related to frequency support and grid stability are especially relevant
when more than 65% of the generation is provided via IBRs [10]. Even though that
is a very high value for most electrical networks in the world, subsystems of large
grids already reach this threshold and may have their reliability compromised. For
example, Germany and Denmark have already had 100% of their instantaneous
generation via IBRs in some situations [10]. In their case, the European grid can
provide the necessary support, but as RESs penetration increase, these issues will

become more frequent and relevant.

1.1.2 Possibilities to Enable Grid Support Capability on
RESs

To tackle the grid stability issues and enable frequency support for RESs, three
main approaches have been highlighted in recent literature: to implement de-rated
operation; to add support functionality in the PEC control system; and to implement
Energy Storage Systems (ESSs) as reserve.

The first one consists of operating the WT or PV panel below the maximum

power point so that, at any given moment, it can increase its power generation if



needed, assuming enough headroom is available. This can be done by means of blade
pitch or operating speed control in W'Ts, or by voltage control in PV panels. Since
this approach consists on not utilizing the maximum power capability during steady-
state operation, it is highly undesirable from an economic perspective. Nevertheless,
there are studies that try to mitigate this issue. For example, Su et al. [IT] propose
a technique to optimize de-rated operation on a solar farm and keep an optimum
amount of reserve power for primary frequency support. An algorithm that estimates
the amount of inertia available in the grid (from other sources) dictates the necessary
amount of reserve power, thus keeping the de-rated operation to a minimum when
grid conditions are favorable.

The second approach to tackle grid stability issues consists on adding new func-
tionalities to the PEC’s control system. For example, for W'Ts, it can emulate an
inertial response by using their stored kinetic energy. This leads to a momentary
increase in delivered power (that usually lasts up to about 10 s), accompanied by
a decrease in rotor speed. When the controller’s emulated inertial response ends,
the WT resumes regular operation but with a lower speed, and thus a lower output
power than before. Even though this technique is advantageous because it does not
require any extra components, this behavior could lead to a second wave of instabil-
ity, depending on the electrical system conditions, due to the reduced power output
at a second moment [12].

The third approach to tackle grid stability issues employs ESSs as the source of
extra energy. They can be rapidly regulated to consume or provide extra active and
reactive power to the grid when required, helping mitigate voltage and frequency
transients. The ESSs presented in recent literature to be used together with RESs
are mainly Battery Energy Storage Systems (BESS). Other types of ESS exist,
such as flywheel, supercapacitor and pumped-hydro, but the main advantages of
the BESS are its fast response time, flexible and accurate output power control,
short installation time and a recent trend of cost reduction [4]. Similarly to most
RESs, a BESS is connected to the grid via a PEC, which controls its output power.
Therefore, it is also classified as an IBR.

Zhao et al. [5] present a broad review of ESSs integrated with wind power. They
argue that, because of the ESSs fast response time, they could be more advanta-
geous than conventional reserve units when compensating for fluctuations in RESs
power generation, in some cases. They also mention that BESSs can provide various

ancillary services, such as (but not limited to):

e emulated inertial response [0, 8], so that WTs do not have to change their

operation from MPPT mode, ensuring maximum energy capture;

e reliable power dispatch [§], where the BESS compensates for the mismatch



between the dispatch order and the actual wind/solar generation;

e generation time-shifting [4] 13|, where the ESS is charged (storing energy gen-
erated from a RES) when the energy prices are lower and discharged when

prices are higher;

e primary frequency support [4, [8 [14], providing extra power when the measured

grid frequency drops below an acceptable threshold.

It should be noted that ESSs can provide multiple ancillary services at once,
depending on their power and energy rating, technology and cost. Multiple types of
ESS can be combined to exploit their different characteristics and optimize the types
of ancillary services they can provide. Besides that, different techniques to tackle the
frequency support issue can also be employed together. For example, Tan and Zhang
[14] propose a combination of a de-rated WT with a BESS to provide frequency
support in different time scales. They argue that the de-rated W'T can provide
longer-term support, while the BESS covers the short-term due to its faster actuation
speed. The ensemble can then cover different needs, from primary frequency support

to day-ahead reserve market.

1.1.3 Types of Converter Control and Their Limitations

The way the PEC’s control system is implemented for an IBR has a large impact
on its dynamic performance. Overall, there are two different implementations, which
result in the PEC being classified as a Grid-Following Converter (GFL) or Grid-
Forming Converter (GFM) [I5]. The GFL works essentially as a current source,
since it closely controls the current (and thus power) that it provides to the grid. On
the other hand, the GFM main control targets are voltage amplitude and frequency,
so it behaves like a voltage source connected to the grid [I6]. More detail on these
control system implementations is provided in Chapter Typically, RESs and
BESSs are implemented with GFL, which accurately controls their output power to
follow a reference value. This is needed to guarantee the RESs MPPT operation
and to ensure that a BESS current and State-of-Charge (SoC) stay within safety
limits.

The approaches presented in the previous section are attempts at provid-
ing/improving the grid support capability of IBRs using the GFL technique, since
they are all based on controlling the output power of either the RES or the ESS. Un-
fortunately, studies show that, even with the aforementioned techniques, frequency
support provided by IBRs that employ a GFL may not be enough for electrical
grids with high penetration of RESs. In this scenario, the GFM technique has been

drawing increasing interest from the scientific community.



Matevosyan et al. [10] argue that, especially for islanded or weakly interconnected
systems, the need for fast active power recovery and frequency support is of great
importance. Unlike GFMs, GFLs need sufficient system strength to successfully
provide such support, because otherwise their Phase-Locked Loop (PLL) algorithm,
used to measure the system frequency, may lose synchronization. As GFMs behave
like a voltage source, they provide an immediate response to grid changes. This exact
behavior is not attainable with GFLs even if extra control loops are implemented,
for example to include inertia emulation. As they need measurements of voltage
and frequency, their overall response to grid changes when compared to GFMs is
inherently slower. GFLs can only provide enough frequency support if there is a
sufficient amount of SGs or GFMs connected to the grid, guaranteeing a minimum
level of inertia, so that the initial RoCoF at the first 100ms of a fault is not too risky
for grid stability. Recent studies aim to improve the GFL stability issue in weak
grids [17-19], but the GFL will always inherently need other energy sources to form
the grid it is connected to.

Lasseter et al. [20] mention that system operators from Ireland, Texas and Aus-
tralia are already facing issues related to the instantaneous high levels of RES gener-
ation, leading to low system inertia during certain periods of the day. By comparing
the transient response of a GFL and a GFM, the paper shows that a large presence
of GFLs reduces the system damping, leading to more severe transients after a grid
fault. It demonstrates that it is possible to limit the GFM power between reference
minimum and maximum values, which can help with overcurrent protection and
could enable RESs to participate in frequency regulation using GFM if they work
de-rated, with some adaptations.

The trend to change from GFL to GFM seems to be a feasible solution to enable
power systems to work with high penetration on IBRs. And ways to integrate RESs
and BESSs with GFM are being thoroughly investigated.

For example, BESSs with GFM could enable islanded microgrid operation [21]
while keeping RESs operating as usual, following their MPPT control. Another
possibility is to integrate them with GFM-based WTs, as proposed by Ma et al. [22].
The study assumes an ideal BESS that can control the de-link voltage to its nominal
value, rapidly charging/discharging according to power fluctuations. The rotor-side
converter follows an MPPT algorithm, but it may curtail the generation in case of
very high BESS SoC. The grid-side converter operates as a Virtual Synchronous
Generator (VSG), using GFM control. It includes a power limitation loop that
depends on the MPPT, dispatch order (assumed every 5-min) and BESS SoC.

But grid support capabilities remain a challenge. Yu et al. [23] present an
overview of GFM techniques proposed to WTs. The study shows different method-
ologies that can be applied to the grid-side converter of the back-to-back configu-



ration, enabling different grid support capabilities. However, it highlights various
challenges to these approaches. Since the grid-side converter is now a GFM that
also controls the dc-link voltage, the output active power variations that may hap-
pen to compensate for grid frequency deviation could be passed to the rotor-side,
affecting MPPT operation. It also mentions that auxiliary ESSs are necessary if
the GFM-based WT is to provide grid support or black-start services. Besides that,
the transition from GFL to GFM mode should be further investigated to avoid
unnecessary tripping of WTs.

Rodriguez-Amenedo et al. [24] mention that, since wind farms currently do not
have black-start capability, they do not participate in system restoration when a
blackout happens. It proposes a way to provide this capability to Doubly-Fed In-
duction Generator (DFIG) WTs, by employing a GFM at the rotor-side of the
back-to-back unit. Instead of controlling the torque via the rotor current, the con-
verter controls the torque via the angle and magnitude of the rotor flux. This way,
the turbine generation matches the active and reactive power required by the load,
enabling the system black-start. The study proposes that the turbine should change
its control back to usual GFL, to enable MPPT after the system is restored. Since
GFL control is faster than GFM for tracking reference values of power / current,
it seems that, if the GFM mode of operation were kept during steady-state opera-
tion of the WT, the MPPT algorithm could have its accuracy compromised. Other
capabilities such as frequency support were not investigated.

It appears to be a consensus that the GFM can be a vital component for enabling
higher penetration of RESs in electrical grids. Studies show that it provides better
support than the GFL, which may be mandatory for future systems with very low or
even zero real inertia. There are several different ways to implement GFM control
[15, 23], 25-27], but there is no clear winner or one-fits-all solution. The GFM has
been the focus of many recent studies that aim to better understand how it works
and to push its application boundaries, regarding subjects such as fault ride-through
[28], grid oscillations attenuation [24, 29], power coupling [30] and stability analyses
[31, 32]. What is certain is that the PEC’s control methodology, for RESs and ESSs,
is extremely important, and may result in completely different characteristics and
capabilities for the equipment.

The main limiting factor of the GFM is that it requires an energy buffer to
work properly, because the extra energy it consumes/supplies to the grid must be
stored somewhere. Besides that, as it works, the output power is not the primary
control action, since the GFM is actually aiming to control the grid voltage and
frequency. This could lead to oscillations of the dc-link voltage and also affect the
MPPT algorithm, which is highly undesirable. The GFL, on the other hand, can

accurately control its output power, which is needed for proper operation of a BESS



or RES. Even for RESs that could have both control methodologies, the transition
between these two modes of operation when grid conditions change is sensitive and
could lead to instability.

Therefore, a different control technique, merging the advantages of both the GFL
and GFM, would be useful for a wide range of applications, such as (but not limited
to) wind turbines, solar panels, energy storage systems and HVDC systems. More

detail about possible applications is discussed in the following chapters.

1.1.4 A Possible Solution

This work proposes a new hybrid control structure. It employs two individual
control systems, a GFL and a GFM, working in parallel and independently, that
are merged to create the resulting output. To assess the novelty of the proposed
control structure, a literature search for works that present parallel control loops
was conducted.

One of the main applications of parallel control loops is for separately control-
ling positive- and negative-sequence components of current and voltage, which is
relevant especially during grid faults. This technique can be applied to IBRs [33]
and STATCOMs [34], and is usually based on decomposing the measured voltage
and current into their positive- and negative-sequence components, using two inde-
pendent, parallel control systems, and adding their output. In the end, the signals
are transformed back to abc components in the output of the control system.

Another widespread application of parallel control loops is for harmonic sup-
pression. It can be used for example to compensate for harmonics in synchronous
machine drives [35], or to suppress harmonics caused by the PEC’s switching effect
[36]. As with the previously described application, this case performs a harmonic
decomposition of the measured voltage and current. Each harmonic component of
interest has its own control system, and their outputs are added in the end.

Other applications of parallel control loops were also found. Rodriguez-Amenedo
et al. [37] describe the control of High-Voltage Direct Current (HVDC) transmission
systems used to connect offshore wind power plants to the grid. In the analyzed
case, two different HVDC transmission lines connect the onshore grid to the off-
shore substation. To properly split the load between the two transmission lines, a
single control system has two parallel current loops, that split the reference current
calculated from a common voltage loop. Guo [38] uses controlled harmonic current
injection with distributed generation systems to identify islanding events. It employs
a separate control loop to inject a 5-order harmonic current in the grid. When an
islanding event happens, the equivalent grid impedance changes, and the harmonic

injection control will also naturally change its output. This behavior is used together



with classic frequency feedback detection methods to increase the assertiveness of
the islanding-detection control.

Among the analyzed studies, the reference that most resembles the proposed
control system is presented by Harnefors et al. [39]. It proposes a modification
to a GFM control system in order to give it GFL characteristics. By appropriately
choosing the gains of the control system, its behavior can be that of a GFM, GFL, or
a hybrid between the two. The described experimental setup consists on two PECs
on a back-to-back configuration. One of them has the proposed control system and is
free to follow the chosen reference value of active power, while the other controls the
dc-link voltage. Tt evaluates the hybrid controller behavior by performing a series of
step changes in the reference active power, and showing that it behaves better than
the usual GFL or GFM. The paper does not specifically discuss grid support and
does not show how the converter would respond to grid transients. It is also unclear
if the proposed control system would enable the converter to control the dc voltage
of the back-to-back setup if required, which could limit its application.

None of the described works match the hybrid system proposed in this thesis,
highlighting its originality.

1.2 Objectives

The previous section showed that there is great interest in the electric industry
related to the converter control system. The number of grid-connected IBRs is
increasing, and the issues related to reduced grid inertia and frequency support are
becoming increasingly important. In this scope, developing a new converter control
scheme that includes the main advantages of the two currently most used control
topologies, the GFL. and GFM, could prove very useful for a number of applications.

Therefore, the core contribution of this study is:

To propose and develop the Hybrid Control Converter (HCC), a novel
kind of converter control structure that can exploit the advantages of both
the GFL and GFM at once.

Some correlate topics are explored, resulting also in the following contributions:

e to describe the main control structure of the GFL and the GFM, discussing
their operational strategies and limitations, highlighting their differences and
showing how these affect their dynamic behavior;

e to study the stability of the HCC, demonstrating it is at least as stable as
conventional control systems for the analyzed cases;

e to study the robustness of the HCC, demonstrating that, even with usual

simplifications in the mathematical model or mismatches between the actual
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and expected values of system components (such as the filter impedance), it
retains stability and operates as intended;
e to identify a possible application of the HCC with wind turbines, improving
their frequency support capability without hindering its MPPT control; and
e to identify a possible applications of the HCC with HVDC systems, showing

it can lead to an autonomous interconnection of different ac systems.

This thesis resulted in a journal article, entitled “Hybrid Control Scheme for VSC
Presenting Both Grid-Forming and Grid-Following Capabilities”, published at IEEE
Transactions on Power Delivery [40].

In summary, this work proposes the Hybrid Control Converter, that encompasses
the GFL’s quick and accurate power control, and the GFM’s fast and inherent grid
support capability. To do that, as detailed in Chapter [ it employs two parallel
control systems that merge together, instead of a single control system, which is the

usual implementation.

1.3 Document Structure

This document is structured in eight chapters. In Chapter 1, the scenario that
motivated the research is presented, with a discussion about current PEC control
techniques and their limitations regarding grid support capability. The main goals
of this study are also described.

In Chapter 2, a detailed description of the GFL and GFM control systems is
presented. Their control loops and operation strategy are described, and simulations
show the difference in their dynamic behavior when facing transient situations. The
main advantages and drawbacks of each kind of converter control are discussed.

In Chapter 3, the HCC is described. The mathematical principle that enables it
to show characteristics of both the GFL and GFM is demonstrated, and its control
system is described in detail. Simulations prove that the developed analytical equa-
tions are valid, showing that it indeed presents the behavior of both the GFL and
GFM. A simulation where the HCC performs black-start is also presented, high-
lighting this important capability.

In Chapter 4, the stability of the proposed control system is discussed. The sys-
tem transfer functions are described, both for the HCC and conventional GFL/GFM
converters. Different analyses are performed to attest to the stability of the pro-
posed control system, confirming it is at least as stable as conventional converters
for the analyzed cases.

In Chapter 5, the concept of robustness is presented and discussed. Some situ-
ations where the mathematical modeling could differ from reality, including param-

eters mismatch and the inclusion of previously neglected factors such as switching
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harmonics, are analyzed. Mathematical and simulation results show that the HCC
does not become unstable when faced with these adverse scenarios, confirming its
robustness.

In Chapter 6, an application of the HCC with wind turbines is presented. First,
the operating principle of the WT’s PEC converter is presented. Then, a small ad-
justment to the HCC control system (that was developed in Chapter 3) is described,
to enable the proposed behavior during transient situations. Simulation results show
that the HCC improves the W'T’s frequency support capability when compared to
a traditional GFL, while maintaining MPPT operation and thus not hindering its
power generation capacity.

In Chapter 7, an application of the HCC with HVDC systems is presented. First,
a small description of HVDC systems is presented. Then, the operating principle
of the new HCC-HVDC system is discussed, and a necessary adaptation to the
control system is applied. Simulation results including a meshed HVDC network
and different ac systems show that the HCC improves the overall frequency stability
of the system.

Finally, in Chapter 8, the entire thesis is summarized. A list of topics for further

research is also presented.
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Chapter 2
Power Electronics Converters

This chapter presents the two main control strategies for Voltage Source Con-
verters: the Grid-Following Converter and the Grid-Forming Converter. First, their
basic control systems are described, highlighting differences and similarities. Then,
their transient behaviors are compared by simulating changes in reference power
and system load. The difference in how they react to these changes is explained and
linked to their control scheme, exposing the main advantages and drawbacks of each

one.

2.1 Basic Structure and Main Applications

Power electronics converters are a type of equipment increasingly present in
the electrical grid [I0]. Most applications employ them as coupling between an
Alternating Current (ac) and a Direct Current (dc) system, controlling the voltages,
currents and power exchange between them. As renewable generation grows, the
number of converters connected to the grid increases, since both solar panels and
wind turbines employ a converter as an interface to the grid. On the demand side,
electronic devices and controlled motor drives employ converters, which indicates a
high positive trend for the overall amount of converters connected to the grid.

A few examples of power converters’ applications are shown in Figure The
schematic of a solar power plant is shown in Figure 2.1a] where groups of solar
panels generate power in dc; they are connected to junction boxes that feed into a
converter, which transforms the power to ac in order to deliver it to the electrical
grid [41]. A permanent-magnet full-converter wind turbine generator is shown in
Figure where two converters are used in back-to-back configuration [41]. The
generator-side converter controls the amplitude and frequency of the current on the
stator windings, therefore controlling its rotating speed and torque, and the grid-
side converter delivers the generated power to the grid. A BESS connected to the

grid via a converter is shown in Figure In this case, the converter adjusts its

13



operating voltage according to a given reference value, controlling the battery charge
or discharge during its operation [42]. Figure shows an HVDC transmission
system, where the generation from a given power plant (in this example, an offshore
wind farm) is transmitted to the consumption center usually over very long distances,
using a dc transmission line. The converter next to the power plant transforms its
generated power to dc, and the one close to the consumption center transforms it
back do ac, so it can be more easily distributed [43]. Many other applications exist,
such as DFIG WTs, STATCOMSs, back-to-back connections between asynchronous

systems and other kinds of storage devices.
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Figure 2.1: Examples of power converter applications: (a) solar plants, (b) full-
converter wind turbines, (¢) BESSs and (d) HVDC transmission systems.

The kind of converter analyzed in this thesis is the three-phase Voltage Source
Converter (VSC) [41]. It is comprised of fast-switching semiconductor devices, such
as IGBTs or IGCTs, and can be controlled to transfer power from the dc side to the
ac side, in what is called inverter operation, or from the ac side to the dc side, in
rectifier operation. A schematic of a general 2-level converter [44] is shown in Figure
2.2

The converter itself is usually connected to the ac grid using a filter, to attenuate
harmonic components in the output voltage and current caused by the switching
process. There are various filter topologies available that behave differently in terms
of harmonic filtering. The most common ones are the RL and the LCL filters, as
shown in Figure [2.3

Measurements of the ac voltage and current (and other optional signals, such as
dc voltage) are input into the control system. Based on specific reference values to

follow, the control system calculates the reference output voltage. Then, a switching
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Figure 2.2: Schematic diagram of a 2-level converter.
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Figure 2.3: Different filter topologies that can be employed with converters: (a) RL
filter and (b) LCL filter.

algorithm sends the appropriate switching signals to each of the converter’s switches
so that the reference output voltage appears at the converter ac terminals. The
switching effect is discussed in more detail in Chapter

Furthermore, the converter itself can be implemented with different topologies,
granting it different output harmonic characteristics and operational behavior. Aside
from the 2-level converter shown in Figure other examples of converter topology
[45], [46] are shown in Figure

A general representation of a VSC system is shown in Figure 2.5, where v

%
out

and v, are the converter reference and actual output voltage, vy, is the voltage at
the Point of Common Coupling (PCC) and .., is the converter’s output current.
Variables in bold denote the vector representation of signals, usually three-phase
signals in the time domain, such as: v(t) = [v,(t),vs(t),v.(t)]*. The figure also
shows, in general, that the control system can receive different reference signals.

This thesis focuses on the design of the converter’s control system. Based on
its overall implementation and on its main targets, the converter can be classified
into two categories: Grid-Following Converter (GFL) and Grid-Forming Converter
(GFM) [15].
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Figure 2.4: Other examples of converter topology: (a) three-level, or Neutral-Point
Clamped converter (NPC), (b) Modular Multilevel Converter (MMC).
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Figure 2.5: Schematic of a general VSC system.

2.2 Grid-Following Converter (GFL)

The Grid-Following Converter, also known as Grid Follower, is the most pre-
dominant kind of converter nowadays. Its control system is aimed at quickly and
accurately following given references of active and reactive power, and the rationale
behind this behavior can be easily understood. For instance, if the converter is con-
necting a BESS to the grid, the amount of power it delivers or consumes from the
grid dictates the battery charge or discharge, and it is vital to accurately control
that behavior to keep the BESS under safety limits of charge current and SoC [9).
The converter connected to a solar panel or wind turbine works to keep it operating
at the optimal power point using an MPPT algorithm; to do that, it must accurately
control the power delivered to the grid to ensure maximum possible generation for
a given solar or wind condition [47]. Since usually the converter controls the de-

livered power by controlling its output current, the usual behavior of the GFL can
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then be approximated to that of a controlled current source in parallel with a large
impedance [15].

This type of control relies on a pre-existing electrical grid. Even if a transient sit-
uation leads to variations of grid voltage and frequency, the GFL does not change its
reference signals of active and reactive power, since they are not directly dependent
on the grid voltage. As a consequence, the GFL does not inherently support the grid
during faults and transients. Specific (optional) control schemes must be applied to
make grid supporting capabilities available to the GFL [15]. One of the possibilities
is to implement droops [48], which modify the converters’ references of active and
reactive power, depending on the grid frequency and voltage amplitude. This way,
the converter can help during frequency and voltage transients, even though it is
ultimately controlling its active and reactive power. Nevertheless, it loses the ability
to accurately track its original references of active and reactive power.

There are various ways to implement the GFL control system. This thesis em-
ploys the Synchronous Reference Frame control for VSCs, based on the Park Trans-
form [49]. Also known as dg-control, this is one of the most common ways to
implement the VSC control system. Other implementations are presented at the

end of this section.

