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Introduction

The work described in this PhD thesis was carried out between October 2019 and December 2022 within the
Dynamics of Smart Grids (DSG]) team at Laboratoire des Sciences du Numérique de Nantes (LS2N]) laboratory,
Réseau de Transport d’Electricité (RTE]) - Ecole Centrale de Nantes (ECN]) chair and The EU’s research and inno-
vation funding programme Horizon 2020 ([H202Q)) POwering SYstem flexibiliTY in the Future through Renewable
Energy Sources (POSYTYH) project at [ECNI

Context of the PhD thesis

Introduction of the LS2N laboratory and DSG team

The [LS2N] (website: https://www.Is2n.fr/) is a joint research unit with the National Center for Scientific Research
(Centre National de la Recherche Scientifique (CNRS)), [ECN] the University of Nantes and IMT Atlantique. It
is also a partner of the National Institute for Research in Computer Science and Automation (I'Institut National
de Recherche en Informatique et en Automatique (INRIAJ)). It was created in January 2017 as a result of the
merger of the Nantes Institute of Communication and Cyber Research (IRCCyN - UMR6597) and the Nantes
Atlantique Computer Science Laboratory (LINA - UMRG6241). A single objective of [S2Nl is to bring together
Nantes’s research expertise in computer science and cybernetics to develop digital sciences, inclusive of other
disciplines and taking account of the social challenges involved.

Figure 1: Logo of LS2N

The [DSGl team of LS2N (website: https://www.Is2n.fr/equipe/dsg/) aims to develop a center of competence
in the dynamic operation of electrical grids at national and international levels. With a fresh perspective, we
tackle the electrical network difficulties of the energy transition. It is a system approach designed specifically for
automation engineers and capable of taking into account the dynamic interactions between the various parts of
an electrical production, transmission, and distribution system from the perspective of the system as a whole.

The research schemes are conducted by [DSG| team are cross-disciplinary and focuses on the following fields:

e Automatic: for stability analysis, managing the system's overall dynamics, and new control methodologies
(robustness, managing interactions, aggregating/disaggregating specifications/orders). Large interconnected
electrical system aspect: electrical systems/networks (power systems) (at the mesh of the European system)

e Renewable Energy Sources (RES]): new technologies, such as marine renewables, dispatchable and non-
dispatchable energy sources.


https://www.ls2n.fr/
https://www.ls2n.fr/equipe/dsg/
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e Power electronics: modelling, analysis, and control of power converters inserted into an electrical network
(to connect renewable energy sources or as a new mode of transportation like direct current lines, such as

High-Voltage Direct Current (HVDQ)).

Currently, the [DSG team works on two important projects: [RTE| - [ECN| Chair (website: |http://chairerte.ec-
nantes.fr/)) and European [H2020[POSYTYF] project (website: |https://posytyf-h2020.eu/).

Introduction of the RTE - ECN chair

Electricity Transmission Network, usually known as[RTE] is the electricity transmission system operator of France.
It is responsible for the operation, maintenance and development of the French high-voltage transmission system,
which at approximately 100,000 kilometres (62,000 mi), is Europe's largest.

In order to build the smart grids of the future, the [RTEl - [ECNI chair (website: |http://chairerte.ec-nantes.fr/)
seeks to bring together the best skills in several scientific disciplines. The unique alliance between automatic
control and electrical engineering provides a tremendous opportunity to boost innovation and foster the necessary
technological development. On 14 January 2015 in Nantes, RTE and Centrale Nantes officially inaugurated the
international teaching and research Chair for the analysis and control of smart grids.

The[RTH - [ECNI chair was established to address the wide ranging technological challenges faced in electricity
today. Grids have to adapt in the context of energy transition. Bringing together automatic control and electrical
engineering within the [RTEl - [ECNI chair paves the way for future breakthroughs. This pioneering approach is a
key feature of the industrial development strategy for smart grids.

Le réseau CENTRALE
de l'intelligence NANTES

électrique

Figure 2: Logo of RTE (left) and of ECN (right)

Power grids today have to address new challenges within the context of energy transition, alongside de-
velopments in consumption and production and the large-scale integration renewable energies, which are both
decentralized and random in nature. Within this more complex technological environment, on both a national and
European scale, RTE is adapting its load centers and its network in order to continue to ensure the supply/de-
mand balance, whilst allowing the whole power system to become more flexible. The integration of new technical
components within the network and the factoring in of changes in the electricity production mix require large-scale
simulations to be undertaken on the dynamic behavior of the European power system.

Introduction of the POSYTYF project

[POSYTYFis an abbreviation of POwering SYstem flexibiliTY in the Future through[RES] (website: https://posytyf-
h2020.eu/), which intends to support the further integration of [RES] into the power system by developing the
Dynamic Virtual Power Plant (DVPP)) concept. This[DVPPlaims to aggregate in a portfolio some renewable sources
of both dispatchable and non-dispatchable natures, thus enabling an optimal internal redispatch of resources.
Compared to other already proposed Virtual Power Plant (VPP)), the concept jointly addresses:

e the static power dispatch at single VPPl level.
e the dynamic coordination of several [/PPk to provide ancillary services to the system.

e the attainment of an economic optimum.

A multidisciplinary approach combining expertise on power systems, power electronics, automatic control and

[RES] allows to:

e cover both the transmission and distribution levels.


http://chairerte.ec-nantes.fr/
http://chairerte.ec-nantes.fr/
https://posytyf-h2020.eu/
http://chairerte.ec-nantes.fr/
https://posytyf-h2020.eu/
https://posytyf-h2020.eu/

e investigate centralized vs decentralized control concepts for single device and [VPP] management.

e address the specific stability issues associated to low inertia systems.

The project explores two complementary routes: develop solutions directly implementable in today's power
system to support network stability; and investigate future electricity networks with massive [RES| penetration to
formulate technical and regulatory recommendations for tomorrow.

Non-Dispatchable Renewable Energy
Generation

YAy

—
Wind farm  Converter systems

Solar PV power

Figure 3: Concept and objectives of POSYTYF project

Project objectives of POSYTYFH are to:

e determine optimality criteria to define the perimeter/portfolio of [DVPPI both for long term and real-time
application.

e develop new controllers to allow |RES| to contribute to ancillary services ultimately enabling system stability.

e Test the developed solutions by simulation and Hardware in the Loop (HIL]) on realistic scenarios to validate
the feasibility of the concept.

e define new business cases for the optimal operation and configuration of [DVPP

e propose regulatory recommendations to enable [DVPP| development and operation in conjunction with the
generators run in a classic way.

e assess economic competitiveness of the [DVPP| compared with solutions combining variable RES with elec-
trochemical storage.

e propose new stability definitions and methodologies for stability analysis and assessment.
The expected impacts are to:

e enable the increase of the global (dispatchable 4+ non dispatchable) [RES share within the European energy
system.

e ensure grid security thanks to real-time optimal redispatch of [DVPP| resources.
e open participation of [RES] to ancillary services.

e facilitate adoption of the multidisciplinary DVPP] concept thanks to specific dissemination interfacing auto-
matic control, power systems and power electronics disciplines.
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Target of the PhD thesis

Power electronics is more and more used on the power transmission and generation grids. Indeed, all wind and
photovoltaic generation is connected to the grid by converters. Also, the reinforcement of the grid is frequently
done with lines which consist of power converters into a back-to-back connection and a DC cable. This
tendency is extended in order to ensure the transition towards decarbonized energy systems as formulated, for
example, in Europe. Converters' control is addressed in a grid context. More specifically, in this thesis, the
following aspects have been studied:

e How to coordinate this control with the one of generators in case of [RES|and among several [RESE.

e How to independently regulate each converter in a converter-based power system (e.g., [HVDCk) while
diminishing the interactions between two close converters (i.e., to damp the coupling modes put into evidence;

for the case of [RES] and [HVDGE).

e In general, how to provide grid ancillary services with power electronics [RES] connected.

Nowadays, with the energy crisis, the mixed sources of energy leads to requirements of reliably and affordably
integrating the energy generated from Distributed Renewable Energy System (DRES) into the AC system, grid
reinforcement as well as DC grids. To realize such a multi-objectives, is the preferred technology. In
order to link offshore resources to continental grids and to strengthen ties between and within nations, a rapid
development of [HVDC transmission is already under way. The development of [HVDC] grids linked to the current
AC power system, creating a hybrid AC/DC power system, will result from the acceleration of this trend [I]. By
maximising the geographic smoothing of renewable energy sources and utilising flexible generation and loads to fill
in the gaps, the future system will be used to transmit power over much greater distances, with different operating
points. Thus, the decentralized and optimal control methods are desirable for [HYD{ systems.