2.2.1 GFL Based on Synchronous Reference Frame Control
(dg-control)
The dg-control method is based on transforming 3-phase sinusoidal ac variables

(abc) into dc components (dg0) using the Park Transform [49] and its inverse. They

are defined, respectively, as:

z4(t) ) cos(f)  cos(@—2Z)  cos(0+F) | |za(t)
zo(t)| = 3 | —sin(0) —sin(6—%) —sin(@+Z)| |m()|, (1)
o (1) 1 . 3 . (t)
and
a(t) cos(f) —sin(6) 1| |zq(t)
wp(t) | = [cos(0 — ) —sin(@ —Z) 1| |z,(t)] (2.2)
(t) cos(@+ &) —sin(@+ %) 1| |z(t)

where x represents a generic ac variable in the time domain, usually a current or
voltage, and 6 = wt is its phase angle.
Unlike the abc components which are ac values, the dq0 components are constant

in steady-state (considering balanced, sinusoidal abc components). For a 3-phase
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circuit, the instantaneous real and imaginary power (p,q) |[50] can be calculated
from the dg-components of the current and voltage. For the general converter system
shown in these values, at the PCC, are calculated respectively as:

p(t) = g [Wpee,d(t)iconv,d(t) + Upeeq(t)iconv,q(t)] (2.3)
q(t) = g [Vpce,q () conw,d(t) — Vpeed(t)iconvg(t)] - (2.4)

The phase angle used in the transformation must be calculated from the mea-
surements of current and/or voltage, since it cannot be directly measured. For that
purpose the control system usually employs a PLL, an algorithm designed specif-
ically to estimate the frequency and phase angle of sinusoidal signals. There are
many ways to implement a PLL [51], but in general they take the ac measurements
as inputs and give frequency and/or phase as outputs. A simple way to implement
the PLL is shown in Figure [2.6, where the ¢g-component of the measured voltage is
delivered to a Proportional-Integral (PI) controller, which acts to keep it at a refer-
ence value, chosen equal to zero. The output of this PI controller is the estimated
grid frequency w, which is then integrated to result in the estimated value of the
phase angle . If the ¢g-component deviates from zero, it indicates that the frequency
of the voltage signal changed and the dg-frame suffered a rotation; the PI controller

reacts accordingly, updating the estimation of grid frequency.

Upce,a

Upce,b Park
Upce,c

Figure 2.6: Schematic of a Phase-Locked Loop.

A PI controller is represented in the frequency domain with the following transfer

function:

PI(s) =k, (1 + SlT) : (2.5)

where k, is the proportional gain and 7; is the integral time constant.

As mentioned before, the GFL control system is designed to follow reference
values of power. The current control loop is implemented as shown in Figure
[15] 52]. Usually, the reference values of active and reactive power (p*, ¢*) are used
to calculate the reference currents (i, 4, i5n, ) USING and (2.4). Since the
PLL is usually tuned to orient the dg-axes in such a way that vp.., = 0, those
calculations can be further simplified. Then, the error between the reference current

and the actual measured current (Zconp,d, iconv,q) g0es through a PI controller, that
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generates the reference values of output voltage (v}, 4, U5, ,) that should appear at
the converter’s ac terminals. Finally, these are transformed back to abc components
using . Other functionalities may be added to the control system, such as
saturation units to protect against overcurrent during fault conditions. It can be
noted that for some applications, such as electrical machine drives, the reference
values of current may be calculated differently.

p* * g Z.zonv,d +
Upce,d / 3 -

Upce,d

Leonv,d —
Leonwv,qg —
*
q *
Uout,q
Upce,d
Upce,q

Figure 2.7: Current control loop for the GFL.

As mentioned before, the reference output voltage then goes through a switching
algorithm that controls the semiconductor switches in a specific way, so that the
converter output voltage matches the reference value. These algorithms change the
switches state multiple times per second, turning them on or off, as described by a
switching function S(¢). This way, the control loop is complete. The measurements
of voltage and current tell the controller about the ongoing state of the system;
the controller calculates what should be the output voltage of the converter to
achieve its targets of active and reactive power; and the switching algorithm controls
which switches should be activated so that the desired output voltage appears at
the converter terminals.

It is possible to give the GFL grid-supporting capabilities. Due to the natural
coupling in most electrical grids between active power and frequency, and reactive
power and voltage [48], the converters’ active and reactive power references can be
modified to py,., and gj,,, depending on the grid voltage and frequency. If the grid
frequency decreases, the active power reference is increased, and vice-versa. If the
grid voltage decreases, the reactive power reference is increased, and vice-versa. This
way, the converter can help during frequency and voltage transients, even though it
is ultimately controlling its active and reactive power. These algorithms are called
droops [48], and are shown in Figure 2.8

The error between the reference and measured frequency (f*, f) is multiplied by

a constant gain, kgrp,, and added to the original value of reference active power.
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Figure 2.8: Droop control for the GFL, enabling grid support capability.

The same happens with the error between reference and measured voltage ampli-
tude (V*, vg) and the original value of reference reactive power, with a gain kg .
Including the droops, the overall control system for the GFL using dg-control is as
shown in Figure [2.9] This control system schematic is independent from the con-
verter topology. The switching algorithm is the only control block that is adjusted
to the specific converter topology, resulting in a different number or output signals
depending on the number (n) of semiconductor switches in the converter (e.g. n =6
for the 2-level converter, n = 12 for the NPC, n = 2 - ng,, for the half-bridge MMC,

where ng, is its number of submodules...).
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Figure 2.9: Overall control system for the GFL, including droops.

One of the main drawbacks of the GFL is its lack of black-start capability, which
means it cannot restart the grid by itself after a blackout. The control system does
not work if the grid voltage is zero, since the PLL needs the voltage measurement to

calculate the grid frequency and achieve synchronization. This also leads to limited
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applicability to islanded systems, where some other voltage and frequency source
must be present, forming the grid. Moreover, even though it can provide some kind
of grid support, it still relies on a pre-existing and somewhat stable grid, since it
needs the measurements of voltage and frequency to work properly. The need of
a PLL may also reduce the converter’s small-signal stability [53], even interacting
with the synchronization units of other converters working in the same grid [54].
The GFL is specially sensitive to weak grids with low short-circuit ratio, where the

grid voltage may be heavily influenced by the converter’s own output current [16].

2.2.2 Other Implementations of the GFL Control System

Other ways to implement the control system exist. For example, Proportional-
Resonant (PR) controllers can be used instead of PI controllers. In this case, there
is no need for a PLL, but at the cost of difficult implementation of current limitation
control loops in case of grid faults. Extra control loops may be present to achieve
various objectives, such as controlling a specific harmonic [35] or negative-sequence
components of the output current [33].

Besides that, the reference values of power may come from different control
algorithms. These include MPPTs to maximize solar or wind power generation, a
SoC algorithm to control a BESS’s stored energy, or even an extra controller to
provide frequency support during a grid transient [14, [55].

In the end, all variations of the GFL control the output current, synchronized

with the existing grid, in order to achieve various goals.

2.3 Grid-Forming Converter (GFM)

The GFM was developed with the goal of enhancing power system stability
[16], especially for weak grids with high penetration of inverter-based generation
(usually renewable energy sources such as wind and solar). Unlike the GFL, the
main references the GFM follows are voltage amplitude and frequency. Tt tries
to keep the voltage and frequency at the PCC as close as possible to the desired
reference values, and therefore it works in a different way than the GFL. The usual
behavior of the GFM can be approximated to that of a voltage source in series with
a small impedance [15].

One of the main advantages of the GFM is that it has black-start capability
[10, 16] as, in a way, it creates the system voltage magnitude and frequency, serving
as a reference for other converter units operating nearby. It also has faster, inherent
grid support capabilities, since anytime the grid voltage or frequency deviate, it

automatically acts to keep them at the reference values [16].

21



2.3.1 GFM Based on Synchronous Reference Frame Control
(dg-control)

One of the possibilities of implementing the GFM control system is to use dg-
control. Similarly to the GFL, measurements of current and voltage are transformed
from abc- to dg-components using the Park Transform and then provided to the
control system. One of the main differences is that the GFM does not have a PLL
block to measure the grid frequency because it has its own frequency reference to
follow (although a synchronization algorithm could employ a PLL during the startup
of the GFM in specific cases).

The GFM with dg-control usually contains two control loops: the voltage loop
and the current loop, as shown in Figure Since its references are of voltage
amplitude and frequency, it needs an extra part in the control system, called the
voltage control loop. It generates the current reference values from the reference
voltage and frequency and provides them to the internal current control loop. Extra
control blocks, such as saturation units to protect against overcurrent, could also be

present in the control system.

Upce,d

*
v *
pce,d Uout,d
Upce,d leonv,d —
Upce,g leonv,q —
* *
Upce,q = 0 Yout,q

Upce,q

Figure 2.10: Voltage and current control loops for the GFM.

The frequency reference generates the phase angle that is applied directly in the
Park transforms present in the control system. Similarly to the GFL, it is common
to define that the g-component of the voltage (in this case, the reference voltage)
as zero, following the alignment of the rotating frame axes of the Park transform.

Therefore, the reference voltages in the synchronous reference frame are defined as:

A

vi(t) =V, (2.6)
vy(t) =0. (2.7)

The GFM control system measures the voltage and current at the PCC; based

on the difference between the reference voltage and the actual measured voltage, it
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calculates (in the voltage control loop) what current should the converter provide
to the grid. Then, based on the difference between that and the measured current,
the current control loop calculates what should be the voltage at the converter
terminals that results in that current flowing to the grid. Similarly to the GFL,
these reference output voltage values are provided to a switching algorithm that
controls the switches, so that the desired voltage appears at the converter terminals.

The described control system works well when the GFM is the only source in
the grid controlling the voltage at the PCC, but may fail if there are other voltage
sources. The presence of multiple voltage sources, each with stiff voltage amplitude
and frequency references, leads to instability. Each one individually tries to change
the voltage at the PCC, but ultimately they are all trying to set the grid voltage
to possibly different values at the same time. To overcome this problem, droops
are usually added to the control system [I5], as shown in Figure so that the
voltage and frequency references may vary, becoming f7., and Vd*,,p, according to
the active and reactive power delivered to the grid. If the active power supplied
by the converter increases, its reference frequency decreases proportionally to the
gain kgyp, r; if the reactive power increases, its voltage amplitude reference decreases
according to the gain kg, . This way, multiple voltage sources can work in parallel
in the same electrical grid since their individual references automatically adjust to

reach a point of equilibrium.

p I

* + S *
p . 0 fdrp
q*

+ A
Q D>V,

q v
Figure 2.11: Droop control for the GFM, used to avoid instability when working in
a grid with other voltage sources.

Including the droops, the overall control system for the GFM using dg-control is
as shown in Figure [2.12

One of the main drawbacks of the GFM is that its active and reactive power are
not controlled as closely as the GFL, since changes in grid voltage and frequency

lead to automatic variations of delivered power.

2.3.2 Other Implementations of the GFM Control System

The described dg-control takes references of voltage amplitude and frequency and

applies these values into the PI controllers to calculate the reference output voltage.
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Figure 2.12: Overall control system for the GFM, including droops.

There are many possible variations of this control scheme. For example, the modified

*

s or a single PI controller could

voltage references could be applied directly as v
be employed instead of two. A PR controller could also be employed instead of the
PL

As for the reference values of voltage amplitude and frequency, there are other
possibilities besides the droops. The Power-Synchronization Control [56] emulates
the synchronization behavior of a synchronous machine, employing a control struc-
ture similar to the droops but with an integral action on the power loop.

Another technique that aims at emulating the behavior of a synchronous ma-
chine may change in nomenclature among different studies, but is usually called
Virtual Synchronous Machine (VSM) or Synchronverter [25, 57]. It emulates the
synchronous machine inertial behavior by implementing the swing equation [5§]
into the calculation of the reference frequency, applying virtual terms of inertia and
damping into the GFM control.

The Matching Control [59] technique draws a parallel between converters and
synchronous machines. In this case, a power imbalance leads to changes in a con-
verter’s dc voltage, while for a synchronous machine it would lead to changes in
frequency. This analogy is implemented to derive the converter frequency values
from the dc voltage measurements.

These are a few examples showing that the GFM can have different control sys-
tem implementations and characteristics. Nevertheless, being classified as a GFM,
the control system ultimately controls the PCC voltage according to given reference

values of voltage amplitude and frequency.
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2.4 Transient Behavior Comparison

The previous section showed that both the GFL and GFM can have multiple
references and thus control active power, reactive power, voltage amplitude and
frequency, if the droop control loops are taken into account. It may appear that
both types of converters are interchangeable, but their transient behavior turns out
to be very different because of their distinct control system implementations.

To illustrate and discuss the inherent behavioral differences between these control
schemes, different scenarios are simulated. The GFL without droop (called base GFL
from now on), the GFL with droop (called GFL+droop) and the GFM with droop
are compared against each other, while the GFM without droop is not included
in the analysis. This is due to the fact that, as mentioned previously, it is not
actually practical to have a working GFM without the droop control (or other similar
strategy) in most applications, except if operating as a single Uninterruptible Power
Supply (UPS). Therefore, for the remainder of this analysis, the GFM with droop is
simply called GFM. The GFL without droop is the usual type of converter control
used with wind and solar generation, while the GFL+droop and the GFM usually
require some kind of energy storage device, such as a BESS. All converters employ
dg-control, as described in the previous sections, and are modelled as controlled
voltage sources in the simulations.

The simulation consists on a basic electrical system. A controlled voltage source
(Vgria) With a coupling impedance (Ryiq, Lgria) represents the equivalent grid volt-
age, and is implemented similarly to a VSM, with a swing equation, droop mech-
anism (Kgrppgria) and inertia constant (Hy.q) to mimic the real behavior of an
electrical grid. Therefore, if its active power increases (considering a reference value
of zero), its frequency decreases according to its moment of inertia, reaching a dif-
ferent steady-state with a frequency lower than the nominal value according to its
droop. The chosen inertia constant is low to better visualize the different behavior
of the analyzed converters when facing grid transients. Besides that, as it has an
active power droop, this representation of the grid increases its output power when
the system frequency deviates from the nominal value (just as a regular grid, con-
taining frequency support generation units, would). The droop that changes the
reference voltage amplitude according to the reactive power is neglected for this
analysis. A transmission line, represented as a series connection of a resistance and
an inductance (R, Lrr), connects the grid voltage source to the PCC. The load
is comprised of a resistance (Rjqq,1) connected to the PCC and a circuit breaker,
that is used to change the total load during the simulation by including a second
resistance (Rjyqq2) to the PCC. The resistance value is calculated to achieve specific

values of active power on nominal grid conditions and during the simulated load step
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(Pioad,1, Pioad,2). The converter is connected to the PCC through a filter comprised
of a resistance in series with an inductance (R, Ly) for simplicity. The switching
process is neglected in this analysis, therefore the reference output voltage calcu-
lated by the converter’s control system appears directly at its terminals. The main
parameters of the test system are shown in Table 2.1] and a schematic is shown in
Figure 2.13] Most electrical parameters are chosen as typical values of 5.0% p.u.

and a 10% X /R ratio, representing a generic system instead of a specific application.

Table 2.1: Parameters of the simulated generic electrical system.

Parameter Symbol Value
Srom 10.0 MVA -
Nominal Values Viom 34.5 kV -
fnom 60 HZ -
P 5.0 MW 0.5 p.u.
Load Power oad,1 b4
Pioad 2 5.0 MW 0.5 p.u.
Grid Inertia Constant Hyrig 0.1s -
R, 595.1 m€  0.005 p.u.
Grid Internal Impedance grid " p-t
Lgria 15.8 mH 0.05 p.u.
S . RTL 595.1 mQ2 0.005 p-u.
Transmission Line
R 595.1 m€  0.005 p.u.
Converter Filter f " p-t
Ly 15.8 mH 0.05 p.u.
,/ Lf Rf \\ LTL RTL Lgm'd Rgm'd
: Vout : vgrid
' Converter Rioad 1
Rload,Z

Figure 2.13: Schematic of the simulated generic electrical system.

The control system parameters are shown in Table The current loop gains

are the same both for the GFL and GFM. The voltage loop gains are only present in
the GFM, since the GFL does not have this control loop. The gains for the current

loop were calculated according to the Technical Optimum technique [60], while the
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gains for the voltage loop and droops were chosen empirically. The value of the
overall converter delay T, described in more detail in Chapter |4, is adapted from
Carvalho [61]. The timestep of the electrical transient simulation and the sampling

frequency of the implemented control system are also described in the table.

Table 2.2: Control system parameters of the simulated generic electrical system.

Parameter Symbol Value
ki 26.3 V/A
Current Loop P /
,Tm' 26.50 ms
Kp.o 52.6 mA/V
Voltage Loop ’
T 100 ms
GFL Active Power Droop Edrp.p 2.0 MW /Hz
GFM Frequency Droop Karp, £ 0.5 Hz/ MW
Grid Active Power Droop kdrpp.gria 5.0 MW /Hz
Converter Delay T 0.3 ms
Simulation Timestep Atgim 0.1 us

Control System Sampling Frequency  fsampie 10.0 kHz

The following simulations are performed separately for each of the three converter
control strategies, but the results show the three response curves in the same figure,
to make the comparison easier.

When the simulation is initialized, the converter chosen for that scenario has a
zero reference active power. The power to supply the load comes from the grid,
and as it has an inertia constant and droop mechanism, the system achieves a
steady-state frequency of around 59.0 Hz, which is lower than the nominal value.
At simulation time ¢ = 1 s, the reference active power of the converter takes a step
from zero to Pref = Posa = 5.0 MW. As the converter is now fully supplying the
load, the power coming from the grid is reduced to almost zero (there are still minor
losses in the system), and therefore the frequency goes back to the nominal value
of 60 Hz. Figure shows the transient response of the active power supplied
by the converter following the step change in reference, and Figure shows the
grid frequency.

It can be seen that, for the GFL, the active power was zero and goes to the
reference value, as expected. For the GFL-+droop, the initial value is different
specifically because of the droop, that modifies the initial active power reference
because the system frequency is below the nominal value of 60 Hz. For the GFM,
the initial value is also different than zero because it tries to keep the grid frequency

at the nominal value, which leads to variations of the delivered active power even
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Figure 2.14: Simulation results for the GFL, GFL+droop and GFM, considering
a step change in the converter’s active power reference: (a) converter active power
and (b) grid frequency.

though its reference is zero. They all reach the new reference of active power in the
end.

Figure shows that the GFL has a much faster response than the GFM
for the step reference change. This is due to the fact that its target, the reference
active power, is being controlled by a single current control loop. For the GFM, the
reference active power signal goes through the voltage control loop and the current
control loop, leading to a larger total delay.

The second test is a step load change. At simulation time ¢ = 1.5 s, the equivalent
load resistance is halved using a circuit breaker, which represents an increase of 5.0
MW (or 0.5 p.u.) in load power. This leads to a decrease in system frequency
since the grid initially supplies most of the extra load power, thus reducing its
own frequency setpoint. Nevertheless, the GFL+droop and the GFM also show an
increase in output power because they have grid support capability. Figure [2.15

shows the converters’ active power, the grid frequency and the RoCoF.
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Figure 2.15: Simulation results for the GFL, GFL+droop and GFM, considering a
step change in the load power: (a) converter active power, (b) grid frequency and

(c) RoCoF.

As expected, after a small transient, the base GFL’s power is unchanged, as there
is no change to its reference power. Both the GFL+droop and the GFM increase
their output power, but their behavior is quite different. The GFL’s PLL detects
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a frequency change using the measured grid voltage; this leads to an increase in
the reference power, and then the converter increases its output current to follow
that new reference. As a result, the power delivered to the grid steadily increases
after an initial delay. The GFM, on the other hand, is working to maintain the
voltage in the PCC on its reference amplitude and frequency values. The voltage
references are generated internally, from the amplitude and frequency references,
so the voltage that appears at the converter terminals is, to some extent, stable.
When the extra load is connected, the load current suddenly increases and the
PCC voltage suddenly decreases. This leads to an increased voltage difference on
the converter filter inductance, as the converter terminal voltage amplitude and
frequency is initially kept unchanged. Thus, the power delivered from the converter
has a sudden and almost immediate increase, as opposed to what is shown by the
GFL.

This behavior from the GFM is beneficial from the point of view of the grid.
Since there is some support on the first moments when the load increase occurred,
the RoCoF reaches a value of only around -130 Hz/s, as opposed to the cases with
the GFL and GFL+droop, when it gets to -380 and -330 Hz/s respectively, as shown
in Figure 2.15¢, The frequency nadir, the minimum value during the transient, is
not as low as with the base GFL, but it is similar to the case with GFL-droop,
as shown in Figure [2.15b] In this case, direct comparisons between the GFM and
the GFL-+droop must be taken with care, because the GFM also has the inherent
effect of keeping the PCC voltage amplitude closer to the nominal value. Since the
loads are simple resistors, this leads to an overall slightly higher load current and
power, as opposed to the case with the GFL+droop where the PCC voltage suffers a
slight drop, and along with it, the load power decreases. Since both the GFL+droop
and GFM have a similar frequency nadir but the GFM actually supports a slightly
higher load power during the transient, the edge goes to the GFM in the frequency
nadir analysis. The RoCoF and frequency nadir may trigger grid protection schemes
that could disconnect specific areas in case of severe oscillations, so avoiding a low
nadir dip and a large negative RoCoF is very important. The worst simulated case
is of course with the base GFL, which does not provide any support to the grid.

Since the GFM has this natural, automatic response to grid variations, it provides
better grid support than a GFL-+droop, which is becoming an increasing concern
for systems with ever lower levels of inertia. Nevertheless, th GFM’s output power
deviates from the reference value when it provides grid support. This deviation is

detrimental to some applications such as RESs and BESSs.
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2.5 Partial Conclusion

This chapter presented and discussed the fundamentals of the two kinds of VSC
control currently in use for different applications: the GFL and the GFM. Their base
control systems were described, and simulation results demonstrated differences in
their transient behavior.

The GFL has a faster, more accurate active and reactive power control. When
the reference power changes, there is one single control loop involved, which results in
a very fast response. Droops may be included in the control system to add frequency
and voltage support capability to the GFL, at the expense of not controlling the
active and reactive power exactly to the original reference values anymore. The GFM
has a slower active and reactive power control because its main control targets are
voltage amplitude and frequency. When the reference power value changes for the
GFM, this signal goes through the voltage and the current control loops, leading
to more delay in the control system and a slower overall response. The GFM also
inherently changes its output power with variations of grid frequency and amplitude,
meaning it may deviate from its reference power during regular operation, similarly
to the GFL with droop.

As for grid support during transients, the GFM performs better than the GFL.
The difference comes mainly from the basic structure of their control system: The
GFL relies on its measurements of frequency (using a PLL) and voltage to detect
any changes in the grid and only then act accordingly, which adds some delay to
the converter response. This also means that the converter active or reactive power
gradually rises from its previous value, following the integral action of the current
controller. The GFM control works so that it maintains the voltage in the converter
terminals; when a sudden change in grid voltage or frequency happens, the con-
verter power immediately rises due to the voltage difference in the converter filter
impedance, and then the droop control loop adjusts the internal references to reach
a new steady state operating point. This means that, in the first moments of the
fault, the GFM provides a faster and better grid support, which is especially im-
portant since a large initial RoCoF or a very low frequency nadir may trigger load
shedding protection schemes that disconnect entire subsystems from the grid.

The base GFL is currently used in many applications that require accurate power
control, such as solar panels, wind turbines, batteries, or dc transmission. The GFM
is more suited to applications where voltage sources are necessary, such as uninter-

ruptible power supplies or for islanded systems that require black-start capability.
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Chapter 3
Hybrid Control Converter

In this chapter, a novel hybrid control system is proposed. First, the motivation
behind the search for this kind of functionality is explained. Then, all mathemat-
ical equations that confirm the theory behind this idea are developed, showing its
feasibility. The proposed hybrid control system is explained, and simulations are

presented to illustrate its dynamic behavior.