With the domination of DRES]in the shares of net annual additions in power generating capacity during the
last decade (phenomenal 83% in 2020) [2], a new set of Grid Ancillary Services (GAS) for DRES! are introduced
and sharply demanded [3]. With the massive penetration of power converter-based sources for DRES(e.g. solar
and wind power) grid connection, there is a significant decrease on global grid inertia constant [4]. As a conse-
quence, active power RAMP rate control, which may cause a severe frequency drop and a significant increase in
energy price if ignored [3], has to be addressed and provided for DRES inertia response or Rate of Change
of Frequency (RoCoF]) control is now required [3], with the two main approaches [B], [4]: hidden inertia control
and fast power reserve. In addition, thanks to converter-based power sources dominating situation, fast-response
capacity is brought to power system grid [5]. Besides, frequency response for DRES] is possible through the mean
of active power deload control [5], [4]. More importantly, some of [DRES] are non-dispatchable, i.e., there is a
need of reserved power to be able to provide frequency support. Therefore, frequency support cannot be provided
by sole optimization on frequency such as H.,, but can only be done by incorporating power deload methods
[B] into these optimization strategies. Also Fault-Ride Through (ERT]) capability is demanded according to [3].
Consequently, the Local Services (LS)) are expanding [5]: Maximum Power Point Tracking (MPPT]) and active
power deloading control, active/reactive powers control, DC voltage control and system stabilization.

Unlike the concentration of the classical synchronous generator power plants, the RES are often distributed
on large regions (see [6]). On the one hand, centralized control may provide a better coordination between each
generator/converter and with grid, leading to better performance and grid stability. In addition, with pen-
etrated into power systems, since the classical two-level loops vector control separately regulates each converter
by one controller, the resulting controllers can not be fully optimized and integrated into the coordination in
providing utilizing the fast response capacity of power converter [5]. On the other hand, the adoption of
centralized control structure inevitably faces many difficulties, e.g., cost of signal transmission economically and
technically, political issues in transmission, lengthy negotiations between Transmission System Operator (ISQI)
and/or Distribution System Operators (DSQJ) and lack of resilience in case of failure of part of the actuators. In
conclusion, a thorough re-investigation into more coordinated strategies should be conducted and a [GASloriented
control structure should be established, and both approaches of centralization and decentralization should be
considered.



A large portion of renewable energy sources, especially renewable energy such as wind and solar energy systems,
are non-dispatchable and intermittent, meaning that there are distortions in the generation systems. Thus, the
bulk power transmission using [HYDC technology, requires a more flexible control with a large range of operating
points, i.e., need of nonlinear control. In addition, standing at the [DRES] position, the integration of [DRES] into
grid brings interaction from grid into [DRES] systems and vice versa. Since they are converter-based, the DRES] and
[HVYDAd systems are also highly nonlinear and their system parameter uncertainties are considerable. These prob-
lems require better control approaches on tackling disturbance, nonlinearities as well as uncertainties. As a result,
there is a need in using nonlinear control to handle nonlinear system, disturbance rejection using optimal control
(e.g., Hy/Ho, fuzzy) and a more robust control approach in order to fulfill the needs of [DRES]and HVD ] systems.

In conclusion, the handling of converter-based systems (e.g. and [HVDC) should be done by using a
(nonlinear) robust optimal control in a coordinated control structure if possible (for better providing of [GAS). On
top of that, the control structure should be also implemented in both centralized and decentralized schemes. These
requirements lead to the following questions: when and where should a converter-based system use a centralized
control or a decentralized control? Which control techniques should be used to handle nonlinearities, uncertainties
and disturbance rejection (e.g., fuzzy control, robust H, control and related control techniques)? How to apply
these control strategies into a converter-based control system (such as control system) to provide
and/or diminish the interactions between two close converters (in case of [HVD{ for example), i.e., how they are
implemented?

Publications

International journals

1. Robust Hs Nonlinear Fuzzy Decentralized Control Design for a VSC-HVDC Link. (Submitted to Advanced
Control for Applications)

International conferences

1. Ngo, H. T., Kamal, E., & Marinescu, B. (2022, October). EMT three-phase VSC grid-connected con-
verter reactive power control using H,, LMI MIMO approach. In 2022 IEEE PES Innovative Smart Grid
Technologies Conference Europe (ISGT-Europe) (pp. 1-6). IEEE.

2. Ngo, H. T., Kamal, E., & Marinescu, B. (2021, December). Fast Frequency Support at a Wind Energy
System Using Time-Varying Inertia and Droop Controls based on Globally Optimal H,, Control Design. In
2021 22nd International Middle East Power Systems Conference (MEPCON) (pp. 32-37). IEEE.

3. Ngo, H. T., Kamal, E., Marinescu, B., & Xavier, F. (2020, November). Robust H., Decentralized Control
Design for HVDC Link Embedded in a Large-scale AC Grid. In 2020 Electrical Power and Energy Conference.

Organization of this thesis

The works of this thesis are presented as follows:

e The introduction about context of the PhD thesis, the [[S2N] lab, the RTEl - [ECNI chair, the
project and the target of this thesis in chapter

e Next, the literature review about renewable energy system modeling and control is done in chapter
[ature reviewl

e The control objectives and proposed approaches are given in chapter 2] [Grid-connected power converter|
[system objectives and proposed approaches|

e The Voltage Source Converter (VSO) - based applications are presented in the following chapters: [VSC
HVDJ application in chapter [3] Permanent Magnet Synchronous Generator (EMSG) - based wind energy
system in chapter 4 and STATic synchronous COMpensator (GTATCOM) application in chapter [5|
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e Finally, the conclusion and discussion about future works are given in chapter[Conclusion and possible future]

fworks]
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Chapter 1

Literature review

As discussed in there is a need in reinvestigating the modelling and control techniques for power
converter-based applications. At the same time, a look into the current status, their popularity and how they are
classified can provide a clearer picture and pave the way to develop suitable strategies for their control systems,
technically and economically.

This chapter includes the current status of renewable energy and generators, the modelling and controlling
methods for power converter systems, the overview of NSCHHVDO systems and finally the most popular wind
energy systems at the time being.

1.1 Renewable energy sources overview

1.1.1 Renewable energy share

Nowadays, the energy generation is increasingly shifted from the classical fossil fuel to cleaner energy sources. The
shift is not only due to climate change, but also the technologies are developed to a suitable degree for practical
application with cost-effective satisfaction, at least in the field of power systems. This trend was reported as in

Figs. 1.1} 1.2 and [T.3]

1.1.2 Generators classification

A wind turbine, or alternatively referred to as a wind energy generator, is a type of electric power generator that
converts the wind's kinetic energy into electrical energy. There are many types of generators, as resumed in Fig.
There are several different differences between synchronous and asynchronous machines as shown in table [T}

Global Power Generating Capacity, by Source, 2008-2018
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Figure 1.1: Global power generation capacity (2008 - 2018) [I]
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Estimated Renewable Energy Share of Global Electricity Production, End-2018
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Figure 1.2: Global renewable energy share at the end of 2018 [I]

Annual Additions of Renewable Power Capacity, by Technology and Total, 2012-2018
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Figure 1.3: Annually additions of renewable power capacity (2012 - 2018) [I]
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H BASIS SYNCHRONOUS MOTOR ASYNCHRONOUS MOTOR H
A synchronous motor is a device whose | A machine known as an asynchronous mo-
Definition magnetic field speed NS and rotor speed | tor turns its rotor at a speed N lower than
N are equivalent: N = NS the synchronous speed NS: N < NS
Synchronous motors include Brushless mo- .
. . Asynchronous Motor is another name for
Type tor, Variable Reluctance Motor, Switched X .
. an AC induction motor.
Reluctance Motor and Hysteresis motor.
Slip There is no slip. Because there is slip, the value of slip is

not zero.

Additional power
source

To initially rotate the rotor close to syn-
chronous speed, an additional DC power
source is needed.

There is no additional beginning source
needed.

ﬁllupshesrmg and Brushes and a slip ring are needed. There is no need for brushes or a slip ring.
Cost More expensive more affordable
Efficiency More efficient. Less efficient.