3.1 Motivation and Operating Principle

In Chapter [2, it was shown that the GFL and GFM have different behaviors.
Both of them can, in their own way, control the voltage, frequency, active and
reactive power by using droops in the control system, but they each have their
limitations. In summary, the GFL can accurately and quickly track the power ref-
erence, which is needed by many applications (e.g. wind and solar generation). The
GFM has an inherently better response in terms of grid support during a transient,
which is especially relevant for islanded systems or power grids with low inertia, but
it needs an energy storage system in order to compensate for the variations of its
output power.

To achieve the best of both worlds, the simplest solution would be to employ
both types of converter in parallel, operating independently. Unfortunately, several
problems arise from that scenario. If both converters are of full rating, the equipment
cost would double. If the converters are of half-rating (to avoid too much cost
increase), the advantage achieved from using two converters is diminished. Besides
that, it would be complicated to operate most systems (such as batteries or other
types of energy storage) connected to two converters in parallel. Adaptations to their
control system could be necessary in order to properly control the dc-link voltage
and to make the converters work together in following the desired power and voltage
setpoints.

A solution to attain the advantages of both the GFL and GFM simultaneously

32



must rely on a single converter, of full-rating as usual, with a modified, hybrid
control system. In this work, this converter is called the Hybrid Control Converter
(HCC).

Two different electrical systems are analyzed, as shown in Figure 3.1} In the
two-converter system shown in Figure [3.1a] there are two converters, with distinct
control systems, connecting some dc equipment (such as a RES, BESS or HVDC
link) to the ac grid. The output voltages of each converter (each calculated by its own
control system) are vy (t) and vq(t), and their filter impedances are Z; = Ry + jwl,
and Zs = Ry + jwLy. The single-converter system, shown in Figure has only
one converter, the HCC, and its filter impedance Z; = Ry + jwLy. A hybrid control

system controls its output voltage, vgcoc(t).

. = /v, Ly Ry
1/ ] Grid
-- N Leonw
[ GFL —o Loads
== L2 R2 5 vpcc
%2~ AN Ze Gen.
GFM -
(a)
. Grid
——=lvnce Ly Ry zc"”,”
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o et 5 VUpce
HCC Zpee Gen.
2

(b)

Figure 3.1: Single-line diagram of (a) a system comprised of two individual convert-
ers with distinct control systems (GFL and GFM) and (b) a system comprising a
single converter with hybrid control, the HCC, which has the same overall behavior
as the two-converter system.

The behavior of the two-converter system is desirable, but as mentioned before,
such a system is not really economically feasible. Therefore, a hybrid control system
is needed, such that the HCC by itself can have a similar behavior to that of a
pair of individual converters in parallel. The HCC' is one single converter, with a
hybrid control system that emulates the behavior of two individual converters (one
GFL and one GFM), that would be working in parallel and simultaneously. This is
equivalent to stating that the effect of the single-converter system on the electrical

grid must be the same as the effect that the two-converter system would have. From
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the grid’s point of view, the single-converter system is indistinguishable from the
two-converter system because both systems behave in the same way, having the
same output current, active and reactive power, and presenting the same equivalent
impedance (Z,.). This way, by using only the HCC (emulating two converters),
there are no extra cost and issues involved in having two physical converters, while
retaining the characteristics of both GFL and GFM at the same time into a single
converter.

It is important to note that the following analysis does not depend on the physical
converter topology, being applicable for 2- or 3-level converters, MMCs, or any other
configuration. It is also unaffected by what lies in the dc-side of the converters, be
it a storage system, a generation system such as a permanent-magnet wind turbine,
or a terminal of an HVDC system. Therefore, the dc-side dynamics are ignored,

which does not affect the validity of the developed equations.

3.2 Mathematical Model

Since the goal is to develop one converter that behaves as two, it means that the
single-converter system must be made similar, or equivalent, to the two-converter
system. Furthermore, this must hold true for both static and dynamic situations.
The challenge lies in how to make the HCC behave in such a way.

One of the building blocks of electrical circuit theory is the equivalent circuit
transformation [62]. It states that any circuit can be simplified to a single equiva-
lent voltage source v, behind a single equivalent impedance Z,,, as shown in Figure
B.2l The equivalent voltage and impedance are calculated in such a way that the
equivalent circuit behaves just like the original one when connected to another (ex-

ternal) circuit.

Preen

Figure 3.2: Equivalent circuit representation of an electrical circuit.

If both the two-converter and the single-converter systems are reduced to their
own equivalent forms, it becomes possible to make direct comparisons. The equiva-

lent circuits for both of these systems are considered equivalent to each other if:

Veq,2conv = Vegq,1convs (31)

Zeq,?conv = Zeq,lconva (32)
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where Vg 2cony a0d Veg 1conv are the equivalent voltages of the two-converter system
and of the single-converter system, respectively, and Z.g acony a0d Zeg 1cony are their
equivalent impedances.

Therefore, for the single-converter system to be equivalent to the two-converter
system, the HCC’s output voltage must be such that the equivalent voltages of both
systems are equal. Similarly, the filter impedances must be chosen in such a way
that the equivalent impedance of both systems match.

Both the GFL and GFM control techniques are employed in VSCs. This means
that, even though the control system is targeting certain reference values of power,
voltage and frequency, what is physically happening is that the semiconductors are
switching in a controlled manner so that a specific voltage appears at the converter
ac terminals. A GFL or GFM (or in fact any VSC) are in reality controlled voltage
sources, even when they are controlling the power delivered to the grid. As all
converters in this analysis are VSCs, they can be represented as controlled voltage
sources when performing the electric circuit analyses, and their filter as a series-
connected RL impedance. Even in case they are LCL filters, neglecting the parallel
capacitive branch is a usual simplification performed in most control system studies,
only affecting the modeling of the filter for frequencies much smaller or greater than
the nominal value. The effect of LCL filters in the mathematical model is discussed
in more detail in Chapter 5

The single-converter system, as shown in Figure[3.1D] is already in the equivalent-
voltage-source-behind-an-equivalent-impedance form. Therefore, it can be directly
stated that:

Veq,1conv = VHCC, (33)

Zelblcomj = Rf + ijf. (34)

For the two-converter system, some mathematical manipulations must be per-
formed to transform the two branches into a single one. The equivalent voltage is
equal to the open-circuit voltage at the PCC, as in Figure [3.3a] The equivalent
impedance is calculated from the impedances of the electrical circuit without the
voltage sources, as in Figure |3.3b

Kirchhoff’s Voltage Law [63] can be applied to the circuit shown in Figure [3.34]
The following calculations are done in the frequency domain (denoted by uppercase

variables V' (s),I(s)). The loop current is:

‘/1(8) — ‘/2(8) = (R1 + RQ + SL1 -+ SLQ) Iloop(s), (35)
_ Vi(s) ~Valy)
S<L1 + Lz) + (R1 + Rz)’

Ti00p(5) (3.6)
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Figure 3.3: Circuits used to calculate (a) the open-circuit voltage Vo = Veg 2cony and
(b) the equivalent impedance Ze, acony 0Of the two-converter system.

where Vi(s), Va(s), Iioop(s) are the frequency domain representations of the first
converter’s (GFL) voltage v;(t), the second converter’'s (GEM) voltage vq(t) and
the loop current %,0,(t), respectively.

From here on, for simplicity, the frequency domain indicator “(s)” and the time-
domain indicator “(¢)” are omitted from the variables representing voltages and

currents. The open-circuit voltage is:

‘/:)c = ‘/2 + (R2 + $L2> IlOOp7 (37)
Vi—-V,
Voe = Vo + (Roy + sL , 3.8
s+ (R SQ)S(L1+L2)+(R1+R2) (3:8)
sLo 4+ Ry sLy + Ry

‘/e conv — ‘/:)c = + Vs.

72 S(L1 + Lz) + (Rl + RQ):| ! |:8(L1 + Lg) + (Rl + RQ) 2
(3.9)

The equivalent impedance of the two-converter system is calculated using the
circuit shown in Figure This calculation is made simpler by considering the
reactance values (e.g. X, = wL), and not the inductance-based frequency domain

calculation (sL) in this case. The result is:

1 1 1
= — T TR
Zeq,?com) Rl + le RQ + jXQ

Zeq,?com) (Rl +]X1)(R2 +]X2)’ .

7 . (Rle) — (Xng) + ](Rng + R2X1)
eq,2conv — . . (312)
(B1+ Ra) + j(X1 + X2)

(3.10)

The equivalent impedance can be split into real and imaginary components by

rationalization:
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(RiRs) — (X1 Xo) + j(R1Xo+ RoX1) (Ry+ Re) — j( Xy + Xo)

Ze conv — - . - . (3.13
@2 (R1+R2) +j(X1+X2) (R1 +R2) —](X1+X2) ( )
Developing (3.13)), the result is:

Zeq,2conv = Zeq,Zconv,real + jZeq,2com),imag7 (314)

P _ (Bi A Ry)(By Ry — X3 X5) + (X + X)) (B1 Xy + Ry X)) (3.15)
eq,2conv,real (Rl n R2)2 I (Xl n X2)2 5 .

7 . _ (R1 + Ro)(R1Xo+ RoXq) — (X1 + Xo)(R1 Ry — X1 X) (3.16)
eq,2conv,imag (Rl T R2>2 T (Xl T X2)2 .

If the two converters’ filters are assumed to have the same impedance ratio, i.e.:

%:%, (3.17)
the developed equations can be greatly simplified and also become frequency-
invariant. Nevertheless, this assumption is not necessary for the validity of the
developed hybrid control system. More detail about this assumption is discussed in
a later section of this chapter.

Then, to enable an easier manipulation of the equations, two constants are de-
fined: ky and ko, the impedance ratios. They essentially quantify the difference in

size between the filter impedances of the two branches, as in:

Ry L,

ky = = : 3.18

! (R1 + Ry) (Ly + Lo) ( )
Rs Lo

fey = = : 3.19

P (Ri+Ry)  (Li+ L) (3.19)

ki + ko = 1. (3.20)

Applying (3.18))-(3.19) in (3.9)), the two-converter system’s equivalent voltage is
simplified to:

v o 3k2(L1 + Lz) + kQ(Rl + RQ) Ve Sk?l(lq + L2) + k?1(R1 + R2)
eq,2conv S(Ll + L2) + (R1 + RQ) ! S(Ll + LQ) + (Rl + Rz) 2
(3.21)
‘/;q,2com) = kQ‘/l + kl‘/Q (322)
In the time domain, (3.22)) becomes simply:
Veq,2conv = 1{32’01 + ]{?1'112. (323)
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The real part of the two-converter system’s equivalent impedance from (3.15))

becomes:

, _ Byt Ry) [kaka(By + Ro)” — iko(Xo + Xo)]
eq,2conv,real (Rl n R2>2 + (Xl +X2)2
(X1 + Xo) [k1ko(R1 + R2) (X1 + Xo) + kok1(R1 + Ro) (X1 + Xo)]

+ )
(Ri + Ry)? + (Xi + X,)?
(3.24)
R+ Ro) (R + Ro)? + (X + X5)?

Zeq 2conv,real — kle( LY 2) [( Lt 2) i ( Lt 2) ]7 (325)

’ 7 (R1 + Ro)* + (X1 + X2)?
Zeq,QComJ,real = k1k2<R1 + R2)7 (326)
Req,Zcom) = Zeq,2com),real = k1k2(R1 + R2>7 (327)
Req,2conv = klRQ = k2R1- (328)

And, finally, its imaginary part from (3.16)) becomes:

P o (Ry + Ry) [k1ka(Ry + Ro)(Xy + Xo) + kok1(Ry + Ra) (X1 + Xo)] N
eq,2conv,imag (Rl + R2>2 + (Xl + X2)2
(X1 + Xo) [krka(Ry + Ro)? — k(X + X5)?)

a (Ry + Ry)? + (X1 + X,)? ’ (3.29)

2 2 2
IR . U RS T R e
Zeq,2conv,imag = k1ka (X1 + X2), (3.31)
Leg2conw = éZeq,zcom,imag = kiko(Ly + L), (3.32)
Leg2cony = k1Ly = kaLy. (3.33)

It is worth noting that, as mentioned before, the equations for the two-converter
system’s equivalent voltage, resistance and reactance (([3.23)), and (3.33)) are
independent of the frequency w. This means they are frequency-invariant, which
leads to a mathematical model that is valid for the entire frequency spectrum, in-
cluding harmonic components.

The equivalent voltage and impedance for both the two-converter and the single-
converter systems are calculated. As mentioned before, the two systems are equiv-

alent to each other if their equivalent voltages and impedances are equal, as in

(3.1)-(3.2). The calculated values lead to:

Veq,1conv = Vegq,2conv (334)

vacc = kovr + kv, (3.35)
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and:

Zeq,lconv = Zeq,2ccmm (336)
Ry = kiRy = ks Ry, (3.37)
L; = kiLy = koL (3.38)

This essentially means that the two-converter system and the single-converter

system are equivalent if:

e The HCC’s output voltage is a linear composition of the output voltages from
the individual converters of the two-converter system, as in (3.35));

e The filter impedances of the two converters are proportional to the filter

impedance of the HCC, as in (3.37)-(3.38).

The requirements to make the HCC equivalent to a pair of converters working in
parallel have now been established and demonstrated. The next step is to define the
hybrid control system such that the single-converter system can properly emulate
the two-converter system.

In the two-converter system, there are two converters with their own control sys-
tems. Each converter would have its own control software and hardware, including
sensors and processing units (where the control systems are actually implemented).
The sensors would measure the current and voltage just after the converters’ filters.
In practical converter implementations with LCL filters, the voltage is usually mea-
sured at the filter capacitor to mitigate the switching effect in the measurements;
since in this case an RL filter is considered, the voltage is assumed to be measured at
the PCC. These measurements would go into the processing unit, where the control
system generates the reference output voltage for the converter. The HCC system
only includes a single converter, with its own controller hardware, similar to the ones
described previously. This is shown in Figure [3.4] where each block labeled “control
system” includes all control logic, including PLLs, Park or Clarke transformations,
PI or PR controllers, droops, or anything else that might be used according to a
specific control strategy.

The target application is a system with one single converter, the HCC. But
its output voltage, from , comes from the output voltages of two individual
emulated converters, which are calculated by their own control systems.

As mentioned before, the single- and two-converter systems should be indistin-
guishable from the point of view of the grid. This means that, for any observer,
the output current of the HCC is equal to what would be the sum of the two con-

verters’ output currents in the emulated two-converter system. Assuming the HCC

39



>
—— 11
Control :
System j&+—(Je— | pcc
Sensors -O—---
;/Upcc
>
[ 1o F
*
| Switching
Algorithm Control
System
~/ Sensors
(a)
HCC
T — VHCC Lf Rf | PCC
e OO O U VAVAVA - “I o—---
Leonv *
B N /Processing Unit — h ¥ Upce
T v* HCC Control
Algorithm G ) € O
Control @ ¢
System i
— Sensors
GFM
Control
System
T
—
- J

(b)

Figure 3.4: Schematic of the processing units, control systems and measurements
taken by each converter in the (a) two-converter system, and in the (b) single-
converter system.

can properly emulate two converters, when the HCC controller measures the cur-
rent and voltage at the PCC, all it knows is that they were either produced by a
two-converter system, or by a single-converter system that behaves just like it would.
The controller cannot really discern which is the actual system, because they would
both have the same output. Therefore, if the two individual control systems from the
emulated two-converter system are implemented inside the HCC controller, they can
take those measurements and calculate their individual reference output voltages,

just as they would be if they were actually implemented in a physical two-converter
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system. Because they believe they are controlling two individual converters. The
two reference output voltages are then merged, according to , and the HCC
generates its output voltage. This results in the exact same effect on the grid that
would happen if there were two physical converters working in parallel. Since the
HCC is equivalent to a two-converter system and can emulate its behavior, each of
the two individual control systems, residing inside the overall HCC control system,
keep working seamlessly.

In reality, to fully make this work, two extra steps must be taken. The first
is that, as described in (3.37)-(B.38), the single-converter system is actually only
equivalent to a two-converter system if their filter impedances match. In this case,
the actual converter being implemented is the HCC, so its filter impedance is known
from manufacturer specifications. Therefore, since the two-converter system is only
being emulated, its filter impedances can simply be chosen to match these equa-
tions. More detail on choosing the impedance values for the two-converter filters is
discussed later.

The final step is to deal with the issue that each of these two individual control
systems need as input the output current of their own emulated converter. Since in
reality there is only the HCC, with its single branch, connected to the grid, the only
current measurement actually available is the output current at the PCC. Therefore,
the individual currents that would be present in each branch of the emulated two-
converter system must be backcalculated.

These two converter currents can be calculated using Kirchhoff’s Voltage Law,

using the notation shown in Figure [3.5] as:

Vi— (sl + R = Vices (3.39)
‘/2 - (SLQ + RQ)IQ == ‘/;)CC' (340)
U1
L4 Ry
1| - u
11 Leonw
—
v —0———-
2 Ly Ry
1| - al Upce
—_— >
12

2

Figure 3.5: Electrical diagram used to calculate the relationship between the indi-
vidual branch currents of the two-converter system and the total output current.
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The current of branch 2 is:
I2 - Icom; - Il' (341)

For branch 1, the current is calculated from (3.39)-(3.41)), resulting in:

Vi—(sli+ Ry) I, = Vo — (sLy + Ra) (Teow — 1), (3.42)
(8L1 + R1 + SL2 + RQ) I1 = ‘/1 — ‘/2 + (8L2 + RQ) Iconva (343)
Vi—-V, sLy + Ry
I, = 4 Loons, 3.44
! S(Ll + L2) + (Rl + RQ) S(Ll + LQ) + (Rl + RQ) ( )
Vi—-V, sko(Ly + L) + ko(Ry + Ry)
Il — ICO7LU7 (345)
s(L1+ Lo) + (R + Rs) s(Ly + Lo) + (Ry + R2)
Vi—V;
I, - + koL oony. (3.46)

= (L1 + La) + (Ri + Ry)

Besides that, having calculated the individual currents of the emulated two-
converter system, it is possible to calculate the power each of the two converters
would be producing. This way, the total output power of the HCC can be split into
GFL and GFM active and reactive power, parr,qarL, Parm, Qarnv- This brings
extra flexibility in the hybrid control system design, and is explored in Chapters [
and [7l They come from the dg-components of their reference output voltage and of

the currents that were just calculated, as in:

PGFL = ; (v} gir,a + 07 4i1q) » (3.47)
qerL = g (V5 i1 — V] girg) 5 (3.48)
ParM = g (V5 gl + 3 4ing) » (3.49)
qerM = ; (V5 2.4 — V3 gizg) - (3.50)

The mathematical model of the HCC control system is then fully developed.
Figure shows the new single-converter system with its control system (in black),
and the emulated two-converter system (in gray). The individual GFL and GFM
control systems (in green) are common to both systems. The idea behind the figure is
to emphasize that both systems are in fact equivalent. The diagram in black-+green
leads to the same behavior as gray+green. The HCC and the emulated system are
represented side-by-side not to imply that they are actually working in parallel, but
to show that they are interchangeable, as they would have the same effect on the
grid. Because of this, the two individual control systems can coexist inside the HCC
overall control system. They behave independently, believing they are controlling

two individual converters, but in the end acting on a single converter, the HCC.
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Since, as mentioned before, one of the two control systems is a GFL and the other
is a GFM, they can also be called the GFL-part and the GFM-part of the HCC

control system.
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Figure 3.6: Comparison between the single-converter system (black) and the emu-
lated two-converter system (gray). The two individual control systems (green) act
on the HCC, while believing they are controlling two individual converters.

3.3 Hybrid Control System

At risk of repetition, a summary of the developed concepts and of the proposed
hybrid control system is presented.

The developed equations show that it is possible for a single-converter system,
employing the HCC, to emulate the behavior of a two-converter system, that includes
a GFL and a GFM. These two control systems, which are now part of the overall

HCC control system, operate just as they would if they were actually controlling two
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individual converters, even though they are both acting on the HCC. The reference
output voltages of the two control systems are combined using , and delivered
to the switching algorithm of the HCC. With this output voltage, the HCC has
some effect on the grid, which is equal to what would happen if in reality there
were two physical converters operating in parallel. The grid voltage and currents

are measured, the currents that would be present in each branch of the emulated

system are calculated using (3.41)) and (3.46]), and the two individual control systems

operate as usual, believing that they are controlling two individual converters. The
overall HCC control system, with the two individual control systems, its GFL- and

GFM-parts, is shown in detail in Figure [3.7]
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Figure 3.7: Proposed hybrid control system for the HCC.

Since the two individual converters are only emulated, there is of course no need
to include a switching algorithm for the GFL- and GFM-parts of the HCC control
system. This means that the two reference output voltages can be used directly to
calculate the final HCC reference output voltage.

The main equations used in the HCC control system, as described in the previous

section, are summarized here:

i—-V,
I, = + kol cony, 3.52
! S(L1 + L2) + (R1 + RQ) 2 ( )
I,=1.,,—1, (3.53)
L
P LN ! (3.54)

(Ry + R2) (L1 + L)’
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Ry Lo

ky = = , 3.55

? (R1 + R») (Ly + Lo) ( )
Ry = kiRy = ko Ry, (3.56)
Ly =kLy=koLs. (3.57)

In the end, the individual blocks inside the overall HCC control system have the

following inputs and outputs:
e Currents Backcalculation Module

— input: measured voltage at the PCC (vpe.);
— input: measured output current (Zcony);
— input: reference output voltage from the GFL-part (v7);

— input: reference output voltage from the GFM-part (v3);

output: calculated current of the GFL-part (i;);
— output: calculated current of the GFM-part (i2);
e GFL control system (or GFL-part of the HCC control system):
— input: reference values used by this particular control system implemen-
tation, usually active and reactive power (p}, q);
— input: measured voltage at the PCC (vp.);

— input: GFL converter current, calculated by the Currents Backcalculation
Module (%4);

output: reference output voltage (v});
e GFM control system:

— input: reference values used by this particular control system implemen-

tation, usually voltage amplitude, frequency, active and reactive power
(V5 I, 05 63);
— input: measured voltage at the PCC (vp.);

— input: GFM converter current, calculated by the Currents Backcalcula-
tion Module (25);

— output: reference output voltage (v3);
e HCC Voltage Calculation Module

— input: reference output voltage from the GFL-part (v});

— input: reference output voltage from the GFM-part (v3);

45



— output: reference HCC output voltage (vi;o¢)-

Some points are very important to highlight. During the mathematical devel-
opment, no assumption of any kind was made about the control systems of the
individual converters. This means that they can be implemented as any kind of
GFL or GFM. The GFL could have droops or not, be based on the Park or Clarke
transform, include specific schemes for harmonic output current control or not, in-
clude low-pass filters at its input references or not. The GFM could be implemented
with Synchonverter control, Matching control or any other technique, include current
limitation schemes or not, etc. All that is needed is to merge their reference output
voltages, and deliver the result to the HCC switching algorithm. This is a valuable
characteristic of the HCC: its GFL- and GFM-parts can be implemented with usual,
state-of-the-art techniques, without any inherent adaptation needed. They can be
tuned and analyzed according to best practices, as if these two converters actually
existed and were operating independently.

Another positive aspect is that the HCC always emulates a GFL and a GFM,
which means it has characteristics of both at all times. With usual converters, a pos-
sibility to try and achieve these characteristics is to switch from GFL to GFM modes
of operation depending on the grid state or transient scenario [24]. The problem is
that this change could lead to instability and a delayed transient response, because
the control system will need to detect some measurable metric (e.g. variations of
grid voltage or frequency) to trigger the mode switch. The HCC is always GFL
and GFM at the same time, not requiring any kind of transition between operating
modes.

Besides that, as mentioned before, the equations result in a frequency-invariant
mathematical model. This means that the HCC can emulate the behavior of a two-
converter system considering any frequency involved. This is especially important
if the application on which the HCC is used requires harmonic currents injection,
and to enable frequency ramp-up when performing black-start.