Power factor

Excitation can be altered to change the
power factor from lagging to leading or
unity.

Only can run at a lagging power factor.

Current supply

The synchronous motor’s rotor receives
current.

The rotor need no current supply.

Speed

Independent to the load’s change. It is

constant.

As the load increases, the asynchronous
motor's speed lowers.

Self starting

Synchronous motors cannot start them-
selves.

It is self starting.

Affect in torque

The torque of the synchronous motor is
unaffected by changes in the applied volt-
age.

The torque of the asynchronous motor is
affected by changes in the applied voltage.

Operational Below 300 rpm, they run smoothly and L
P P y y Motor operation is great above 600 rpm.
speed rather well.
Synchronous motors are utilized as voltage .
L . used in elevators, compressors, blowers,
Applications controllers and in power plants, manufac-

turing industries, etc.

centrifugal fans, paper and textile mills.

Table 1.1: Comparison between Synchronous and Asynchronous Motor [2]

Zooming in the wind turbine generator sector, there are some rapid developments in manufacture and controlling
technology. A review is given in [3].

1.2 Power converter modelling and control

1.2.1 Power converter modelling

Power systems modelling is one of the most complicated modelling tasks for control. As power systems are highly
nonlinear, the hardest part is to capture adequate information of the grid, power converters or machine both for
analysis and control. There are two main methods of power converter modelling, the classical averaged model
and the generalized averaged model. Both methods are based on Fourier series, the former deals with DC signal,
the latter is used for more general AC signal to capture the sinewave. There are many researches into the so-call
averaged modelling method, among which [4]. The more recent updates are presented in [5] - [11].
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Figure 1.4: Electric machine classification diagram [3]

H Factor ‘ SCIG ‘ DFIG ‘ MPIG ‘ SG ‘ EESG ‘ PMSG ‘ HTSG ‘
Torque density P — + — P + E
Speed range P + + + E + E
Cost + + - + P — P
Size + — + + P + E
Foot print + + + + P + +
Gearbox requirement — — E — E + E
Converter size + E — + + + +
Efficiency — + + + + + E
Reliability + + + — + + +
Maintenance — — + — + + +
Noise level — + + — + + +
Fault detection — — — — + + E
Power factor — + + + + + E
Power quality — + + + + + E
Power range + — E — E — +
Simple structure + — + + — + +
Reduced head-mass — - + + P + E

H E Excellent, + Good, — Fair, P Poor H

Table 1.2: Performance comparison of different wind generator concepts [3]
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1.2.1.1 Classical averaged model

In DC part of the electrical system or at the steady state, the state values are nearly equal to their averaged values
in a time window. The classical averaged method is to find such an averaged value based on a time window of
width T as in the definition 1] [4].

Definition 1 [f signal f (t) is averaged on a time window of width T, which is moving along the time axis, one
obtains the expression of the so-called sliding average (or local average):

G0 =7 [ 1@
t—T

Also, there are some properties which should be considered since they are related to the DC part of power
system [4].

Property 1 The property of sliding average includes:

e Average of a switch (S =FE whenu=1 and S =0 when v =0):

e the time derivative of a signal sliding average is the sliding average of the signal time derivative:
d d
G0 =(F10) ©

e relations of average of passive circuit elements are as the same as relations of real values:
— For an inductor L: (v), (t) = L— (i), ()
— For a capacitor C: (i), (t) = C—(v), (t)
— For a resistor R: (v), (t) = R(i), (t)
For the analytical approach, the mathematical basis and then averaged model are detailed in [4].

1.2.1.2 Generalized averaged model

For the AC signal, the sliding average value cannot fully illustrate the behaviour of the signal (e.g., if a signal is a
sine wave, then the sliding average of the signal is equal to zero). This requires to have a more general approach
for averaged value of any kind of signal. Definition [2| provides a new concept called generalized averaged model

[4].