It is worth noting that the HCC may require a processing unit with increased
computational power, since it essentially implements two individual control systems
at once. This is a separate analysis that should be conducted on a case-by-case basis.
Besides that, a possible limitation of the HCC is that it emulates the behavior of
two converters that must have a filter impedance with a value higher than the actual
impedance of the HCC. This may reduce its operation range because it could limit

its active and reactive power capability.
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3.4 Summary of the Converter Design Process

It is useful to summarize the steps an engineer would take when designing an
HCC for a proposed application.

First, the converter topology is chosen (2-level, NPC, MMC...). This choice
takes into account hardware costs, dynamic performance, harmonic characteristics,
required robustness and reliability metrics, and other possible requirements for this
particular application. The converter filter is designed (Ry, L), taking into account
the specific harmonic characteristics of the chosen converter topology and the grid
requirements. In fact, these are the first steps in designing any kind of converter for
any application.

Then, the engineer chooses the desired impedance ratios, k1 and ks, that define
the filter impedances of the two-converter system that is emulated by the HCC. It
seems intuitive to choose ky = ko = 0.5, resulting in the two emulated converters
having the same value of filter impedance. Nevertheless, if either the GFL or GFM
control systems could benefit from a lower filter impedance for some reason, these
values can be tweaked to have one of the converters with a smaller filter impedance
than the other. With the impedance ratios chosen, and knowing the impedance
values of the actual HCC filter (R, L), the filter impedances of the two-converter
system (Ry, Ly, Ry, Ls) are calculated according to and (3.38). The two-
converter system which is emulated by the HCC is established.

Finally, the GFL and GFM control systems can be chosen and designed, indi-
vidually, based on the emulated two-converter system. Their gains can be designed
based on their filter impedances or on any other technique, according to usual best
practices. The engineer may choose any type of control system he/she wants for the
GFL and GFM, based on experience, performance or any other metric. Then, these
two control systems are employed in the final HCC control system.

The design process is finished. The developed equations that tie together the
GFL- and GFM-parts of the HCC control system, , and , are
included, and the hybrid control system is done.

There is one detail left to discuss about the impedance ratios. As mentioned
before, Ry, Ry, L1, Ly are the resistance and inductance values of the GFL and GFM
from the two-converter system, which is being emulated by the HCC. Therefore,
these values can, in principle, be defined freely and independently of each other by
the engineer. The equations developed in previous sections assume that the two
filters have the same L/R ratio just for simplicity. Without this assumption, the

impedance ratios k; and ky can be redefined as:

kl,R == Rl/(Rl + RQ), (358)
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ki = Li/(L1 + Lo), (3.59)
ko r = Ra/(Ry + Ry), (3.60)
kopr = Lao/(L1 + Lo), (3.61)
kir # ki1, (3.62)
ko.r # ko L. (3.63)

Consequently, one of the two emulated converters may have a higher L/R ra-
tio than the other, which could be useful for specific controller design purposes or
maybe response time requirements in very specific cases. This leads to an indetermi-
nate equation system, comprising the 2 equations used to calculate the impedances
((3.15) and (3.16)) and 4 variables (k1 g, k1,1, ko,r, k2,,). The engineer can solve this
equation system in many ways, where a simple one is to choose the R and L values
for one of the filters and simply solve for the 2 remaining variables. As for the
equations that define the HCC equivalent voltage and the individual currents calcu-
lation, (3.9), (3-41) and (3.46)) can be employed directly, making the mathematical

model once again complete. For most cases though, it seems intuitive to design the

converters in the emulated two-converter system with the same L/R ratio.

3.5 Validation

3.5.1 Proof-of-Concept Check

A simple exercise can be performed to double-check the validity of the developed
equations. As mentioned before, the HCC works as if it were a two-converter system.
If the filter impedance of one of the two converters approaches infinity, it is as if it
were an open circuit, and the HCC would emulate a system that actually comprises

only one converter connected to the PCC. This situation is shown in Figure |3.8|

== V1 Ll Rl
N il > ’i(:()'n/l)
GFL | oz
L~ 0 o—
~N —>
12

GFM
Figure 3.8: Emulated system where converter 2 is not connected to the grid, used

to validate the HCC mathematical model.

Considering the scenario described, where Ry — oo and Lo — 00, the impedance
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ratio ko can be calculated as:

— R2
R+ R,

RQ*}OO

ks

Converter 1’s impedance Ry can be calculated from (3.37):

Ry = ko Ry,
Ry
Ry = —
1 k’2 3
Rlzlinoo Rl - Rf
Similarly, for L;:
Lf == l{}QLl,
Ly
Ly =—
1 k2 9
dm Ln =L

The HCC voltage from ([3.35)) becomes:

foy £ ky =1,
lim k’l = 0,
RQ*}OO
Vice = kaVi + k1 Vs,
lim VHCC = ‘/1
Ro—00

And the converter currents from (3.41) and ([3.46)) become:

. Vi- V;
"7 S(Ly+ Ly) + (Ry + Ry)

lim Il = Iconva

RQ—>OO
I2 - Iconv - I17
RQ*}OO

+ k2 Iconv y

(3.64)

(3.65)

(3.66)
(3.67)
(3.68)

(3.69)
(3.70)
(3.71)

(3.76)
(3.77)

(3.78)
(3.79)

These results confirm that, in the emulated two-converter system where the
GFM is actually not connected to the PCC, its current is zero, and the GFL’s
current is equal to the HCC current. The GFL’s filter impedance is equal to the
HCC impedance, and the HCC voltage reference is equal to the GFL’s one. The

HCC emulates a system comprised of a single converter, operating as such. This
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sanity check analysis corroborates the validity of the mathematical model developed
for the HCC.

3.5.2 Simulations
3.5.2.1 Dynamic Behavior Validation: HCC vs GFL+GFM

To validate the proposed control strategy and confirm that the HCC actually
behaves as to two converters in parallel, a simulation test system is set up similarly
to the one from Section It consists on the same grid voltage source and load
connected to the PCC. Regarding the converter, two simulation cases are set up:

Case 1 is the system that was deemed economically unfeasible in the beginning of
this chapter. It contains two individual converters working in parallel and connected
to the PCC, as shown in Figure The two converters are:

e one GFL, with active and reactive power references, and

e one GFM, with voltage amplitude and frequency references, and also droop

control loops with active and reactive power references.

Case 2 contains, as shown in Figure [3.10] one single converter connected to the
PCC, being:

e One HCC, with the same individual control systems and reference values from

case 1. It is set to emulate the two converters from case 1.

Lty Rrp, Lgrid Rgrid

AN}

Upce? Vgrid

Rload,l

Rload,Z

Figure 3.9: Schematic diagram of the system used to simulate case 1.
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Figure 3.10: Schematic diagram of the system used to simulate case 2.

The point of interest is not on the behavior of the GFL and GFM themselves, but
on the comparison between the two cases’ outputs. If the HCC can really emulate
a two-converter system, the output current at the PCC and the effect on the grid
must be the same on both simulated cases.

The main parameters of the simulated system are the same as described pre-
viously, in Tables and [2.2] Since both the GFL and GFM in case 1 employ
the same filter impedance, as described in the tables, here the impedance values of
the HCC filter, Ry and L are recalculated for case 2. This way, they match the
impedances of the two-converter system, according to and (3.38). This results
in Ry = 0.0025p.u. and Ly = 0.025p.u..

The simulation starts in a similar manner as before. First, the system is ini-
tialized, and the converters start with a reference active power equal to zero. Just
as what was shown in Section [2.4] since the load power is being supplied by the
grid, the system frequency is lower than the nominal value due to the grid droop
behavior. At t = 1s, the GFL control system receives a step in the active power
reference, going from zero to 5.0 MW. Figure shows the results for case 1. As
expected, the GFL delivered power quickly goes from zero to the reference value.
The GFM was already delivering some power because the grid frequency was below
the nominal value, due to its automatic grid support characteristic. When the GFL
power increases, the grid frequency is restored, which leads to the GFM power nat-
urally going back to zero. The total delivered power by the ensemble GFL+GFM
can also be seen in the figure.

In case 2, there is only the HCC connected to the PCC. The GFL-part of the
control system receives the step change in reference power, leading to a change in
its output voltage reference and, consequently, in the HCC output voltage reference.
Even though there is only the HCC, it is possible to analyze the active power from
its GFL- and GFM-parts, as demonstrated in (3.47) and (3.47). Figure shows
the comparison between cases 1 and 2. In Figure [3.12a] the total power delivered
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Figure 3.11: Transient response to a step in reference active power for case 1, with
one GFL and one GFM.

to the PCC by the ensemble GFL+GFM is compared to the HCC output power,
showcasing an essentially perfect match. Figure shows the comparison of the
individual GFL and GFM power, from case 1, with the power from the HCC’s GFL-
and GFM-parts in case 2, again with a near perfect match.

The effect of the power increase in the grid frequency is shown in Figure [3.13
As expected, the grid frequency increases when the converters increase their active
power. Both cases lead to the same change in grid frequency. From the point of view
of the grid, the ensemble GFL+GFM and an individual HCC are indistinguishable.

Next, at ¢t = 1.5s, the circuit breaker is closed so that there is a step increase
in load power, going from 5.0 to 10.0 MW. Figure [3.14] shows the transient behav-
ior of both cases. In case 1, the GFL power does not change, since its reference
power is kept constant, while the GFM power increases automatically to support
the frequency drop due to the load increase. As part of the increased load power is
now being supplied by the grid, the total output power of the ensemble GFL+GFM
is lower than the full load power of 10.0 MW. In case 2, the same is observed for
the total output power of the HCC, and also for the individual power of its GFL-
and GFM-parts. Again, the match between the output power from cases 1 and 2 is
perfect.

A comparison between the grid frequency and RoCoF after the load increase is
shown in Figure Since there is a load increase without a matching generation
increase, the frequency drops, leading to a negative RoCoF' in the first moments
of the transient. Comparing cases 1 and 2, the grid frequency and RoCoF curves
perfectly match. This means once again that, from the grid’s point of view, a single

HCC and a system containing a GFL and a GFM are essentially the same.
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Figure 3.12: Transient response to a step in reference active power, comparing case
1 (GFL+GFM) with case 2 (HCC only). (a) Total active power delivered to the
PCC and (b) individual active power delivered by each converter (GFL and GFM).
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Figure 3.13: Grid frequency transient behavior following a step in reference active
power, comparing case 1 (GFL+GFM) with case 2 (HCC only).
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Figure 3.14: Transient response to a step load increase, comparing case 1
(GFL+GFM) with case 2 (HCC only). (a) Total active power delivered to the
PCC and (b) individual active power delivered by each converter (GFL and GFM).

3.5.2.2 Black-Start

One of the main advantages of the HCC is the ability to perform black-start.
Usual GFL converters need the electrical grid up and running, so they can measure
the frequency using a PLL and synchronize themselves to the grid. If there is no
grid, the GFL does not work, as it cannot set up the voltage reference of the grid by
itself. The GFM can fulfill that role and kickstart the grid, performing the so-called
black-start. The HCC, being both GFL and GFM at the same time, also has this
capability.

To demonstrate that, the same electrical system with the HCC described in the
previous section, shown in Figure is used. The difference is that, in this case,
there is no grid voltage source or transmission line, only the HCC and the load. The
HCC must start the system from a standstill point of no voltage, supply the load

and enable its GFL-part to work properly. No electrical or control system parameter
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Figure 3.15: Transient response to a step increase in load power, comparing case 1
(GFL+GFM) with case 2 (HCC only). (a) Grid frequency and (b) RoCoF.

is changed from the previous section.

The simulation starts with the GFM-part of the HCC receiving ramp-up refer-
ences of voltage amplitude and frequency, following a classic V/f ramp strategy.
This was chosen to illustrate the scenario; other ways to perform black-start, such
as starting with the frequency at nominal value, could be employed. The GFL-part
receives an active power reference equal to zero. Figure [3.16]shows the phase voltage
at the PCC, confirming that the HCC is able to start the system in a stable manner
and follow the voltage reference.

As for the GFL-part of the HCC, Figure shows its reference output voltage,
PLL frequency and output power. It confirms that it is able to properly start
working, following the grid ramp-up provided by the GFM-part, while keeping its
delivered power at the reference value of zero. There are some transient disturbances
right at the beginning, when the PLL is starting up and settling, but they quickly
fade away. It also shows a small disturbance when the voltage ramp-up is finished,

since no low-pass filter is employed in the GFM-part’s ramp reference to avoid the
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Figure 3.16: Black-start simulation, showing the PCC voltage.

abrupt change in behavior when it stops increasing.

The grid reaches a point of equilibrium. The GFM-part of the HCC is creating
the grid voltage while its GFL-part is properly tracking this very same grid voltage,
achieving synchronization. Due to the droop in the GFM control, since it is providing
the load power, its frequency reference is reduced to around 57.5 Hz. At simulation
time ¢t = 1.0 s, the GFL control receives a step increase in reference active power of
5.0 MW. The GFM-part automatically adjusts; since the load starts being supplied
by the GFL-part of the HCC, the GFM droop returns its reference frequency to 60
Hz. This is shown in Figure [3.18

Then, at simulation time t = 2.0 s, the load increases by 5.0 MW. Since there is
no change in the active power reference of the GFL control system, the GFM-part
of the HCC automatically adjusts and provides the necessary power to supply the
increased load. This leads to a decrease in the grid frequency setpoint. This is
shown in Figure [3.19

This result confirms that the HCC has black-start capability, due to its GFM-
part, while retaining its rapid reference power tracking capability due to its GFL-
part. Disturbances such as controller reference and load changes were dealt with
successfully, with the HCC generating and maintaining the grid voltage by itself.

Of course, the entire premise of being able to provide black-start to a system
assumes that there is an energy source in the dc-side of the converter, to provide
the necessary active power to the grid during this event. This is necessary for any
kind of converter that is to perform black-start, be it a regular GFM or the HCC.

3.6 Partial Conclusion

In this chapter, the operating principles of the Hybrid Control Converter (HCC)

were explained and demonstrated mathematically. The proposed converter emulates
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Figure 3.17: Black-start simulation, showing the (a) output voltage, (b) PLL-
calculated frequency and (c) output active power of the GFL-part of the HCC.

the behavior of two individual converters working in parallel. Its control system is
a simple combination of the control systems from these two, resulting in one single
converter that works as if it were two, having a mix of their operating characteristics.

Simulations confirm that the HCC has similar behavior to an ensemble consisting

on a GFL and a GFM. The variations of the grid frequency and RoCoF following
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Figure 3.18: Black-start simulation, showing the (a) active power of the HCC and
(b) the grid frequency after a step increase in the GFL-part’s active power reference.

changes in generation and load were the same when simulating the GFL+GFM and
when simulating the HCC alone. From the grid’s point of view, there is no mea-
surable difference between having two converters working in parallel or one single
converter mimicking them, because they behave in the same way. This result con-
firms that it is possible to emulate two converters working in parallel using a single
converter, with a control system consisting essentially of two separate, individual
control systems, one for each of the converters to be emulated.

It seems possible to emulate any number of converters working together, since
the mathematical principles used to arrive at the equivalent voltage and impedance
of the HCC could be applied to a larger number of voltage sources in parallel.
Nevertheless, since there are two main types of converters, GFL and GFM, it seems
redundant to add multiple converters of the same kind in parallel.

The Hybrid Control Converter, which shows characteristic behaviors of both
the GFL and the GFM at the same time, could enable different applications and

overcome individual limitations of these types of converters. It shows the fast and
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Figure 3.19: Black-start simulation, showing the (a) active power of the HCC and
(b) the grid frequency after a load increase.

accurate response to changes in reference, which is the advantage of the GFL, and

also the automatic, inherent grid support, characteristic of the GFM.
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Chapter 4
Stability Analysis

This chapter discusses the stability of the proposed HCC by comparing it to con-
ventional converter control systems (GFL/GFM). First, the system transfer func-
tions including PEC, converter control system and plant are developed. Then, dif-
ferent criteria to evaluate the stability of a control system are presented and applied

both to the HCC and to a conventional converter control system.

4.1 Introduction

In the study of control systems, various requirements and performance indicators
are usually analyzed. They may include the transient response and its character-
istics, such as the rise time and settling time, steady-state error, stability, and
more. Among them, the stability analysis is of utmost importance, since an unsta-
ble control system may cause damage to the physical equipment it is controlling,
and possibly harm people that operate it or count on it for some purpose. An
electrical equipment that becomes unstable can lead to short-circuit or overcurrents
in the network, damages to itself and to its surroundings, and possibly a blackout
depending on the severity of the fault [64].

The Bounded-Input Bounded-Output (BIBO) definition of stability states that
“a system is stable if every bounded input yields a bounded output”. Similarly, an
unstable system is one where “any bounded input yields an unbounded output” [64].
Therefore, regardless of the input (be it constant, sinusoidal, or time-varying with
a given shape), a stable system’s output will never approach infinity if the input is
finite.

Most techniques for assessing the stability of a control system are based on ana-
lyzing its transfer function, so the first step in any stability analysis is to model the
entire system. As shown in Figure [4.1] the system analyzed in this study comprises

a converter, its control system and the plant it acts on.
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Switching
Algorithm

Figure 4.1: Schematic of a general electrical system, comprising a converter and a
plant.

4.2 System Transfer Functions

4.2.1 Plant

The plant is defined as the physical system on which the converter output voltage
acts, creating the converter current. In this case, it comprises the PEC filter and
the PCC.

The output current can be described as a function of the output voltage as:

dicmw (t)

Vo(t) = Vpet) = Rifeons(t) + Ly %5

(4.1)

In the following analysis, the converter voltage is assumed to not affect the volt-
age of the PCC, which is an usual assumption for some transfer function studies. To
model this effect in more detail, especially for systems with low short-circuit ratio,
the PCC could be represented as a voltage source behind an equivalent impedance.
The main challenge is estimating these equivalent voltage and impedance values,
because the grid state keeps changing during operation due to variations in gener-
ation and load and to changes in the grid topology. Techniques such as impedance
scanning [65] [66] aim at dealing with the challenge of estimating the grid impedance
and adapting the control system to it [67, 68]. This detailed representation of the
grid could be especially interesting for specific cases, such as studies where there are
many converters connected to nearby nodes. The logic that follows is still applicable
for such cases, the only difference being that the transfer functions would need an
adaptation to the v,.. component.

Representing the direct and inverse Park Transform matrices from and
as T(t) and T~1(t), the voltages and currents from can be transformed from
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the abc-frame to the dg-frame:

'Uout,abc(t) - T_l(t) * Uout dq(t)7 (42
Vpee,abe(t) = T(t) - Vpee,dq (1), (4.3
iconv,abc(t) = T_l(t) iconv,dq(t)- (4 4)
Omitting the time-domain indicator (¢) for simplicity, this leads to:
d(T1 .conv
T_lvout,dq - T_lvpcc,dq - RfT_liconv,dq + wa (45)

dt ’

T sty — T Wpeodg = BT Lyt Beonvas |y AT 46
out,dq Upcc,dq — Lif zconv,dq+ f dt + f dt Zcom;,dq- ( . )

Multiplying both sides by T" and recognizing that the product of a matrix by its
inverse results in the identity matrix, such as in 7' - T~ = Id (represented as Id to
avoid confusing it with uppercase current variables), it results in:

-1

dr—
+ LfTTzconv,dq- (47)

dzconv,dq

dt

Vout,dg — Upce,dg = Rficonv,dq + Lf

Considering that 0 = wt, the transformation matrix €2 is calculated as:

dr1
Q=T et (4.8)
, cos(d)  cos(0—2)  cos(d+ %) ] cos(0) —sin(#) 1
=3 |- sin(f) —sin(0 — 27) —sin(f+3)| - a0 cos(f — &) —sin(f—3) 1
3 z z cos(f + ) —sin(0+2) 1
(4.9)
cos()  cos(d — ) cos(d + %) —wsin(0) —w cos(0)
2
=3 |- sin(9) —sin(0 — 2F) —sin(f + ) —wsin(f — 2F) —wcos(d — )
: : : —wsin(@ + 3F) —wcos(d + %)
(4.10)
€11 €12 €13
2
T3 |21 €22 €23 (4.11)
€31 €32 €33
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The individual elements of 2 are calculated as:

2 2 or 2
f11="w (COS(Q) sin(f) + cos(0 — ?ﬂ) sin (6 — g) +cos(0) + =) sin(0 + ;))

MIE

(Sln(29) + sin(26 — %ﬂ) + sin(20 + 4%)) ,

=0,

2 2
€10 = —W (0052(6’) + cos?(6 — g) + cos® (0 + §)> 7

e13 =0,

2 2
€21 =W (Sln + sin? (60— ?ﬂ) + Sjn2(9 + g)) 7

4

g (1 —cos(20) + 1 — cos(20 — %) +1 — cos(20 +

3

2 7
€2 = —e€11 =0,
€23 = 0,

2
€31 = —% (sm(@) +sin(f — —) + sin(f + ?ﬂ)) ’
=0,

es3 =0
0 —w 0
Q=1|w 0 0
0 0 O

47
3

4 47
( (29)+1+COS(29—?)+1+COS(2¢9+ 3 )+1>

),

(4.12)
(4.13)
(4.14)

(4.15)
(4.16)

(4.17)
(4.18)

(4.19)

(4.20)

Transforming (4.7) to the frequency domain, and omitting the frequency domain
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indicator (s) for simplicity, the result is finally:

‘/:Jut,dq - ‘/;mc,dq - RfIconv,dq + SLfIcom;,dq + LfQIconv,dqa (430)
‘/out,d ‘/pcc,d SLf + Rf _WLf 0 [con'u,d
‘/out,q - ‘/pcc,q = WLf SLf + Rf 0 Iconv,q ) (43]‘)
‘/out,O ‘/pcc,O 0 0 SLf + Rf Icom),(]
1
Iconv = 7 5 V:)u - Vcc L ]conv ) 4.32
d st+Rf( td = Voced + Whileonvg) (4.32)
1
[conv,q = m (‘/out,q - V;;cc,q - waIconv,d) . (433)

The equivalent block diagram representation of the plant is shown in Figure [4.2

Upce,d

Vout,d 1 Z'conv,d
outd N = |

iy sLy+ Ry

+ 1

, e — ._>
Vout,q - SLf + Rf Leconv,q

Upce,q

Figure 4.2: Block diagram representation of the plant.

4.2.2 Power Electronics Converter

Since the converter switches turn on and off, following a given switching scheme,
the PEC cannot perfectly reproduce the reference output voltage calculated by the

control system. This discrepancy can be modeled as a small delay in the system

*
out?

[69]. The output of the control system, v¥,,, is delivered to the switching algorithm,
which makes the necessary calculations and then sends the switching signals to the
switches. Due to the sample-and-hold logic of the controller hardware and the delay
in the switching algorithm calculations, the actual converter output voltage v,
does not instantaneously follow its reference value. This effect can be represented

in the frequency domain as a first-order delay transfer function:

1 *
Vout,dg = mvmﬂe,dm (4.34)
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where T is the converter time delay. This is the effect of the physical converter
itself, making the bridge between the control system and the physical plant. It can

be represented by the equivalent block diagram shown in Figure 4.3

*
Uout ,d 1 Vout,d
>

sTs +1

out,q 1 Uout,q
' o >»
sTs, +1

Figure 4.3: Block diagram representation of the converter delay.