Definition 2 The generalized averaged model is based on the waveform representation using the complex Fourier
series. Thus, every periodic variable x (t) can be expressed as:

+oo ]
x(t) = Z xy, (t) eIFt

where w is the fundamental pulsation and x;, is the coefficient of the k" harmonic
t
Tp = L x (1) e IkT dr
T
t—T

Property 2 The property of generalized average includes:
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e Fundamentals:

e State variables: )
 (t) = (z)g + 2 [Re ((z),) cos (wt) — Im ({z),) sin (wi)]
(Gou)y = (Go)o(u)y +(Go)y(u)g
(Gau)y = <Ga>0<u>o +(Ga)y(w)_y + (Ga) 1 (u)y
e relations of average of passive circuit elements are as the same as relations of real values:

— For an inductor L:

v:L% .
() = (L8 = jkwL(i), + L4

— For a capacitor C:

— For a resistor R:

Details for this method can be found in [4].

1.2.2 Power converter control

are basically the DC sources or low frequency AC sources, which power cannot be injected directly to the AC
grid. To deal with this problem, power converters were introduced. As a consequence, power converters brought
some new problems for power systems, from frequency and power flow control to the new types of power system
oscillations. And again, of course, new controlling methodologies were developed to handle such converter-related
problems.

1.2.2.1 Power-angle control

Principle of power-angle control (or voltage-angle control), is based on the following well-known equations [12]
- [15] in (1.1). This is a phase-locked loop Phase Locked Loop (PLL]) based control, where a [PLLis used to
determine the frequency and the phase of grid voltage in Fig. [1.5

pP— UlUQSiHG
e X (1.1)
Q= U2 — U Us cos 6 .
_ Y1 T Y1b2C0sb

where:

- P and @ are the active and reactive powers between two electrical nodes in AC systems with voltage
magnitudes Uy and Us.

- The quantities # and X are the phase-angle difference and line reactance between the two nodes.
Therefore:

- The active power P is mainly related to the phase angle 6.

- The reactive power @ is more related to the voltage-magnitude difference.

The power-angle control structure is shown in Fig. The controller is rather easy to design and implement
compared to other methodologies. However, it has two drawbacks:
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Figure 1.6: abc to dq transformations

- The control system has no general means to damp the various resonances in the AC system as its bandwidth
is limited.

- The control system does not have the capability to limit the valve current of the converter (This is a serious
problem, as the converters of a [VSC - [HVD( link usually do not have over-current capability).

Fortunately, these problems can be solved by [P[.T}based control techniques such as vector control or multi-
model/ fuzzy and modern control techniques.

1.2.2.2 Vector current control

The vector control method [4],[16] - [18] is also a[PLLI- based control. This method is based on the transformations
from abc frame to dq frame. It includes two transformations, the abc to «f transformation and the af to dg
transformation as in Fig.

The voltage equations in dq synchronous reference frame are , where i44 are components of the current
flow to/from grid in dg frame corresponding to currents in abc frame. The same notations are for v4, and vVagcony-

The classical approach is to decouple the currents in dq frame and then establish the transfer function from
the control signals mg and mg to the currents. This also mean that they are assuming grid frequency w as a
constant (i.e. 0 = w, w = wp = 1007). As a result, the dq system equation in Fig. becomes:

di R 1 1%

g = —Jiatwoig+ (~Vat md2DC>

dig _ R, Ly mdVie (12)
at LT\ 2
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Figure 1.7: Vector current control structure

The classical vector control using two separated Proportional — Integral — Derivative ([PID]) control loops shown
as in Fig. Using the feed-forward terms {wLiy, V4} (for i4 control) and {wLig, V5 } (for i, control), the control
structure is able to decouple the currents 74 and i,. These decoupled terms can provide some aid in smoothing
the transient behavior, but may make it worse in case of grid fault happen, where grid voltage Vg, V; and grid
frequency w vary greatly.

The two ¢4 and i, dynamics are handled by identical Pl control, with closed-loop transfer function (from i, s
to 4 for both of i4 and i, dynamics) are:

. , G (s)
i(s) =ires (s) 1+ G(s)
4 K
G- KoK,
§) = —
Ls . R
L
: : R .
By using pole cancellation for the pole s + T ie.
K; R
K, L
The transfer function of closed-loop is now:
) _ 1
i(3) = ey (8) ——
1 -
+ KPS
. . L .
Choosing a time constant 7; = o the [PID] controller gains are calculated as:
P
L
Kp=—
"R R
K =K,—=—
p L Ti
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Figure 1.8: Internal power-synchronization mechanism for synchronous machines

The current, the DC voltage, the AC voltage or the power flow through the converter are regulated to reference
values. For that, the vector control is structured in two layers, called the inner and outer loops as shown in Fig.
Design is given in detail in, e.g., [4] (Chapter 9) or in [18].