4.2.3 Control System
4.2.3.1 Conventional Control System (GFL/GFM)

The block diagram representations of the GFL and GFM control systems were
shown before in Figures and Usually, in GFM control systems, the outer
voltage control loop is implemented with a larger time constant than the inner
current control loop, consequently having a slower dynamic behavior. Therefore, for
the following analysis, the voltage control loop of the GFM can be omitted, with the
reference currents for the inner current control loop assumed constant. This way
both the GFL and GFM control systems are assumed to be similar, containing only
the current control loop. Figure [4.4] shows this equivalent block diagram. The Park
transform blocks and the PLL (in the case of the GFL) are omitted from the diagram,

which already shows the voltages and currents transformed to the dg-frame.

Upce,d

out,q

Upce,q

Figure 4.4: Block diagram representation of a conventional control system (GFL or
GFM).
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4.2.3.2 Hybrid Control System (HCC)

The first step for the analysis of the HCC control system is to convert its trans-
fer functions into the dg-axis. Omitting the time-domain indicator (¢) for concise-
ness, the equivalent instantaneous HCC voltage, as described previously in ([3.35)),

is rewritten as:

vace = kav1 + kv, (4.35)
Tvgce = koTv, + kiTv,, (4.36)
VHCC,dg = KaU1,dq + k12 44, (4.37)
VHCC,d U1,d V2,d
vgccy | = k2 [vig| Tt [ve,| - (4.38)
VHCC,0 V1,0 V2,0

The frequency domain representation, omitting the indicator (s), is then simply:
Viccdg = k2Vidg + k1 Vaag (4.39)

The back-calculation of current 1 is needed by the GFL-part of the HCC control
system. First, the variables of total resistance and total inductance are defined just

for conciseness in the following equations, as:

R, = Ry + R,, (4.40)
Lt - Ll + L2. (441)

Then, (3.43) becomes, transforming to the dg-axis:

d”' 1 d'l conv

Ryiy 4+ Li—t = vy — vy + Roeony + L , 4.42
121+ Ly 7t V1 — Vo + gt + Lo 0t ( )
. dT—'4 .
Ry Yy a0 + LtTl’dq =T 14y — T sy + RoT Vicomv.dq+
dT '3 d
Lo————%%1 4.43
+ Lo i ( )
Multiplying both sides by the Park transform matrix 7'(¢) results in:
. di ar-1 . .
thl,dq + Ly C;;dq + LtTT’Lqu = Vi,dg — V2,4q t+ Rchom,dq—i— (444)

-1

din
I conv,dq LT oo
il T Sl beonvdas
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dzl,dq dzconv,dq

Rtil,dq + Lt dt + LtQil,dq = V1,dqg — U2,dq + R2iconv,dq + L2 dt +
+ L2Qiconv,dq- (445)
Transforming (4.45]) to the frequency domain, it yields:
RtIl,dq + SLtIl,dq + LtQIl,dq = ‘/l,dq - ‘/2,dq + R2Iconv,dq+
+ SLQIconv,dq + LQQIconv,d(p (446)
(SLt + Rt)Il,dq = ‘/qu - ‘/Q,dq + (SLQ + RZ)Iconv,dq+
+ L ko T conv,aq — 1 dg)- (4.47)

Since the HCC filter inductance value is chosen by the system designer according
to the converter’s switching characteristics, it makes sense to express the equations
in terms of Ry instead of Ry, Ry (similarly for the inductances). From (3.37) and
(14.40):

Ry = Ry + Ry, (4.48)
p= w19
R, = %, (4.50)
Ry = % (4.51)

The same logic is applied to the total inductance from (3.38) and (4.41)), leading

to: I
/
Ly = ——. 4.52
" kiky (4:52)
Converting (4.47) to matrix notation, the result is:
[l,d ‘/1,d - ‘/2,d Icom},d
1
Il,q - SLt + Rt ‘/I,q - ‘/2,q + kQ Iconv,q +
Il,O Vvl,O - ‘/2,0 Iconv,O
0 _WLt 0 k2]conv,d - Il,d
1
— 4.53
+ SLt+Rt WLt 0 0 k2[conv,q Il,q ) ( )

0 0 0 kZIconv,O - Il,O
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1k wLy
[, =—= (V. , — V- k ]me ———(k Iconv -1 ) 4.54
1,d st—i-Rf( 1,d 5.d) + ko d st+Rf( 2 q 1q) ( )
L= —MP oyt — g La).  (4.55)
l,g — SLf + Rf 1,9 2,9 24 conv,q SLf + Rf 24 conv,d 1,d)- '

Then, the same calculations must be done for the GFM-part of the HCC control
system and current 2. From (3.41), transforming to dq-coordinates, it yields:

I2 = Iconv - Il> (456)
I2,dq = Lconv,dg — Il,dq- (457)

It is possible to rewrite as:
(sLi+ Re) I ag + QL Iy gy = Viag— Voag+ (sLa+ Ro) Lony dg + Lilko I cony aq- (4-58)
Applying in ([£.58), it yields:
(sLi + Ri)Leonvdqg + QLI conv.aqg — (SLt + Ry)Iogqg — QLi I3 0y =
= Viag — Vaag + (Lo + Ro)Iconv,aq + L2k cony,dg, (4.59)
(sLy + Ry) 1o gq + QL d5 4 = Vagg — Viag + (sL1 4+ Ri)Iconw,dq+

+ LtleIcom;,dq (460)

In matrix representation, the result is:

]2,d Vv?,d - Vvl,d Iconv,d
1
IZ,q = SLt 4 Rt VVZ,q - Vvl,q + kl ]conv,q +
[2,0 ‘/2,0 - ‘/1,0 [com),O
0 _WLt 0 k'llcon'u,d - [2,d
1
i _ 4.61
+ SLt+Rt WLt 0 0 k2Icom),q IQ,q ) ( )
0 0 0 kQIcom),O - 12,0
]{?1]{32 wa
— 2 Vi) 4 kLo — —— (ke Lomne — Tag), (462
2.d 8Lf+Rf< 2.d 1.d) + k1 d st—i-Rf( 1 a—12q) ( )
]{?1]{32 wa
= ——— Vo, =V k11 cone ————— (k1 dconv.ag — I2.q)- 4.63
2 st+Rf< 24— Vig) +F ’q+st+Rf< eonvd — Ioa).  (4.63)

The current loop of the GFL-part of the HCC control system is similar to a
conventional control system, as shown in Figure 4.4 As mentioned before, the

voltage loop of the GFM-part is neglected due to its slower dynamics, and therefore
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it can also be represented in a similar fashion. Aggregating the developed transfer

functions, the equivalent block diagram of the HCC control system is shown in

Figure [4.5]

iconv,q .
—».—»kg >

lLeconv,d

Figure 4.5: Block diagram representation of the HCC control system for the d- and
g-axes.
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4.2.4 Aggregation and Simplification of the Transfer Func-

tions

The transfer functions for the plant, the converter and the two different control
systems were developed. The next step is to aggregate and simplify them, in order to
reach the equivalent open-loop transfer function T'F,.,, that is used in the stability

analysis itself.

4.2.4.1 Conventional Control System (GFL/GFM)

Figure [4.6| shows the complete block diagram for a system comprising the plant,
the converter and a conventional control system (which can be either a GFL or
GFM). The Park transform blocks and the PLL (in the case of the GFL) are omitted

from the diagram, as it already shows the voltages and currents transformed to the

dg-frame.

Upce,q

1 Z.conv,q
SLf + Rf >

wa 7:conv,d

~_ e — =

Figure 4.6: Block diagram representation of a system including the plant, a converter
and a conventional control system (GFL or GFM).

It is possible to simplify the block diagram in Figure [£.6] making the calculations
that follow easier. First, based on the superposition principle, it is a common
practice to ignore external inputs when analyzing the stability of a system, treating

them as disturbances that can be neglected. This means, for example, neglecting

*

conv.d 100D, and vice-versa

the inputs of vg and 7, when analyzing the stability of the ¢
for the g-axis system components [69].

Besides that, the equations get further simplified by designing the appropriate
gains for the PI controller. Its transfer function is described in , and it has two

parameters: the proportional gain and the integral time constant. If the integral time
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constant is chosen appropriately to match the plant’s resistance (Ry) and inductance
(Ly), it leads to one pole of the equivalent transfer function getting canceled. For

this end, the integral time constant is designed as:

Ly
T, ==L 4.64
i (1.64)
L
PI(s) = kL T 1 (4.65)

With these approaches, the transfer functions showed in Figure [4.6[ can be ag-

gregated as:

SLf+Rf 1 1
TFppen(s) = k : : , 1.66
venl8) = by T 1 s, R, (4.66)
k
I, B (4.67)

SQLfTZ + SLf '

The simplified block diagram of the entire system, showing the equivalent open-

loop transfer function, is shown in Figure 4.7

,[:*

conv,d ]{Zp Leonv,d
—3( > —>
- 82LfT2 + SLf
% .
Leonv,q kp Lconv,q
—>

Ty 82LfT2+8Lf

Figure 4.7: Equivalent open-loop representation of the system with a conventional
control system (GFL or GFM).

4.2.4.2 Hybrid Control Converter

The complete block diagram for a system comprising the plant, the converter
and the HCC control system is shown in Figure (only the d-axis is shown, for
conciseness). The Park transform blocks and the PLL (in the case of the GFL-part
of the HCC) are once again omitted from the diagram, as it already shows the
voltages and currents transformed to the dg-frame.

Similarly to the previous case, external inputs are neglected in the following

analysis. Applying the same procedure to design the PI controllers, for both the
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Figure 4.8: Block diagram representation of a system including the plant, a converter
and an HCC control system (showing only the d-axis for conciseness).

GFL-part and the GFM-part of the HCC control system, it results in:

L Ly
T =22 =21 4.68
TR TR (4.68)
Ly L
Tg= =2 =21 4.69
2= R TR (4.69)
sL:+ R
PIL(s) :kp71—1; I, ) (4.70)
sL+ R
Ply(s) = ,,72#. (4.71)

With these factors, the block diagrams for both the d- and g-axes become similar,
therefore the equations that follow represent both axes. Since it is a more complex
block diagram than with the conventional control system, techniques to reduce it
must be applied sequentially. First, considering the loop related to 47 ;, the four

major steps in the block diagram simplification are shown in Figure [4.9

72



Figure 4.9: The major steps taken in the simplification of the block diagram, con-
sidering the system with the HCC control system (showing only the d-axis for con-
ciseness).

For simplicity, the transfer functions shown in Figure [4.8| are represented as:

sLy+ R
Py =k, fL L (4.72)
f
sLt+ R
g_pQZ;f, (4.73)
f
ki ks
Fy=—"2= 4.74
3 SLf —|— Rf7 ( )
1 1
(4.75)

The intermediate transfer functions that appear during the simplification process

of the block diagram, as shown in Figure 4.9] are:

FQ . SLf + Rf
1+ FBFy PPSsLp+ kyokiky
SLfkll{?Q
(SLf + Rf)(SLf + k’p’gkll{a)’

G, =

(4.76)

G2 = F3+G1F32 =

(4.77)
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SLyky + kpokiks
SLf + kp’gklkg ’
. GsFRy 1 SLsky + kpokiks
T 1—k2G\Fy  sLy+ Ry (sLj+ kyokika)(sTs + 1) + kyok?'

G3:G4:k2_k1F3G1:

(4.78)

Gs

(4.79)

In the end, the equivalent open-loop transfer function for the HCC control sys-

tem, considering the d-axis current of the GFL-part as reference, is described as:

TFopen,hcc = Fl (G2 + G'(4 : GS) s (480)
kp,lkg ) SQLsz;kl + SLf + /Cpgk’l

TFO en,hcc — .
pen.h sLy  $2L¢Ts + s(Ly + Txkyokiks) + kpok

(4.81)

Results for the g-axis are similar, since they derive from a similar block diagram.
For the reference currents of the GFM-part, results are the same but exchanging
subscripts 1 and 2 in the variables. Figure 4.10| shows the equivalent open-loop

transfer functions of the system.

Ha [ kpaks S2LyTsky + sLy + kyoky Y i
+ %- L SLf 82LfT2 + S(Lf + TEkP’Q]f]_kQ) + kp72k1 J

i1 ([ kpaks 2L Tsky + sLy + kp ok Ying
+ %- L SLf 82LfT2 + S(Lf + TEkP’Q]f]_kQ) + kp72k1 J

Ba [ kpoki 2L Tsky + Ly + k1 ko Y iz
+ %- L SLf 82LfT2 + S(Lf + Tzkp’lklkg) + kp71k2 J

24 ([ kpoks 2L Tsky + sLy + kp 1 ko Y i2g
+ %- SLf 82LfT2 + S(Lf + Tzkp’lklkg) + kp71k2

Figure 4.10: Equivalent open-loop representation of the system with an HCC control
system.

4.2.5 Validity Check

A validity check can be performed with the equations developed thus far. An
analysis similar to the one presented in section is done, considering that one
of the two converters that the HCC is emulating, converter 2, is not connected to
the PCC, so Ry — 0o and Ly — co. As demonstrated in section [3.5.1] this scenario
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results in:

lim ky =1, (4.82)
RQ-)OO

lim ky =0, (4.83)
R2—>OO
3121an Ry, = Ry, (4.84)
nglinoo Ly =Ly, (4.85)

lim VHCC = ‘/1, (486)
Ro—o00

lim I; = Ion, (4.87)
R2—>OO

lim I, = 0. (4.88)
Ro—o00

Considering these values, the open-loop transfer function for the system with the
HCC control system, described in (4.81]), becomes:

k
lim TFHCC,open(S> Pl

= - 4.89
Ry—00 SszTZ + SLf ( )

Comparing with , the equivalent counterpart from the system with
the conventional control system, it can be seen that they are perfect equivalents.
Similarly to what was concluded in section this means that, if the HCC is
emulating a system where only one converter is connected to the grid, it presents the
exact behavior of a simple system consisting of a single converter with a conventional
control system, confirming the validity of the developed transfer functions.

The transfer functions can also be validated by simulation. To do this, two simu-
lations are set up, as shown in Figure The first is similar to the ones described
in previous chapters. It is a transient time-domain electrical simulation, consisting
on electrical components (such as voltage sources, resistances, inductances) and on
the HCC control system. The second one is a direct simulation of the analytical
model based on the developed transfer functions, that were shown in Figure It
contains no electrical components, only mathematical ones. Both cases, ultimately,
simulate the same system, which consists of a converter (the HCC) connected to an
ideal voltage source.

The simulation starts with the converter having zero active and reactive power.
At simulation time ¢t = 0.3s, the GFL-part of the HCC control system receives a
step in its reference active power, going from 0 to 5.0 MW. Its reference current 1 dq
is calculated from the value of the reference active power, as shown before in Figure
2.7 Then, at simulation time ¢ = 0.4s, the GFM-part of the HCC control system

receives a step in its reference active power, going from 0 to 5.0 MW. Its reference
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Figure 4.11: Simulation systems set up to validate the developed transfer functions:
(a) electrical time-domain simulation and (b) analytical model-based simulation.

current is calculated similarly. In the end, the converter provides a total of 10.0

MW to the ideal voltage source. This behavior is shown in Figure [4.12

101 e Electrical sim. !r

TF sim. 3

(o]
1

Active Power (MW)
S

0.20 0.25 0.30 0.35 0.40 0.45 0.50
Time (s)

Figure 4.12: Converter output power, for both simulations performed to assess the

validation of the developed transfer functions.

It can be seen that the output power of both simulations match. This means
that the developed transfer functions can accurately describe the behavior of the

HCC, considering the assumptions described in the beginning of this chapter.
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4.3 Root Locus

One of the ways to evaluate the stability of a system is with the Root Locus tech-
nique. It is a graphical representation of a closed-loop system in the real-imaginary
plane, showing the different locations of the poles when a given parameter (such as
a controller gain) is varied [64] [70]. Regarding the stability criterion, poles located
in the left half-plane are equivalent to time-domain components (of the closed-loop
transfer function) with an exponential decay, and are therefore stable. On the other
hand, poles on the right half-plane lead to an exponential increase with time, being
unstable. The root locus plot allows for a visual inspection of the poles location and
trajectories; if they are always on the left half-plane, the analyzed system is stable.
The trajectory of the closed-loop system’s poles, in the root locus plot, starts at
the location of the open-loop system’s poles, and migrates towards the location of
the open-loop system’s zeros. The root locus plot is a valuable technique, especially
for systems of higher polynomial orders, that can be used both to assess the system
stability or to design the control system gains to yield a desired performance criteria.

The impedance values used in the following analysis are the same ones used in
previous simulations, described in Table For the HCC control system, it is
assumed that k,; = ky2 = k.

The root locus plots for the systems with the conventional and with the HCC
control systems are shown in Figures and For the case with the conven-
tional control system, the pole trajectories meet in the real axis, and move vertically
towards infinity. For the case with the HCC, there are two zeros and three poles,
leading to a root locus plot with a different shape. One of the poles is very close to
one of the zeros, almost canceling it. This way, the shape of the root locus resembles

that of a second-order system with a single zero.

Root Locus
0735 T4 - 612
5000 59— ]
> 2500 P83
5
£ 0- 2000.00
= _2500 i e
~5000 1 e
-3000 -2500 -2000 -1500 —1000 —500 0

Real

Figure 4.13: Root locus plot for the system with a conventional converter
(GFL/GFM).
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Figure 4.14: Root locus plot for the system with an HCC.

Both cases do not contain any poles in the right half-plane and the pole tra-
jectories never cross the imaginary axis, even when any of the parameters (such as
L¢, R¢, Tx...) are varied. This means that both control systems are stable for any
value of the PI controller proportional gain k,, or k,; and k, 2, for the HCC control
system.

Since the transfer functions are different between the case with a conventional
control system and the case with the HCC, the system may present different transient
behavior in terms of overshoot, rise time, settling time, or any other performance
index. The gain should be appropriately designed and analyzed in both cases to
achieve the desired transient behavior. Most importantly, this analysis shows that
the HCC control system is stable, similarly to conventional converter control sys-

tems, according to the root locus criterion.

4.4 Bode Plots

The best way to evaluate a system’s frequency response, and also assess its
stability margins, is by means of the Bode plots [64, [71]. They consist on two parts:
the magnitude and the phase plots, representing the change in magnitude and shift
in phase that a given system applies to a sinusoidal input. Since Linear Time-
Invariant (LTI) systems do not change the frequency of a given sinusoidal input,
they may only apply a gain to the amplitude and/or an offset to the phase of that
signal.

The evaluation of stability using Bode plots is based on the open-loop transfer

function. The closed loop form of a given open-loop transfer function, such as the
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ones shown in Figures and [£.10] is:

TFypen(s)

TFC ose = T a7
! d(s) 1 +TFopen(S)

(4.90)

The closed-loop system is unstable if the denominator is equal to to zero, as in:

1+ TF,pen(s) =0, (4.91)
T Fypen(s) = —1. (4.92)

The open-loop transfer function can be described in phasor representation, be-
ing represented by two values: its amplitude and phase. This way, (4.92) can be

interpreted as:

T Fopen ()| = 1, (£93)
arg (T Fopen(jw)) = 180°. (4.94)

The system is unstable when the frequency (w) of the input signal leads to,
simultaneously, an amplitude of 1 and a phase of 180° in the open-loop transfer
function. To assess how close a system is from becoming unstable, the concept
of Margins of Stability are introduced with the Bode plots. They represent the
variations that would need to occur in the magnitude or phase of T'F,,.,(s) in order
to simultaneously reach the critical values of amplitude and phase. Larger margins
of stability mean that the system is less prone to becoming unstable, even if the
plant or control system transfer functions change over time due to some physical

phenomena, or due to errors in the modeling step. The margins of stability are
defined as:

e Gain Margin: the amount of gain (represented as a vertical shift in the mag-
nitude plot) needed to make the magnitude plot cross the 0 dB mark at the

same frequency where the phase is 180°; and

e Phase Margin: the amount of phase shift (represented as a vertical shift in the
phase plot) needed to make the phase plot cross the 180° mark at the same
frequency where the magnitude is 0 dB.

The same values of impedances and control parameters used in the previous
section are employed here. Figures and show the Bode plots for the system
with a conventional and with the HCC control system, for different values of the
control parameter k,. In both cases, the phase curve never reaches 180°, leading to
an infinite gain margin. Nevertheless, Figure [4.15] shows that, for the conventional

control system, as k, increases, the point where the magnitude curve crosses the 0

79



dB mark is shifted to the right, where the phase curve asymptotically approaches
180°. This results in a diminishing phase margin (represented as black bold vertical
lines in the phase plot), making the system more prone to instability if the gain is
very high. For the system with the HCC control system, an increase in gain also
leads to right-shift of the point where the magnitude curve crosses the 0 dB mark.
Although the phase curve does not asymptotically go towards 180°, an increase in

the gain leads to an oscillation in the curve, reducing the phase margin.
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Figure 4.15: Bode plots for the system with a conventional converter (GFL/GFM).

This comparison showed that both cases represent stable systems according to
the Bode plots criterion. They have infinite gain margin and a diminishing phase

margin as the PI-controller proportional gain increases.

4.5 Partial Conclusion

This chapter discussed the stability of the HCC control system, comparing it with
conventional converter control systems such as GFL or GFM. Initially, the control
system, converter delay and physical plant were described as transfer functions,
considering the conventional and the HCC control systems. The equivalent open-
loop transfer functions were calculated. A validity check was performed to prove that
the equations developed for the HCC match those developed for the conventional

control system in the particular case where the HCC would be mimicking a single
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Figure 4.16: Bode plots for the system with an HCC.

converter, increasing the confidence in the developed set of equations.

Two different analyses were done, using Root Locus plots and Bode plots. The
Root Locus analysis shows that, similarly to conventional control systems, the HCC
does not present any poles in the right half of the real-imaginary plane. Moreover,
the pole trajectories never cross the imaginary axis for any value of the PI-controller
proportional gain k,. The poles also do not cross to the right half-plane with vari-
ations of the other system parameters. The Bode plots analysis showed that both
the conventional control system and the HCC have an infinite gain margin, and a
diminishing phase margin as the proportional gain increases, but are stable nonethe-
less.

These results show that the HCC is a stable control system for the analyzed
cases, similarly to a conventional GFL/GFM control system. The extra transfer
functions present in the HCC mathematical model do not bring instability to the

control system, making it a viable option for converter control.
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Chapter 5
Robustness Analysis

This chapter presents the concept of robustness, discussing common simplifica-
tions of the physical system employed when designing a converter control system.
Different factors that increase model uncertainty are presented and analyzed, both

from the point of view of a conventional converter and from that of the HCC.

5.1 Definition

In any kind of control analysis, it is necessary to model the control system itself
and the physical system upon which the controller acts. The mathematical model
is essentially a set of transfer functions that map inputs to outputs, describing the
behavior of the real system it represents. If the mathematical models are a good
enough representation of the real system, it is expected that the controller will work,
fulfilling its intended purpose.

Nevertheless, mathematical models are always imperfect. It is impossible to rep-
resent mathematically, with perfect accuracy, the complete behavior of a system.
For example, mechanical systems may have different, unknown behaviors for differ-
ent ranges of mechanical frequency caused by rotating or vibration. They may also
be affected by the tolerance of manufacturing processes, that always result in some
size or weight variation in the equipment itself.

Electrical systems comprised of semiconductors include variations in the material
composition, due to the manufacturing process, that are impossible to know and
model. The electrical grid is also inherently dynamic and changes over time, as
mentioned before [65H68]. During regular operation, some transmission lines may
be open due to faults, transformers may be removed from the grid for maintenance,
the levels of generation and demand vary constantly, making it essentially impossible
to perfectly (and dynamically) model the grid state.

Besides that, usually the mathematical models include some simplifications in

the analyzed physical phenomena. They may be employed simply because the way
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the physical system works is not known with great accuracy, or also to decrease
computational complexity and actually enable the design of the control system fol-
lowing a specific technique or ruleset. The system may also undergo stochastic
events that change its behavior over time, be them short-term (noise) or long-term
(degradation).

All of these aspects can be categorized as model uncertainty. Overall, there are
several unknowable factors that may affect the system on which a given control
system acts, leading to increased uncertainty and increased deviation between the
expected and the actual control system behavior. Considering those aspects in
the control design, a system is defined as robust if it is capable of meeting user-
defined stability or performance requirements even in the presence of model and/or
disturbance uncertainty [64,[72]. This means that, even if the physical system (or the
environment it works in) is not known perfectly, a robust controller still functions
properly, according to some desired criteria.

One way to design such a controller is to not only meet, but exceed the require-
ments of stability or performance. This can be done by adding some margin so that,
even if the performance is degraded due to model uncertainty, it will still meet the
initial requirements. In the end, it stems from a cost-benefit analysis. More complex
(and robust) control systems take more time and effort to be developed and tested,
and may require more computational power or sensors with greater accuracy and
less noise, resulting in increased cost. On the other hand, simpler control systems
may just not be robust enough and lead to system failure depending on the level of
uncertainty that it deals with.

The following sections analyze different ways in which the mathematical model
of a converter may differ from the real system, either due to simplifications or to

unknown parameters, comparing a conventional converter control system (GFL or
GFM) to the proposed HCC.

5.2 Converter Delay

As mentioned in Chapter [4] any converter has an inherent delay between the
reference output voltage and the actual voltage that appears at the converter’s
terminals. This is due mostly to the switching algorithm and to the controller clock
rate, but it is also affected by the computational implementation of the controller
that includes zero-order hold and other sampling techniques. Since the equivalent
switching frequency of modern PECs is usually above 1 kHz, the converter delay
tends to be lower than 1 ms in most cases.

Nevertheless, the delay may affect the stability of the converter control system,

especially if it is unknown or poorly modeled. To assess the robustness related to
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variations in the converter delay and check the system stability, the Root Locus
method is employed. Similarly to Section both the conventional control system
and the HCC are analyzed. The controller gains are designed according to the

Technical Optimum technique [60], assuming a value of 7% = 0.3ms [69], as:

L
kp = -

= o (5.1)

The analysis that follows considers that the actual value of the converter delay
Ty, for the converter may be different than that. The controller essentially expects a
given value of delay which is different than the actual value, leading to a mismatch
between the expected and the real behavior of the system. Once gain, the electrical
parameters described in Table are employed, leading to k, = 26.3V/A.

Figure [b.1] shows the Root Locus plot for the conventional converter control
system, for different values of Ts,. One of the system’s poles stays at the origin, so the
pole trajectories never cross the imaginary axis. Nevertheless, as the delay increases,
the pole trajectories move closer to the imaginary axis, since the second pole of the
system also moves this way. This means that the system becomes increasingly
underdamped, with higher overshoot and settling times.

This behavior is also reflected in the Bode plots, as shown in Figure 5.2} It can
be seen that, as the delay increases, the phase margin, denoted by the bold vertical
lines, is reduced. The system appears to have an infinite gain margin because the
phase curve only asymptotically tends towards 180°, but if the phase curve of the
actual system, considering some kind of uncertainty or variation, is shifted slightly
down, then it would reach the 180° mark. The curve corresponding to the higher
delay would cross that limit at a lower frequency, resulting in a gain margin that is

no longer infinite, and smaller than in the cases with a smaller delay.
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Figure 5.1: Root locus plot for the system with a conventional control system
(GFL/GFM), varying the value of the converter delay T..

84



Magnitude (dB)

10° 10! 102 103 104 10°

—90
o
Q
=
@ —135 1 — T5=0.03 ms
© Ts=0.30 ms
e —— T5=3.00 ms
_180 L B LR L B B S S B B LS e a2 L LR RS
10° 10! 102 103 10* 10°

Frequency (Hz)

Figure 5.2: Bode plots for the system with a conventional control system
(GFL/GFM), varying the value of the converter delay T..

The results for the HCC are shown in Figures [5.3] and For very small values
of T, the shape of the root locus does not change much. But, as the delay increases,
it can be seen that the overall curves are drawn closer to the origin. Eventually, as
Ty, becomes even larger, this changes the poles and zeros of the transfer function
in a way that they become conjugate pairs, changing the shape of the curves. The
Bode plots show that the gain curve does not change much, but the phase curve

does. As Ty, increases, the phase margin decreases.
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Figure 5.3: Root locus plot for the system with the HCC, varying the value of the
converter delay T%.

The two types of converter control (conventional and HCC) showed similar be-
havior with variations of the converter delay parameter: higher values of the delay

make the system more prone to instability (poles move closer to the imaginary axis)
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Figure 5.4: Bode plots for the system with the HCC, varying the value of the
converter delay T%.

and less robust from modeling uncertainties. Nevertheless, both the conventional

and the HCC control system maintain stability with variations in 7%.

5.3 Impedance Mismatch

The precision and tolerance of manufacturing processes are important sources
of uncertainty for all physical systems. In the analyzed case, this could lead to a
discrepancy in the expected value of the filter resistance and inductance (Ry, Ly)
and their actual values. Since the PI controller integration time constant is usually
tuned according to these parameters, this mismatch between expectation and reality
could lead to a different transient response than what is expected.

For this analysis, the time constant of the PI controller is tuned according to the

expected values of the converter impedance, which means:

Ly
T, =L, 5.2
Ry (5.2)
while the actual values of impedance are defined by mismatch factors kg and kp,

and therefore the plant equivalent transfer function (from Figure becomes:

Ractual = kRRf7 (53)
Lactual = kLLf7 (54)

1
T Fprant(8) (5.5)

" skpLy + krRy'
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The equivalent open-loop transfer functions, both for a conventional and for the
HCC control systems, must be recalculated. For the conventional converter, (4.66])

becomes:

SLf + Rf 1 1
sLy  sTs+1 skyLs+kgRy’
— SLf + Rf
ps3kLLchg + $?Ly(krLy + krR¢Tx) + skrRyLy

TFopen,G’FL(S> - kp (56)

(5.7)

For the HCC, the same step-by-step simplifications, as shown in Figure [4.9al are

performed, considering the new plant transfer function. This results in:

kp71k2 CL383 + CL282 + ais + ag

T Fopen, i (s) = sLy  b3s® 4 bys? +bys+by (5:8)
as = kp L3 Tsky, (5.9)
ay = Ly [Li(kpky + ko) + krR;Txki] (5.10)
a1 = Ly [Ry(krki + ko) + kpoki (k] + kiks + k)] (5.11)
ap = Ryky ok, (5.12)
by = kL3 T, (5.13)
by = Ly(kp Ly + krR;Ts + Tskrkyokiks), (5.14)
by = Ly(krRy + kpok?) + kpokiko(kp Ly + TxkrRy), (5.15)
bo = Rykpoki (ki + krky). (5.16)

There are two main ways in which kg, kr can vary, defined as:

o Symmetrical Mismatch, when kr = k;, = kg, which maintains the impedance
ratio Ly/Ry, and

o Asymmetrical Mismatch, when kg # kr.

Individual analyses are conducted for each of these two cases.

5.3.1 Symmetrical Mismatch

For the case of Symmetrical Mismatch, the conventional control system’s equiv-

alent open-loop transfer function from (5.7)) can be simplified to:
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k}p SLf—I—Rf

TFppen(s) = , 5.17
pen () = 1 SL2Ty + 2Ly (Ly + R;Ts) + sRsL; (5.17)
_ kp SLf‘FRf (518)
krr (SLf)(STZ + 1)(8Lf -+ Rf)’
1
by (5.19)

B kRL SQLfTZ + SLf7

which is simply the transfer function developed previously, in , divided by
the mismatch factor. In this case, the root locus and Bode plots do not change
shape, the only difference being in the resulting performance indexes. Since the
transfer function is the same as before but multiplied by a factor 1/kgy, and k,
was originally designed with the values of Ry, L in mind, the controller leads to a
different transient response than expected. For example, the overshoot and settling
time values change, but otherwise not much discrepancy and possible instability is
present.

For the HCC, the equivalent open-loop transfer function from (5.9) can be sim-
plified to:
TE,pn noo(s) = kp1ko ' $*kpr LyTsky + sLi(kprki + ko) + kpoki .

’ sLy  $?kppLiTs + skpp(Lf + Tskyokika) + kpoki (ki + krpk2)
(5.20)

It can be seen that, if kg, = 1, which means no impedance mismatch,
becomes equal to the originally developed equation for the HCC open-loop transfer
function, (4.81)).

The root locus plot for the HCC control system is shown in Figure The

overall shape of the curves does not change much. The main difference is that, for

krr < 1, two poles gain an imaginary component and become complex conjugates.
The root locus stays in the left half-plane for any value of kg, never crossing the
imaginary axis.

The Bode plots, shown in Figure [5.6, show only a minor variation in the gain
plot. The phase curve shows an increased bulge when kg < 1, going closer to the
180°. Nevertheless, since this does not happen in the vicinity of the frequencies
where the gain curve crosses the 0 dB mark, the phase margin is almost unaffected.
A large shift would be required to make the curves cross these critical points simul-
taneously, therefore it can be concluded that the HCC has a good safety margin

against symmetrical impedance mismatches.
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Figure 5.5: Root locus plot for the HCC control system, considering a symmetrical
mismatch, varying the value of the mismatch factor kgp.
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Figure 5.6: Bode plots for the HCC control system, considering a symmetrical mis-
match, varying the value of the mismatch factor kgy.

5.3.2 Asymmetrical Mismatch

Unlike in the case of Symmetrical Mismatch, here the conventional control sys-
tem’s transfer function, described in , suffers a change to its poles and zeros.
This affects the curves’ shape, as shown in Figure (considering k;, = 1). Depend-
ing on the value of kr being smaller or larger than k;, one pole migrates from the
left- to the right-side of the zero, changing the shape of the pole trajectories. Even
so, they stay in the left half-plane, never crossing the imaginary axis. The main
point of interest when comparing with the previous case (where kg = k) is the zero
that appears in the transfer function, which keeps the trajectory of one of the poles

somewhat close to the imaginary axis, closer to the instability region. Aside from
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the different shape near the zero, the pole trajectories for kg smaller or larger than
kr, both follow a similar path, meeting further away in the negative region of the
real axis and moving vertically afterwards, even though this trajectory for the case
where kr < ki, is slightly closer to the imaginary axis. The Bode plots in Figure [5.8
confirm this analysis, where the curve shapes do not differ much, just leading to a

slightly lower phase margin for the case where kr < k.
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Figure 5.7: Root locus plot for the system with a conventional control system
(GFL/GFM), considering an asymmetrical mismatch, varying the value of the re-
sistance mismatch factor kg; (a) full root locus, and (b) zoom of the right-most
part.
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Figure 5.8: Bode plots for the system with a conventional converter (GFL/GFM),
considering an asymmetrical mismatch, varying the value of the resistance mismatch
factor kg.

As for the HCC, using the equivalent transfer function described in (5.9), both
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the root locus and the Bode plots in Figures [5.9 and show only a very small
effect in the curves shape. The phase plot shows a slight change to the curvature,

but the phase margin is almost unchanged.
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Figure 5.9: Root locus plot for the HCC control system, considering an asymmetrical
mismatch, varying the value of the resistance mismatch factor kg.
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Figure 5.10: Bode plots for the HCC control system, considering an asymmetrical
mismatch, varying the value of the resistance mismatch factor kg.

The analyzed cases showed that impedance mismatches are not critical factors
neither for a system with a conventional control system nor for the HCC control
system. Depending on the impedance mismatch, the pole trajectories in the root
locus plots may move closer to the imaginary axis, but they do not cross to the right
half-plane. The Bode plots show large values of gain and phase margins. Therefore,
the HCC is able to operate under impedance mismatches maintaining its stability,

displaying high robustness to impedance variations.
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5.4 Switching Effect and Converter Filter

As mentioned in previous chapters, the reference output voltage generated by
the converter’s control system goes through a switching algorithm, which sends the
appropriate signals to activate the semiconductor switches in a controlled manner.
Therefore, the actual output voltage that appears at the converter terminals is
different from the reference value, since it includes components introduced in the
switching action of the converter.

Generally, switching algorithms such as Pulse-Width Modulation (PWM) gen-
erate pulse trains, where the switching signal’s average value, in a given switching
period, is equal to the average value of the reference signal. This way, even though
the output waveform is shaped like a pulse train, the average value over consecu-
tive switching periods matches that of the original sinusoidal reference signal. This
assumption holds true when the switching frequency is high enough so that the
reference signal may be assumed linear during one switching period. Figure [5.11]il-
lustrates this behavior, where the switching periods are delimited by vertical dashed
lines. The switching periods are purposely large in this example to facilitate the
visual interpretation.

As the output voltage is generated using a switching algorithm that results in
small, discrete periods of time where the voltage is constant, a delay appears between
the output voltage and the reference signal’s fundamental harmonic component.
This is due to the fact that, as opposed to this discrete behavior of the output
voltage, the reference signal, which is sinusoidal, is varying over time. This behavior
is one of the main causes of delay in the converter, represented by the parameter T+,
that was mentioned in previous sections.

The converter is connected to the PCC through a filter (usually LCL), with
the specific purpose of mitigating the voltage harmonics generated by the switching
algorithm. This means that, even though the voltage at the converter terminals may
have a high harmonic content, it is lower for the PCC voltage and for the output
current.

The voltage and current measurements are taken at the LCL filter capacitor
and at the PCC, respectively, and sent to the control system. This means that, if
the measured signals have harmonic content, they may affect the dynamic behavior
of the converter since, usually, the control system is designed (for example, when
choosing the gains of the PI controller) considering an ideal situation with no har-
monics. Nonetheless, extra control system loops or components may be added to
mitigate and deal with specific harmonic components. It is common to employ, in
the control system, a low-pass filter to the measured values, further reducing the

amount of signal noise.
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Figure 5.11: Detail of the PWM switching scheme; (a) reference voltage and PWM
carrier-wave, (b) resulting output voltage, shaped like a pulse-train, and (c) switch-
ing periods, where the average values of the reference and output voltages are equal.

There are two factors that may affect converter performance related to the
switching effect. The first one is that the delay is usually represented in the equiva-
lent transfer function as a simple first-order component, which is a great simplifica-
tion of the actual switching process. The second one is that the output harmonics
may affect the behavior of the control system. Any power electronics converter
suffers from these two factors, and the HCC is no exception to the rule.

Besides that, the converter output filter also requires a closer inspection. Usually,
this filter includes series-connected inductors and/or parallel-connected capacitors,
with values chosen based on the electrical system parameters and desired harmonic
content mitigation characteristics. One of the most common topologies is the LCL
filter, as shown previously in Figure [2.3, which includes a series-connected induc-

tor, a parallel-connected capacitor (with a series damping resistor), and a second
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series-connected inductor. Since the filter capacitance is chosen to represent a high
impedance for harmonic components near the nominal frequency and low impedance
for components of higher frequency, in most control system analyses and calcula-
tions it is simply disregarded, and the filter is assumed to be comprised of a single
series-connected inductor.

Since the control system is usually designed considering the filter as a simple RL
component but the actual filter is an LCL component, this simplification leads to
some discrepancy between the calculated and the actual dynamic behavior of the
converter.

A simulation is set up, considering the same system and control system param-
eters as described in Section This time, a simple PWM switching algorithm
is included, to evaluate the performance of the HCC including the switching effect.
The converter filter is also represented as a LCL component instead of RL. The dc
link is assumed to have constant voltage V. (thus neglecting voltage ripples), and
the PWM carrier wave amplitude is set at the value of V.. The filter components
and the switching frequency were designed according to the methodology proposed
by Liserre et al. [73]. Tt is important to note that the test system shown in that
study results in a lower harmonic content in the output voltages and currents be-
cause it is connected directly to an ideal voltage source. The cut-off frequency for
the measurement low-pass filters is chosen to be ten times the nominal frequency.

The extra parameters used in this simulation are summarized in Table

Table 5.1: Extra parameters used in the simulation of the HCC including the switch-
ing effect.

Parameter Symbol Value

dc-Link Voltage Ve +31.8 kV
PWM Carrier Wave Frequency

f 6.0 kHz
(Switching Frequency) P

Rye 23.0 Q)

Cy 1.1 pF
Ry e 320.4 m)
Ly s 8.5 mH
Rpgs 5353 mQ
Lig 142 mi
Low-Pass Filter Cut-Off Frequency  wppr  3769.9 rad/s

Filter Parallel Branch

Filter Branch (Converter-Side)

Filter Branch (Grid-Side)

The simulation is similar to the one described in Section [3.5.2] where the HCC
undergoes a step increase in its GFL-part reference active power, and then the load

connected to the grid increases, prompting an automatic increase in the GFM-part
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delivered power due the grid frequency drop.

Figure shows the HCC output voltage reference (v},,) and the actual volt-
age that appears at the HCC terminals (v, ), highlighting the switching effect. Due
to the presence of the filter, the voltage at the PCC has a reduced harmonic content

when compared to the HCC terminals voltage, as shown in Figure

||I|”|H
201 l
\

0

Voltage (kV)

|
‘ H“““lllln

0.500 0.502 0.504 0.506 0.508 0.510 0.512 0.514 0.516
Time (s)

(a)

— Vpcc

Voltage (kV)
N
o o

|
N
o
1

-40

0.500 0.502 0.504 0.506 0.508 0.510 0.512 0.514 0.516
Time (s)

(b)

Figure 5.12: Voltages of the simulation including the switching effect: (a) HCC
output voltage and (b) PCC voltage.

Figure[5.13|shows the HCC output active power. It can be seen that, as expected,
the HCC output power increases at ¢ = 0.75s following the reference step increase,
and it also increases at t = 1.0s as it provides automatic grid support when the
frequency drops.

This simulation shows that, similarly to any other type of converter control, the
HCC works well even though the switching effect was disregarded and the filter was
simplified during the design of the control system. These common adaptations are
valid for the HCC just as they are for other types of control systems, bringing no
extra instability nor hindering the behavior of the HCC.
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Figure 5.13: HCC output active power, including the switching effect and LCL filter
in the simulation.

5.5 Partial Conclusion

The design and tuning of control systems usually rely on neglecting or simplifying
some characteristics of the actual physical system upon which the control system
acts. Even though such simplifications increase the modeling uncertainty, without
them it would be very difficult, time-consuming and possibly costly to achieve a
good mathematical representation of the system and to design the control system
itself.

This chapter presented and discussed some important factors that are usually
simplified and increase the model uncertainty when designing control systems for
power electronics converters. They are: the converter delay parameter, the possible
impedance mismatch, the switching effect and the filter topology. The discussion
included comparisons between conventional converter control systems (such as GFL
and GFM) and the HCC.

Results showed that, both for a conventional control system and for the HCC,
these factors may move the control system closer to the instability region, although
none of them would directly lead to instability. A time-domain simulation also
showed that the HCC properly works when the switching effect and a detailed model
of the LCL filter are included. These results confirm that, even though some usual
simplifications and assumptions were made in the development of the HCC control
system, they do not lead to instability, reduced robustness or increased sensitivity
to parameter mismatch.

It is important to note that there are other situations, not discussed in this
chapter, that could also be analyzed to assess the robustness of a control system.
For example, situations with unbalanced grid voltage or impedance, unbalanced
filter impedance, short-circuit and /or low-voltage ride through, presence of multiple
converters connected to nearby nodes, etc. These are specific studies used to assess

the stability and robustness of any control system, be it a conventional or a new
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one, and should be performed on a case-by-case basis. The main conclusion of this
chapter is that, for the analyzed cases, results indicate that the HCC is as robust as

conventional converter control schemes such as GFL and GFM.
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Chapter 6

Applying the Hybrid Control

Converter to Wind Turbines

This chapter presents the basic components of a wind turbine, discussing the
role of the power electronics converter in the energy conversion process. A major
limitation of wind turbines is discussed, highlighting that the issue mainly comes
from the behavior of the converters.

An application of the HCC with wind turbines is proposed, aimed at improving
the WT’s frequency support capability. Simulation results show the advantage it
brings to the turbine when compared with the traditional GFL, by improving the

turbine’s frequency support capability.

6.1 Wind Energy Principles

Wind energy has been employed by mankind since early history, in different
forms. Two familiar examples are sailing, which was the main way to travel through
sea until the industrial revolution, and grinding grains in wind-powered mills. Nowa-
days wind is mostly used to generate electricity, and it has received massive amounts
of attention and investment in recent years due to being a clean, infinite and renew-
able source of energy.

The kinetic energy is extracted from the wind and transformed into electrical
energy using Wind Turbines (WT). There are different ways to build a WT, but
currently the Horizontal-Axis Wind Turbine (HAWT) is the one that dominates
the market, due to its advantageous cost and efficiency. It is comprised of several
components that work together to generate energy, as shown in Figure [6.1] The
hub, also known as nose, is where the blades are connected, and rotates according
to the incoming wind. It is essentially the front of the turbine, and the endpoint

of the low-speed shaft. The blades can rotate along their own axis controlled by
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pitch motors, driven by a hydraulics system. The pitch motors adjust the angle in
which the blades face the wind (also known as angle of attack), which changes the
energy conversion characteristics of the turbines depending on the wind conditions.
The hub is connected to the nacelle, where the other components are located. The
WT may contain a gearbox, coupling the low-speed shaft to a high-speed shaft,
connected to the electrical generator. The power electronics converter and its control
system control the generator and the turbine rotating speed, ensuring it extracts
the maximum possible energy from the wind, while maintaining the system under
safety limits of speed, torque and current. There is a mechanical braking system
for emergency situations, wind speed and direction sensors, and yaw motors that
rotate the entire nacelle, ensuring it is always properly facing the incoming wind
even when it changes direction. The only component located on the bottom of the
tower is usually the transformer, that raises the voltage level to reduce electrical
losses in the Medium-Voltage Distribution Network (MVDN).

Nacelle Sensors

Main Gearbox
Bearing

\
Pitch System

Generator

Brakes

Yaw System Control

System

Blades Cabinet

Figure 6.1: Main components of a wind turbine.

Even though those are the main components, there are different ways to build
and operate a wind turbine, leading to different operational characteristics. The

four main types of wind turbines, described in the following sections, are:
e Type I: fixed-speed with squirrel-cage induction motor,
e Type II: variable-speed with wound-rotor induction generator,
e Type III: variable-speed with a doubly-fed generator, and

e Type IV: variable-speed with a full-converter.
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6.1.1 Wind Turbine Types

Type I wind turbines have the simplest build. They were the first implemen-
tation of the HAWT, introduced in the 1980s, and have as main advantages their
simplicity, robustness and initial cost. They employ a squirrel-cage induction gen-
erator, directly connected to the grid via a transformer, and do not employ a PEC
nor a control system. Since it does not have brushes or a slip ring, it has increased
robustness and less components that degrade over time. Because of this topology,
the rotor speed does not vary much around the nominal value (around +1%), ac-
cording to the slip that comes with the generated power. A schematic of the main

components is shown in Figure [6.2]

Squirrel-Cage
Induction Generator

Gearbox

\ I_/al L
C it
Bank H

Figure 6.2: Components of a Type I wind turbine.

Since its rotating speed is not controllable and varies very little, this kind of
turbine cannot provide optimal energy extraction from the wind for most wind con-
ditions in the operating range. This may lead to increased fatigue since fluctuations
in wind speed lead directly to mechanical stress and electrical oscillations. Capacitor
banks are also needed, to compensate for the generator reactive power demand.

Technological developments led to fixed-speed simply being replaced by variable-
speed turbines, which are able to generate more energy in the same wind conditions.

Type II wind turbines employ wounded rotors connected to a resistance through
a chopper converter. By changing the equivalent rotor resistance, it is possible
to change the slip (and the turbine torque/speed characteristics) and expand the
operating range of the rotor speed to around +10% of the nominal value. This, in
turn, enables optimal energy generation on a wider range of wind conditions. This
turbine topology is shown in Figure [6.3

This kind of turbine employs a power converter to control the operation of the

rotor chopper. Apart from the increased heat from energy dissipation in the rotor
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Figure 6.3: Components of a Type II wind turbine.
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resistance, Type 1I turbines still present some of the drawbacks of Type I, such as
the need for capacitor banks. They have mostly fallen out of use, being heavily out-
classed by Type-III and -IV turbines in terms of generation capacity and efficiency.

Type III wind turbines, also called Doubly-Fed Induction Generators (DFIG),
employ a wounded rotor which is connected to the grid by means of a back-to-
back power electronics converter, as shown in Figure [6.40 The back-to-back unit
is comprised of a Rotor-Side Converter (RSC) and a Grid-Side Converter (GSC).
This allows for bidirectional power flow in the rotor circuit, enabling a much greater
operating range in terms of rotating speed (around £30% of the nominal speed) and
improving the WT’s overall power conversion efficiency. As the converter controls
the rotor current, rotor losses are also much lower when compared with Type II
turbines.

Since most of the power flows through the stator circuit, the back-to-back con-
verter has a rated power of about 30% of the WT’s nominal power. The grid-side
converter performs reactive power compensation, thus dismissing the need for ca-
pacitor banks. It can also provide a smooth grid connection and some grid support
due to its controllability. Nevertheless, the converter requires the usage of a filter
to compensate for its harmonic content. The rotor-side converter controls the rotor
speed and the active and reactive power flow through the stator circuit. Currently,
most onshore wind farms employ Type III turbines due to their clear advantage and
higher power generation when compared to its predecessors.

Finally, Type IV wind turbines employ a full-scale back-to-back converter to
connect the generator to the grid, as shown in Figure In this case, the RSC is

called Stator-Side Converter (SSC), due to it being connected to the stator terminals
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Figure 6.4: Components of a Type III wind turbine.

of the machine. This way, full controllability of the rotor speed is achieved, which
enables a direct drive connection that does not employ a gearbox. This kind of
converter decouples the generator entirely from the grid, providing good resilience
against disturbances. It also enables power factor compensation and some grid

support capability.

Permanent Magnet
Synchronous Generator

Grid

SSC GSC
]
GH{F} a Filter

Back-to-Back Converter

Figure 6.5: Components of a Type IV wind turbine.

Usually, Type IV turbines employ permanent magnet synchronous generators,
which have high reliability. The absence of a gearbox, slip rings and brushes also
increases the reliability of the system and reduces maintenance costs. On the other
hand, the generator is more expensive due to the high cost of permanent magnets

and the need to employ a multi-pole design to accommodate the direct drive system,
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resulting in a machine with a larger diameter and costly manufacturing process. In
summary, comparing with the other ones, Type IV turbines are usually the most
expensive, but also most reliable and with the highest megawatt rating. They are
the prime choice for offshore wind farms, for which reliability plays an especially

important role due to the difficulty that maintenance teams face to access them.

6.1.2 Limitations and Problem Statement

Turbines of type IIT and TV are the ones currently employed for wind generation.
Their back-to-back converter provides much needed flexibility and controllability,
ensuring optimal power capture for most of the operating range. It is important to
understand in more detail how it works on each case.

For a Type III turbine, the power flow is dictated by the rotor slip, which is
the difference in rotating speed between the stator and rotor magnetic flux vectors.
Since the stator is directly connected to the grid, the grid voltage creates a given
magnetic flux in the generator air gap that follows the grid frequency, which usually
does not vary much from its nominal value. The only way to control the slip is by
controlling the rotor magnetic flux vector through the rotor current.

The rotor-side converter of the back-to-back configuration controls the three-
phase current in the rotor circuit. According to measurements of wind speed, rotat-
ing speed and operational conditions of the machine, an MPPT algorithm calculates
the optimal power flow that can be achieved. Then, it controls the amplitude, fre-
quency and phase angle of the rotor currents, which affect the resulting rotor mag-
netic flux, the slip, and consequently the power flow in the generator. Depending
on the operating point, the rotor currents may have a negative or positive frequency
(considering the grid voltage as reference), leading to active power flowing out of
or into the stator circuit, from the rotor circuit. This means that the RSC is bidi-
rectional in terms of power flow, and can either supply or consume active power
to/from its dc link.

But it is of utmost importance to keep the dc link of the back-to-back converters
in a given operational range of dc voltage. If it drops or increases too much, the
converters are unable to synthesize the reference output voltages at their terminals.
Since the RSC is strictly controlling the rotor currents, the grid-side converter is then
tasked with controlling the dc-link voltage. It is a simple control strategy: based
on the dc voltage level, the active power delivered to or consumed from the grid
is adjusted, to minimize voltage excursions. The GSC can also change its reactive
power setpoint depending on specific grid requirements.

The behavior is similar for Type IV turbines. The main difference is that the

back-to-back converter is connected to the stator circuit, so there is no direct con-
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nection between the generator and the grid. In most cases, the rotor magnetic flux
cannot be accessed or controlled (for example, if using permanent magnet machines),
so the stator-side converter controls the magnetic flux generated by the stator. The
control strategy is based on the wind conditions and an MPPT algorithm to de-
termine the optimal power extraction at a given operating point, and the stator
currents are controlled (amplitude, frequency, phase angle) to achieve that maxi-
mum power. The GSC retains the task of keeping the dc-link voltage inside the
acceptable operating range.

At the end of the day, the amount of power delivered to the grid by a WT is
entirely dictated by its controller, which means its behavior is fully decoupled from
the grid state on any given time. If the grid voltage or frequency deteriorate too
much, leaving the safety operation range of the W'T, it usually disconnects to avoid
possible damage, following some kind of Fault Ride-Through requirement.

The generated power from traditional sources, such as hydro or thermal syn-
chronous generators, is affected by the grid state. The generated power is not a
direct consequence of the controller; it is a consequence of the difference between
the grid voltage and the generator voltage, which depends on the mechanical torque
of the machine’s rotor. If the grid voltage or frequency change, the SG is auto-
matically affected, resulting in changes in load angle and torque. This means that
SGs automatically provide grid support, resulting in smoother fluctuations of grid
voltage and frequency.

For a WT to provide extra power during a grid fault, the most common way is by
implementing a Synthetic Inertia (SI) control loop. When the GSC’s PLL detects
a drop in grid frequency, a signal is sent to the RSC to activate this control loop.
It stops tracking the MPPT, and increases the power flowing from the RSC into
the dc link. The mismatch between mechanical torque (coming from the wind) and
the electrical torque, that is increased, leads to a slowdown in the turbine’s rotating
speed, much like a regenerative braking system. Therefore, even though there is an
increase in the generated power, it comes at the cost of reducing the W'T’s speed,
so the Synthetic Inertia functionality can only be activated for around 5 to 10s to
avoid excessive slowdown.

Both for type III and IV wind turbines, the RSC (or SSC) follows a specific power
or current reference, to ensure optimal energy extraction from the wind. The GSC
follows an active power reference, calculated from the dc-link voltage, that controls
the power delivered or consumed from the grid. This way, both converters of the
back-to-back unit usually work as Grid-Following Converters. Unfortunately, this
also means that they have limited grid support capabilities, as mentioned previously
in Chapter 2] Even if extra control loops such as Synthetic Inertia are added to
the control system with the specific purpose of providing grid support, they are
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inherently slower than a traditional SG or a GFM, leading to higher grid oscillations

especially on grids with high penetration of Inverter-Based Resources.

6.2 Proposed Application

The bottleneck for wind turbines and grid support is the fact that the converters
are implemented as GFL. Since controlling the dc-link voltage is a fundamental
necessity of the back-to-back converter, it cannot be replaced by a GFM, which
does not provide power controllability. Therefore, a possible solution to this issue
is to employ the HCC. By having GFL characteristics, the HCC enables accurate
control of the dc link, while also providing the GEM behavior advantages such as
inherent grid support capability.

The active power flow in the back-to-back converter of a Type III WT can be

described as

DGSC = Peap + PRSC, (6.1)

where pggc is the active power flowing from the dc link to the GSC, p.,,, is the active
power flowing from the dc-link capacitor and pgrgc is the active power flowing from
the RSC to the dc link, as shown in Figure [6.7 For Type IV turbines the analysis
is similar, simply exchanging RSC with SSC.

R
SC‘pRSC> pGSC> GSC

S W, [P

Figure 6.6: Schematic of the active power flow in a back-to-back converter.

During regular operation of the GSC implemented as HCC, its GFM-part reacts
automatically to changes in grid frequency, increasing the active power delivered to
the grid in case of underfrequency. If an increase in the active power delivered to
the grid by the GSC is not accompanied by an increase in the active power delivered
from the WT to the dc¢ link by the RSC/SSC, then this extra power must come
from the dc-link capacitor. Its voltage reduces, which triggers the dc voltage control
loop of the GFL-part of the GSC, increasing the active power consumption from the
grid and essentially counteracting the GFM-part behavior. Since the GFM-part is
faster, at the very first moments of a fault, it does lead to increased and faster power
delivery, but right after that, the GFL-part consumes power back from the grid to
restore the dc voltage, which could be detrimental to the grid frequency transient.

To tackle this issue, two adjustments to the HCC control structure presented

in Chapter |3| are proposed. First, a droop is added to the dc voltage reference
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of the GFL-part of the GSC, as shown in Figure Depending on the active
power output of the GFM-part, a reduction in the dc reference voltage is applied
(with a low-pass filter to avoid noise). This way, when an underfrequency transient
happens, the GFM-part automatically provides extra power to the grid, leading to
a reduction in the dc-link voltage, but since the dc voltage reference is also reduced,
the GFL-part does not instantly try to consume power from the grid to replenish it.
Therefore, a better frequency support capability is achieved, so long as the new and
reduced dc voltage reference is not detrimental to the converter switching process.
A minimum acceptable limit of the dc voltage reference should be set in the droop
control to ensure the converter works properly. When the Synthetic Inertia kicks in,
increasing the power delivered from the WT to the dc link, the GSC active power
also increases, to avoid dc-link overvoltage.

A second adjustment is made to the GFM-part control. In steady-state, the
WT should operate following the MPPT and with the nominal value of dc voltage.
Therefore, the power delivered to the grid by the GFM-part must return to zero
after a while, even if the underfrequency transient is not solved. To this end, the
droops of the GFM-part are replaced by PI controllers, as shown in Figure [6.7b
The proportional part results in a behavior simliar to a regular droop, while the
integral part of this new controller ensures that the GFM-part’s output power goes
back to zero after a while. This way, it works just as any GFM would when facing
a grid transient, but eventually returns to an operating point where its active and
reactive power are zero. At that moment, only the GFL-part of the GSC provides
active/reactive power.

In the end, the HCC-based GSC essentially behaves as a GFM during the tran-
sient and as a GFL in steady-state. Its GFL-part maintains the dc voltage controlled
at all times, while its GFM-part provides grid support when needed.

6.3 Results

To demonstrate the proposed applicability of the HCC with wind turbines, a
simulation is set up. The goal is to compare the behavior of a regular wind turbine,
with a GFL as the GSC, and a turbine employing the HCC as the GSC. In both
cases, Synthetic Inertia control is employed to provide support during a load increase
event.

The implemented Synthetic Inertia control follows the requirements described
in the Brazilian Grid Code [74], that establishes that all WTs must be equipped
with this functionality. It states that they must increase their output power by
up to 10% of their nominal value, during at least 5 s, if the grid frequency drops

below 59.8 Hz. The extra output power signal rises from zero up to 0.1 p.u., pro-
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Figure 6.7: Proposed adjustments to the HCC control system for the application on
wind turbines: (a) dc voltage control loop, in the GFL-part, and (b) droops, in the
GFM-part.

portionally to the difference between the measured grid frequency and the minimum
threshold of 59.8 Hz, with a rate of 0.8 p.u./Hz-s. After these 5 s, other generators
(hydro/thermal) and energy storage devices should have already started to ramp up
enough power to provide the necessary frequency support, and the WTs go back to
normal operation. As part of the W'T’s rotational kinetic energy is used to increase
the power delivered to the grid during the SI activation, its output power is reduced
when this period is over, and it takes some time to build back up to the optimal

rotating speed and output power. This behavior is shown in Figure [6.8

APiﬁurb
A
10%Pnom T 55
Frequency

Figure 6.8: Synthetic Inertia control behavior, showing the extra turbine power
(blue) and grid frequency (red).

The simulated system is shown in Figure It includes a Type IV wind turbine
with SI capability, its PEC filter and transformer, the medium-voltage distribution
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Figure 6.9: Schematic of the electrical system used in the simulation of the HCC
applied to a wind turbine.

network, the substation transformer and the Transmission Line. Only one turbine
of a wind farm is represented for simplicity. The impedance values of this electrical
system are based on a real, operational wind farm in Brazil, and are described in
Table (transformer parameters are referred to their primary windings). The
turbine filter and dc-link capacitance are adapted from [75]. The electrical grid
is represented similarly to the simulations done in previous chapters, as a voltage
source with inertia and droops (for primary frequency support) [25], to emulate
the real behavior of an electrical system facing a frequency transient when there is
unbalance between generation and demand. The inertia is small to emulate a critical
situation with a weak grid. The load is represented as a resistor, calculated to match
the turbine nominal power. Due to the short time span of the simulation, the wind
generation is assumed constant. Even though a Type IV turbine is simulated, the
discussion is also applicable to Type III turbines, and the same overall behavior is
expected.

The parameters of the control system are given in Table

A 50% load increase is the event that triggers the simulated transient situation.
Since the WT is already generating its rated power and the wind conditions are
unchanged, this unbalance leads to a grid frequency drop. As it decreases, the
synthetic inertia control detects the frequency reduction below the threshold and
activates, increasing the WT’s output power. Three different cases are simulated,

varying the GSC type and the Synthetic Inertia behavior:
e Case 1: GFL-based GSC; SSC with the described synthetic inertia control;

e Case 2: GFL-based GSC; SSC with a modified synthetic inertia control (output

power ramp increased from 0.8 to 8.0 p.u./Hz-s);
e Case 3: HCC-based GSC; SSC with the described synthetic inertia control.

For all cases, the following events happen in quick succession:
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Table 6.1: Electrical system parameters for the simulation of the HCC applied to a
wind turbine.

Component Parameter Value
Transmission Line (TL) It 3.6 2
L 60.8 mH
R 0.9 Q
Substation Transformer (TF1) L 100.2 mH
v 230/34.5 kV
Medium-Voltage R 36.3 m{2
Distribution Network (MVDN) L 0.1 mH
R 1.9 Q
Turbine Transformer (TF2) L 46.1 mH
\%4 34.5/0.69 kV
WT PEC Filter r 0.7'mf?
L 20.0 ull
Wind Turbine From 5.0 MW
Cle 250.0 mF
Load R 10.6 k€2
H 0.1s

Grid
karooppy 2.5 MW /Hz

Table 6.2: Control system parameters for the simulation of the HCC applied to a
wind turbine.

Component Parameter Value
GFL- and GFM-parts kp.i 33.3 mV/A
Current Loop T 26.6 ms
GFM-part Voltage Loop Fow 33.3 uA/V
T 0.1s
GFL-part dc Voltage Loop Fp.vae 0.1 kW/V
Ti,vdc 10.0 ms
GFL-part dc Voltage Droop Farp.vae 5.3 V/kW
TLPF 0.1 ms
GFM-part Frequency kp, s 1.0 mHz/ MW
PI controller Iy 1.0s

1. The load increases at simulation time ¢t = 2.0s;

2. The W'T’s generated power is unchanged, since it only depends on the wind

conditions;

3. The grid supplies the load, increasing its own output active power, which leads
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to a frequency drop.

Results are shown in Figure [6.10] First, a comparison between cases 1 and 2
shows that, even though the synthetic inertia control ramps up more quickly in case
2, the resulting initial frequency drop and RoCoF are essentially equal. This is due
to the fact that, for the synthetic inertia to activate and increase the active power
delivered to the grid, it relies on a PLL measuring the grid frequency, which adds
delay to the converter’s response. The synthetic inertia control also only triggers
after the grid frequency has already dropped below the activation threshold, which
also delays the response time. In summary, when the frequency starts to decrease,

what happens (following the initial events) is:
4. A PLL detects the frequency decreasing below the minimum threshold;
5. The RSC starts increasing the power injected in the dc link;

6. The GSC starts increasing the power delivered to the grid to keep the dc link

at the nominal voltage;

7. A point of equilibrium is reached when the grid frequency is stable at around
59.2 Hz.

Then, a comparison between cases 1 and 3 shows that the HCC-based GSC
from case 3 clearly provides better grid support. The frequency dip and RoCoF are
reduced because the GFM-part of the GSC starts delivering power from the dc link
to the grid right at the first moments of the fault. The secondary frequency dip in
case 3 corresponds to the moment when the GFL-part of the HCC starts consuming
power from the grid to restore the dc-link voltage, before the synthetic inertia kicks
in. The GFM-part of the GSC supports the grid in the first moments, holding the
line while the extra power from the SI control is starting to ramp up. What happens

in case 3 when the load increases (following the initial events) is:

4. The GFM-part of the GSC automatically provides support, increasing the
power delivered to the grid;

5. With the increase in delivered power, the dc-link voltage decreases;

6. The GFL-part of the GSC detects the decrease in the dc-link voltage and starts

consuming power from the grid, leading to a secondary frequency dip;
7. A PLL detects the frequency decreasing below the minimum threshold;

8. The RSC starts increasing the power injected in the dc link;
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Figure 6.10: Results of the synthetic inertia simulation: (a) WT’s GSC output
power, (b) grid frequency, (¢) RoCoF and (d) de-link voltage.

9. The GFL-part of the GSC starts increasing the power delivered to the grid to
keep the dc link at the reference voltage;

10. The GFM-part of the GSC starts reducing its output power due to the integral

action of its droop PI controller;

11. A point of equilibrium is reached where the grid frequency is stable at around
59.2 Hz.
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Figure 6.11: Output power of the HCC and its 2 subsystems in the synthetic inertia
simulation.
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Figure 6.12: Behavior of the HCC-based GSC after the initial transient: (a) output
power and (b) de-link voltage.

Figure shows the total HCC output power and the individual power coming
from its GFL- and GFM-parts, illustrating these events.

It is worth noting that the active power delivered by the GFM-part returns to
zero after a while, due to the modification applied to its droops. This also restores
the GFL-part’s dc voltage reference to the original nominal value, as shown in Figure
6. 12

The amount of support the GFM-part of the GSC can supply depends on the
amount of energy it can deliver to the grid, from the dc link, quickly. Usual dc-link
capacitors are not designed for this purpose, meaning they have a very small amount
of stored energy. This leads to limited support capability by the HCC-based GSC,
since the dc-link voltage is not allowed to drop very much from its nominal value.

If there were an energy storage device in the dc link, such as a supercapacitor or a
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BESS, it could provide the extra energy required by the HCC-based GSC without
excessively reducing the dc-link voltage, resulting in even better performance in
terms of frequency nadir and RoCoF.

Another observation is that the HCC could also be applied to the RSC of DFIG
turbines (loosely based on Rodriguez-Amenedo et al. [24]), since the RSC is in-
directly coupled to the grid because it controls the power in the stator and rotor
circuits. If both converters of the DFIG are HCC, it could enable extra power deliv-
ery during the first moments of a fault from the rotor and from the stator circuits.
This can be relevant since the GSC is rated at around 30% nominal power for DFIGs,
limiting its maximum grid support capability. This study is a topic of interest, and
is listed as a Future Work in Chapter [

6.4 Partial Conclusion

This chapter described the main characteristics of a wind turbine. The two
main types of wind turbine currently in use, Types III and IV, employ back-to-back
converters, where the Rotor-Side Converter (or Stator-Side Converter) controls the
generated power according to an MPPT algorithm, and the Grid-Side Converter
delivers that power to the grid, keeping the dc-link voltage stable. Both are imple-
mented as GFL in order to accurately control the output power or current in their
own way.

Since their output power is controlled by converters and decoupled from the grid
conditions, WTs do not provide grid support, which may lead to larger oscillations
and lower reliability for grids with high penetration of renewable sources. Extra
control loops, such as Synthetic Inertia, can help mitigate this problem. Neverthe-
less, since WT converters are GFL, the grid stability issue may persist due to their
response delay.

To provide W'Ts with a better grid support capability, the proposal is to change
the GSC from GFL to HCC. With minor adjustments to the HCC control system,
it can provide accurate power control (as usual), ensuring the turbine generates
maximum power in steady-state, and also improve the W'T’s grid support during
transient situations.

Overall, it can be seen that the HCC improves the WT’s frequency support
capability due to its GFM-part, which presents an almost-instantaneous response
to the frequency transient. Even if the RSC/SSC’s Synthetic Inertia control is
“accelerated”, it still provides a slower response than the HCC due to the fact that it
is based on a PLL detecting the grid frequency drop. The level of improvement of the
frequency nadir depends, to some extent, on the grid characteristics (impedances,

inertia, etc.) and on the control system gains. Nevertheless, results show that the
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main advantage comes from the different behavior of the HCC control system when

compared to the regular GFL.
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Chapter 7

Applying the Hybrid Control
Converter to Multiterminal HVDC

Transmission Systems

This chapter presents the main concepts related to High-Voltage Direct Current
transmission systems. The usual way in which power converters are employed is
presented, along with the limitations that arise from this strategy.

An application of the HCC with HVDC systems is proposed. Simulation results
show that the electrical grid benefits from employing HCCs instead of a regular GFL
or GFM converter, presenting distributed grid support capability.

7.1 HVDC Transmission Basic Concept

Even though most transmission systems in the world employ the classic ac tech-
nology, dc transmission systems have been gaining strength in the past years [76].
Their main advantage is that they are more compact and have lower losses than ac
systems [77], which leads to cost reduction. On the other hand, they require expen-
sive converter stations in every point where an interface with an ac grid is required.
Combining these two aspects, dc transmission systems tend to be more cost-effective
than ac particularly for long distances [77], as the reduced losses become a larger
overall cost savings factor.

Renewable generation, such as wind, solar or hydro (especially with run-of-river
plants), depend entirely on the availability of natural resources and may also require
large amounts of space. Because of these factors, many renewable generation power
plants are not installed close to the consumption centers, but elsewhere, where
the necessary natural resource is more abundant, requiring extensive transmission

networks. HVDC transmission can be the solution for this issue, and current HVDC
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projects are used either to connect far away generation to the consumption centers
or to connect offshore wind generation to the electrical grid via compact submarine
cables [37].

Most HVDC transmission systems are implemented as point-to-point. They
consist on a dc transmission line, also called dc link or HVDC link, which has a
converter on each of its terminals, as shown in Figure [7.1] Usually, one of the
terminals is connected to a large generation facility, such as a large hydro power
plant or an offshore wind farm, in its own small, islanded ac grid. The other terminal

is connected to the main ac grid, closer to the main consumption centers.
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Figure 7.1: Schematic of a basic point-to-point HVDC transmission system.

Historically, the converters used with HVDC systems have been thyristor-based
Line Commutated Converters (LCC). Thyristors are robust semiconductor switches
that have high voltage and current ratings, which makes them particularly useful for
very-high-power applications. In these cases, the converter at the generation-side
of the HVDC link is controlled so that the active power flowing into the dc link
matches the generated power. Therefore, as the grid operator decides the setpoint
of the generation units, the reference power of the converter is adjusted accordingly.
The converter at the demand-side is set to control the dc-link voltage, keeping
it at the nominal level. Therefore, the amount of power that flows through it is
a consequence of the amount of power flowing into the HVDC-link through the
generation-side converter.

With improvements in semiconductor materials and manufacturing processes, it
became possible to employ VSCs in the terminals of HVDC links. VSCs usually
employ IGBTs, which have a lower voltage and current rating than thyristors. To
enable a converter with higher total rating, the converter is usually implemented
with an MMC topology. VSCs create lower harmonic content than LCCs, requiring
smaller filters. They can also be controlled as GFM, to form the ac grid, unlike
LCCs. VSC-based HVDC links can be employed, for example, with offshore wind
farms. In this case, the offshore-side converter acts as a GFM, creating the ac grid
to which the wind turbines are connected. This leads to an automatic power flow
from the wind turbines into the HVDC link, as the converter works to maintain
nominal values of grid voltage and frequency. The continent-side converter acts as

a GFL, controlling the dc voltage around its nominal value. As with the LCC, the
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power flowing through this converter is a consequence of the power flowing into the

dc link through the offshore-side converter.

7.2 Challenges and Limitations

Because of the way they are implemented, HVDC links create a complete sever-
ance between the ac systems connected to each of their terminals. The terminal that
controls the dc voltage (demand-side converter) is completely insensitive to the state
of the ac grid. Since the control target is only the dc voltage, the ac voltage and
frequency do not affect the converter output power, which means that the converter
does not provide any kind of grid support. The only way in which the converter
output power changes is when the power flowing into the HVDC link through the
generation-side converter changes. Therefore, some kind of communication between
the two terminals of the HVDC transmission line would be required in order to
provide grid support capabilities to the converter at the demand-side of the HVDC
link.

Any kind of communication system, be it via satellite or optic cables, would
introduce delay and reliability issues in the control system. Because of this, the
grid supporting capabilities of the HVDC link suffer from the same limitations as
those from a generator connected to the grid via a GFL. In fact, the demand-side
converter of an HVDC link usually operates as GFL. This means that it would be
slow to provide support, since measurements of grid voltage and/or frequency would
need to be taken, processed and relayed to the control system for it to take action.

Another issue is that, since the terminals of the HVDC link have different con-
trol systems with different targets, HVDC transmission systems are usually unidi-
rectional. They can be bidirectional if one of the terminals is directly controlling
the power flowing into/out of the HVDC-link, but this also means that a system
operator must change the operational setpoint to define the power flow. Based on
electrical studies and expected levels of generation in the different subsystems of
the electrical grid, during the day, the operator can define the power setpoint of the
HVDC link to control the power flowing into or out of a given subsystem. Since
this logic is reliant on electrical studies and on the actual generation and demand
levels of the grid compared to the operator’s expectation, this makes the system
more prone to error, being also more difficult to ensure an optimal operating point
of the overall electrical grid.

To make a proper comparison between ac and dc transmission systems, it is
important to understand how the electrical power flows through an ac network.
Except from generators and loads, ac grids are mainly comprised by passive elements,

such as transmission lines and transformers. Controllable elements such as capacitor
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and inductor banks, On-Load Tap Changer (OLTC) transformers, and STATCOMs,
are usually employed mainly to keep the voltage level close to the nominal value along
the grid, avoiding large increases or drops on specific regions. They do not affect too
much the active power flow in the network. During regular operation, if there is a
sudden increase in load on a given node or region “A”, its frequency and voltage will
drop. As a result, existing sources in other electrical nodes (or regions) connected
to A will automatically provide power to it. As the frequency of A decreases, its
phase angle starts to lag, and thus active power naturally flows to A from other
connected regions due to the difference in phase angle on the TL impedances. This
behavior is natural; there is no control or actuator enforcing some command stating
“all regions must increase power flow to A”. Of course there is the frequency response
control of some generators that act when transients occur, but the instantaneous
redistribution of power inside the grid, from the regions that have more generation
to the regions that have less, is autonomous and natural.

As mentioned before, HVDC transmission is more advantageous than classical
ac for large amounts of power and longer distances, which could make it the prime
choice for expanding the transmission system. Nevertheless, they present limited
grid support capabilities, and increase the operational complexity of the electrical
grid, especially if there are multiple HVDC-links with setpoints to be defined and
monitored by the system operators. ac grids are much easier to operate, since power

is naturally and passively redistributed.

7.3 Proposed Application

A solution that imbues an HVDC transmission system with the main advantages
of ac transmission could be very useful for the expansion of electrical grids. The lower
costs from dc could be achieved while maintaining the automatic power distribution
and grid support of ac transmission. The multiterminal dc transmission system
would automatically adjust the power flow in the dc lines to supply whichever of
its terminals needed it the most, while still controlling the dc voltage around its
nominal value. Like ac grids, it would be easily expandable and it would not require
complex coordination with the grid operator.

To achieve this goal, all of the HVDC terminals must have the same, independent
control logic. Usually, one specific converter must control the dc voltage (much like
a swing bar in ac power system studies), which leads to poor grid support capability
and possibly the need for an operator to define the power setpoint elsewhere. If all
terminals must have the same behavior and control system, this means that they
must, simultaneously, deal with the dc voltage balance and adjust the power flow

based on the ac grid state. Controlling the dc voltage is achieved by controlling
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the converter power, which is precisely how a GFL works. Adjusting the behavior
according the the ac grid state is the same as providing grid support, which is the
strong point of a GFM. By employing an HCC, both of these characteristics can be
achieved at once, at all of the HVDC terminals.

To better explain the concept behind the proposed application, a multiterminal
HVDC system connecting four ac grids is used as example, as shown in Figure
In this case, the four HVDC terminals employ the HCC, with the same control

system.

Terminal D Terminal A
AC I\ = = /1__  AC
Grid - — — = Grid
D ~ N A
AC I\ = - = /1__  AC
Grid - —— — — —- Grid
C ~ N B
Terminal C Terminal B

Figure 7.2: Example system including ac systems and a dc transmission system.

The GFM-part of the HCC is employed as described in previous chapters, with
reference values of active and reactive power set to zero. When the ac system
connected to a given terminal undergoes any oscillation, the GFM-part of the HVDC
terminal automatically acts to provide support. If the ac frequency drops, the GFM-
part active power increases to help mitigate the transient, and vice-versa, following
the usual GFM behavior. Meanwhile, the GFL-part acts to keep the dc voltage close
to its reference value.

The GFL-part of the HCC needs one adjustment. If it simply controls the dc
voltage to stay at its nominal value, this would mean that all nodes in the dc system
would have the same voltage, and therefore no power flow happens. To enable
different values of dc voltage at the different dc nodes, a droop is introduced in the
GFL-part of each terminal. It adjusts the reference dc voltage value proportionally
to the active power of its GFM-part, similarly to the one described in Chapter [6]
The idea is: if the ac system connected to a given terminal has a frequency drop,
the GFM-part of the HCC increases the active power delivered to it. For this to
happen, the dc voltage of this terminal must be lower than the others, so that power
can flow from the other nodes of the dc system into it. With the droop that adjusts
the dc voltage reference of the GFL-part of the HCC, this behavior is achieved.
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Table 7.1: Simulated dc system electrical and control parameters.

Component Parameter Value
Rated dc Voltage Vienom + 200.0 kV
Rated Power Dde,nom 100.0 MW
de Lines Rrp 3.0 /44/37/150Q

Ly,  341/51.2 /427 /171 mH

A-B /B-C /C-D / D-A
/BC/CD/ Cry, 492 / 73.9 / 61.7 ) 24.7 puF

Converter Capacitance Ceonv 40 puF
HVDC Terminals PEC Filter 1%/ 4.2 mf}
Ly 0.1H

GFL- and GFM-parts ki 18.5 V/A
Current Loop T; 26.5 ms
GFM-part Voltage Loop oo 0.6 A/V
E,v 0.1s

GFL-part dc Voltage Loop Fp.vie 0.6 kW/V
71i,vdc 10.0 ms

GFL-part dc Voltage Droop Karp.vde 0.8 V/kW
Trpr 0.1 ms

GFM-part Frequency Droop Karp, f 50.0 mHz/ MW

7.4 Results

A simulation is set up consisting of four separate ac systems (named A, B, C,
D), interconnected by a meshed HVDC transmission system, as shown in Figure
For simplicity, each ac system has the same topology and parameters as shown in
Figure[6.9/and described in Table[6.1] An adaptation is that, instead of a single WT,
each ac system has a small wind farm with 10 W'Ts, resulting in a total maximum
generation of 50 MW. The load is scaled accordingly. No synthetic inertia control is
present in this scenario, and the WTs generated power is again assumed constant.
The HVDC system is connected to the individual ac systems at the same node where
their load is connected. The HVDC system parameters are adapted from [78] and
described in Table [7.1] together with the control system parameters for each of its
terminals. The RL filter at each HVDC terminal is adapted from [75].

At the beginning of the simulation, each ac system has generation and load set
to their nominal value of 50.0 MW. Then, at simulation time ¢t = 3s, a step increase
of 10% in the load of ac system A is applied without increase of generation. If
the ac systems were connected using ac transmission lines, power would flow from
the other regions to system A, and the entire system would have a small frequency

decrease. If the ac systems were connected using HVDC transmission lines that
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follow the usual control strategies, they would be completely decoupled from each

other, and only the frequency of system A would suffer a sharper decrease (unless

the system operator manually changes the HVDC converter setpoints). Since the

HVDC-system terminals employ the HCC, the following events happen sequentially:

1.

10.

11.

12.

13.

at the beginning of the simulation, no power flow is present in the dc lines,

since each ac system has a generation that matches its own load;

. the load is increased in ac system A, resulting in a frequency drop;

. the GFM-part of HVDC system’s terminal A provides automatic support,

increasing the power delivered from its dc link to ac system A;

since there is no power flow in the HVDC network, the extra power provided
to ac system A must come from the capacitor of HVDC system’s terminal A,

reducing its dc voltage;

since the GFM-part is delivering power to the ac system, the V. reference of
the GFL-part of terminal A is reduced;

in order to follow the reduced Vj. reference, the GFL-part of terminal A in-

creases the delivered power from its dc-link to ac system A;

. the voltage difference inside the HVDC system leads to power flow from ter-

minals B, C, D to terminal A;

. with power flowing through the HVDC system to terminal A, its dc voltage

stabilizes, since the power supplied to ac grid A is no longer coming from its

capacitor;

. this power flow initially reduces the dc voltage of terminals B, C, D, since it

comes from their dc-link capacitors stored energy;

the GFL-parts of terminals B, C, D sense this voltage drop and consume power

from their respective ac systems to maintain their V. at the reference value;

this extra power consumption in ac systems B, C, D leads to a frequency

decrease in each one (since their generation is unchanged);

the GFM-part of terminals B, C, D tries to provide support, delivering some
power from their dc-link to their respective ac systems. This behavior goes
against that of the GFL-part, but the net result is power flowing from ac
systems B, C, D into their dc links;

this leads to a decrease in the V. reference for the GFL-parts of terminals B,
C, D;
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14. these interactions go on until a new point of equilibrium is reached;

15. in the end, a new situation of power flow is automatically established in the
HVDC system, where power is drawn from the other ac systems, flowing to ac

system A through the HVDC transmission lines.

These interactions are illustrated in Figure [7.3] The power delivered to ac sys-
tem A increases from the moment of the load increase, as shown in Figure [7.3h,
which is the expected behavior of the HCC. The resulting power flow in the HVDC
transmission lines is shown in Figure [7.3b. The power coming from terminal C splits
into the two transmission lines, going from C to B and D; there, it merges with the
power coming from these terminals and finally goes to terminal A.

The power each terminal provides to its ac system is shown in Figure|7.3c, where
the plot lines for terminals B, C, D are essentially coincident. This confirms that
terminal A is the only one effectively delivering power to its ac system to supply the
extra load, while terminals B, C, D consume power from their ac systems to provide
the necessary support to ac system A. Each one ends up providing around 1.25 MW.
Since the four ac grids are represented as equivalent voltage sources with inertia and
droops, the extra power to supply the increased load is provided by system A itself.

The frequency of each ac system can be seen in Figure [7.3d, where the lines
for ac systems B, C, D are again very close. The figure shows that the frequency
of ac systems B, C, D decreases when they start providing power to ac system A,
mitigating its frequency drop. In the end, they all reach similar, but lower than
nominal, values of frequency. The dc Voltage of each terminal is shown in Figure
[7.3p. They are very close to each other, since this level of power transmission leads
to minimal voltage drop in the dc lines.

In the end, the system naturally reaches a steady-state situation where the dif-
ferent ac systems operate with similar values of frequency, effectively sharing the
load that was increased at ac system A and reducing its burden. Instead of a sharp
frequency decrease in ac system A and no change in the others, the result is a small
frequency decrease in all ac systems.

The same behavior described in this simulation can be applied for generation
increases within a specific ac system connected to the dc grid. If one of them was
a large offshore wind farm, for example, instead of a large transient affecting only
the offshore system, variations in the wind generation would be felt and properly
shared across the different ac systems connected to the dc system. This could be
beneficial from a reliability standpoint, since concentrated sharper transients could

lead to generator tripping and possibly load shedding.
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Figure 7.3: Results of the dc¢ system simulation: (a) power delivered to ac system
A through the HCC, (b) power flow in the dc lines, (¢) power delivered to each
individual ac system through their HCCs, (d) frequency of the individual ac systems
and (e) dc voltage of each terminal.
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7.5 Partial Conclusion

This chapter described the main characteristics of an HVDC transmission system
and the usual behavior of its converters. Since HVDC links result in a complete
decoupling of the ac systems connected to their terminals, they have limited grid-
support capability. If the HCC is employed in the terminals of an HVDC grid, it can
enable automatic grid support at all terminals, while also maintaining a distributed
control of the dc voltage. A minor adjustment is applied to the GFL-part of the
HCC, by introducing a droop in the dc voltage control loop.

Simulation results show that the HVDC grid can provide automatic and imme-
diate grid support to the ac systems connected to its terminals by employing the
HCC. When the load increases in one of the ac systems, the power flow through
the dc grid automatically increases, going from the other ac systems to the one that
needs it the most. No coordination with the grid operator is required, and the fast
and inherent grid support capability, characteristic of the GFM, is achieved at all
terminals while the GFL-part maintains the dc voltage near its nominal value value.

The fact that all terminals of the dc grid employ HCCs also implies that they
all have black-start capability, which could be useful for system restoration and
for islanded or off-grid systems. The proposed system is also flexible, in the sense
that, if only a momentary support from the other ac systems is required and a
steady-state load share is not desirable, the PI-based frequency droop used in the
synthetic inertia simulation could also be employed here, to bring the active power
delivered by the GFM-part of the HCCs back to zero after the transient has passed.
The terminal would work as a usual GFL in steady-state, but as a GFM during
transients. The GFL-part could also receive commands from the system operator
and follow a given reference active power, if needed, as usual.

A deeper investigation is necessary to understand the behavior of the system in
case the different ac systems are also connected with ac transmission lines, in order

to avoid possible loop power flow. This is listed in chapter [§] under Future Work.
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Chapter 8

Conclusion

8.1 Summary

The main goal of this study was to devise a new converter control scheme that
could provide better grid support than standard grid-following converters equipped
with support capabilities (e.g. SI control), while maintaining an accurate power
tracking capability. The need for such a control system arises from the increas-
ing penetration of converter-based renewable energy sources in the electrical grids
worldwide. Since wind and solar generation are usually connected to the grid using
GFLs working on MPPT mode, they are decoupled from the grid state and do not
inherently provide support when a transient of voltage or frequency occurs. Due to
this characteristic and to the increasing share of RESs in the power systems, grid
transients are becoming more severe. Since the GFL has limited grid support ca-
pability, GFMs have been actively investigated due to their inherent grid support,
even though they lack the GFL’s accurate power control. A new control scheme
that includes the best characteristics of both converter types would be a valuable
solution.

To this end, the Hybrid Control Converter is proposed. Based on a clever appli-
cation of basic electric circuit modeling techniques such as equivalent circuits theory,
the proposed control system includes the full individual GFL and GFM control sys-
tems, along with some coupling equations. The HCC is a single converter that can
emulate the behavior of two converters, a GFL and a GFM, in parallel. From the
point of view of the grid, the behavior of the HCC is indistinguishable from that
from a pair of individual converters working in parallel. Its dynamic response has
the characteristics of the GFL, such as quick and accurate power control, as well
as the ones of the GFM, such as fast and inherent grid support and black-start
capabilities.

The HCC has several advantages over regular GFL or GFM converters. First,
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it does not require any extra hardware components, such as filters or meters, to be
implemented. It can be employed with any application that already uses a converter.
Since it comprises full GFL and GFM control systems, it is possible to choose their
implementation and design their parameters individually, according to usual best
practices and already performed studies. It does not require some trigger to change
its operating mode from GFL to GFM (or vice-versa), since it is both GFL and
GFM at all times, resulting in faster response times and increased reliability. If all
energy sources in a grid employ the HCC, they all share the burden of grid support
when a transient occurs, while maintaining classic MPPT operation in steady-state.
This reduces the need for large facilities aimed at providing inertia or only primary
frequency support, such as synchronous machines or energy storage systems with
high power and low energy ratings (batteries, flywheels...). Nevertheless, extra dis-
patchable energy sources must be kept on reserve to provide secondary and tertiary
frequency support.

The developed equations could be expanded following the described methodol-
ogy, to make the HCC emulate any number of converters of any kind in parallel.
The chosen scenario was to emulate 2 converters, one GFL and one GFM, for sim-
plicity and to avoid redundancy. But it is possible that emulating a higher number
of converters could be useful for some specific scenario.

The stability and robustness of the proposed converter were discussed, developing
the system transfer functions. The analysis shows that the HCC is at least as
stable and robust as usual GFL/GFM converters for the analyzed cases, which is
an important aspect of any control system. Results show that, even though some
usual simplifications were employed when devising this new control system, such
as neglecting the switching effect, the HCC works as expected and the developed
equations are valid.

Finally, two possible applications of the HCC were presented. The first one is
to employ the HCC on wind turbines to improve their synthetic inertia capability.
The usual implementation is that the SI control is activated when the grid frequency
reaches an activation threshold. Since there is a delay in the frequency measurements
and it only activates after the frequency has already fallen, this may result in a large
frequency excursion in the first moments after a fault, especially in systems with
low overall inertia. If the HCC is employed with the WT, simulation results show
that its GFM-part is able to provide faster grid support, as expected, by consuming
energy from the dc-link capacitor in the first moments of a fault. The GFL-part
joins the picture a few moments later, to counteract this behavior and keep the dc
voltage level close to its reference value. The result is that the W'T is able to deliver
increased power more quickly at the first moments after a fault, and then, when the

frequency variation is detected and reaches the activation threshold, the SI control
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ramps up the power delivered to the grid. This leads to a scenario with a smaller
RoCoF and frequency nadir when compared with the scenario with usual GFL,
which could avoid the triggering of grid protection schemes such as load shedding.

The second application is with HVDC transmission systems. Usually, one of the
terminals of the HVDC system is tasked with controlling the dc voltage, while the
other(s) control the active power flow. By employing the HCC in the terminals of an
HVDC system (point-to-point or meshed), this responsibility becomes distributed.
All terminals share the burden of controlling the dc voltage, while providing fast
support to the ac grids to which they are connected, much like an ac transmission
system itself would. The terminals would not require setpoints definition and close
control by the system operator, being fully automatic and enabling an easier ex-
pansion of the HVDC transmission system. Simulations were based on a system
comprised of four individual ac networks connected by a meshed HVDC transmis-
sion system. Results show that, when a fault happens in one of the ac networks,
the other ones automatically provide support, increasing the power flow through
the HVDC lines. In this situation, as opposed to a large frequency drop in the ac
network that suffered the fault (that could lead to instability and load shedding)
and no change at the others, the result is a small (and more manageable) frequency
decrease in all four ac networks.

In the end, various analyses and simulated scenarios showed that the HCC in-
deed presents the advantages of both the GFL and GFM at the same time, enabling
accurate power control, fast grid support, black-start capability, and whatever char-
acteristics the individual GFL/GFM control systems may present. It could be ap-
plied to a wide range of applications, such as wind turbines, solar panels, batteries,
other energy storage devices, HVDC transmission systems, and essentially anything
that employs a converter. The mass application of the HCC with these devices could
result in distributed grid support and voltage control, enabling an electrical network

with higher (or even complete) penetration of IBRs.

8.2 Future Work

The field of power electronics and converter control is vast, and many possibilities
of investigation are always available. Considering the ideas developed in this work,
some points that could be further investigated are listed below.

Unbalanced Conditions In some cases, the grid voltage and current may
become unbalanced due to faults, general unbalance of distribution networks, or
other generic reasons. It would be interesting to model the behavior of the HCC to
ensure its stability under such circumstances, including the positive- and negative-

sequence components of voltage and current.

127



Required Processing Power The HCC encompasses two full individual con-
trol systems (GFL and GFM). It could be interesting to evaluate the processing
power of regular controller units, to assess if they support the HCC implementation
or if a hardware upgrade would be required.

Application in the RSC on DFIG Turbines The application described in
chapter [] employs an HCC as the GSC, to improve the turbine’s frequency support
capability. Since the converters of the DFIG are usually of around 30% nominal
power rating, the HCC is actually a limited improvement to the turbine, since it has
a limited maximum capacity. The RSC controls the power in both the stator and
rotor circuits of the turbine by controlling the slip and the magnetic flux vector. It
can be considered an amplifier, since it controls the stator power (full power rating)
even though it has only 30% power rating. Applying the HCC to both the GSC and
the RSC could increase the maximum power the turbine can provide during faults,
improving its support capability. The interaction of grid transients with the stator
and rotor circuits, and with the RSC, could be studied to enable this application.

HVDC and Loop Flow The proposed application with HVDC systems as-
sumed that each terminal is connected to a different ac network, for simplicity. If
the terminals were connected to different nodes of the same ac system, there would
be ac transmission lines in parallel with the HVDC ones, which could cause loop
flow (power flowing in opposite directions in parallel lines), a phenomenon that
should be avoided. Studying how to automatically identify this scenario and apply-
ing the necessary adjustments to the HCC would be the next step in this proposed
application.

Offshore Wind Generation The HCC could be used to improve protection
schemes of offshore wind farms. One of the possibilities of implementing an offshore
wind farm is with HVDC transmission to the onshore ac grid. Usually, the offshore
terminal of the dc link is a GFM, generating the offshore ac grid to which the W'Ts
are connected, and the onshore terminal is a GFL, controlling the de-link voltage.
If a fault occurs in the onshore ac grid, its voltage drops and the power transfer
capacity of the VSC is reduced [79]. While the turbines ramp down their generation,
excess energy leads to an overvoltage in the dc link, which is usually taken care of by
Dynamic Braking Systems (DBS) that dissipate energy. Nevertheless, the turbines
need to quickly ramp down their output power. One possibility to implement this
feature is by having communications between the converter stations and the turbines,
changing their reference power if the onshore VSC detects a fault; this technique
is challenging mainly due to the communications time delay and reliability issues.
A different possibility is modify the offshore VSC control system, so it modulates
the ac voltage and frequency when a dc overvoltage is detected; in this case, the

WTs need extra control loops to interpret that as a signal to reduce their power
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output. If the dc-link is equipped with HCC on both ends, the behavior could be
different. Simulation results already showed that this configuration enables the ac
grids connected to the dc-link terminals to, in a way, know each other’s situation
and share the burden of faults. It could be an autonomous way to make the offshore
ac grid aware of the problem on the onshore ac grid (since both would have their
voltage and frequency affected by the fault), leading to an automatic reduction of
the WTs power by means of their usual protection schemes. No communications
required means increased reliability, faster response time, smaller dc overvoltage

and smaller DBS required.
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