The vector control is easy to design and to implement. In addition, thanks to the two layers-structure, hard
constraints on current can be easily taken into account to protect the converter. However, as a Single Input
Single Output (BISQl) based control method, performances can be limited, especially in case of connection to
weak grids. This limitation can be compensated by using modern control using Multi Input Multi Output (MIMOI)
model-based advanced control methods (e.g., optimal Hy/H, or fuzzy control).

1.2.2.3 Advanced control

[MIMOQ] control can provide more performance and stability margin for converter system since it can object to some
characteristics of the power system while stabilizing the system. At the same time, it is relatively easy to take into
account nonlinearities (e.g., using fuzzy based control [19]) and uncertainty (e.g., using robust control [2I]). The
overall control objectives can also be achieved by means of Linear Matrix Inequality (LMI)) techniques [20], which
makes the control become attractive to power converter systems.

The control can also be a[PLLl- based control, with the design process relatively similar to the one of
classical cascade vector control.

1.2.2.4 Power-synchronization control

This method is an alternative of [PLLIbased converter control, and it is highly developed by ASEA Brown
Boveri (ABB) recently in [12], [22] - [25]. For the [PLLI controller ( which is a controller), in the trans-
formation from abc to dq frame, there are always problems with stability and performance. To handle this, the
Power - Synchronization Control ([PSC]) uses the internal synchronization mechanism in AC systems (that the VS{
can utilize to synchronize with the AC system).

In Fig. it is recalled the principle of PSC in case of Synchronous Generator (8Q) [12]: from steady-state,
Ton1 is increased in a short time and brought back to its initial value. The advance of the mechanical angle of the
rotor of SM; inevitably causes an advance of the phase of the electromotive force (emf) of SM; (figure a). This
also translates into an increase of the electric power transmitted from SM; to SMs. This increase in power is
equivalent to an increase in the electromagnetic torque T of SMs. As the rotor of SM; starts to accelerate, the
same thing occurs with the phase of F», as indicated by the arc-shaped arrow in (b). After a transient (which in
reality involves a certain amount of damping), the phase difference between the emfs of the two SMs is brought
back to its initial value, and the system is in steady-state again.

In case of grid connected the power-synchronization loop controls the active power output from the
VSC directly, whereas the reactive power (or alternating voltage) is regulated by modifying the magnitude of the
voltage. Theses relationships are shown as in for active power, and in for reactive power, similar to the
case of power-angle control.

dAf
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Figure 1.9: Power-synchronization control for grid connected VSC converter

The controller then can be designed by any suitable methods, e.g., as in Fig. [23], where RPC is reactive
power controller, AVC is alternating-voltage controller, DVC is direct-voltage controller, CLC is current-limitation
controller, PSL is power-synchronization loop and PLL is the back-up [PLL] control in case of faulty events to limit
the current in converter (e.g., grid short-circuit).

1.2.3 Anti-windup techniques

For improving the performance of converter control which contains many constraints, the anti-windup techniques
can be utilized. Books from [26] - [28] are the state of the art in this field. Also, [27] provides a detailed process
to obtain an anti-windup mechanism for any kind of system. In addition, [28] provides an intensive look into
nonlinear constrained and saturated control of power electronics and related systems.

The anti-windup augmentation scheme is as in Fig. [I.10} where:

g | .

sat(u)

Figure 1.10: The anti-windup augmentation scheme



1.3. VIRTUAL POWER PLANT 19

- F is the anti-windup augmentation

- K is the unconstrained controller

- P is the plant

- W is the vector of disturbance and reference

- y is the anti-windup augmented measured output response

- z is the anti-windup augmented performance output response
There anti-windup objectives are

- Unconstrained response recovery (model recovery anti-windup): recover the unconstrained closed-loop re-
sponse asymptotically whenever this is possible.

- Small signal preservation: keep the same response between the anti-windup augmented closed-loop system
and the unconstrained closed-loop system whenever this is possible.

- Internal stability: in the absence of exogenous inputs, a desired constant operating point asymptotically
stable with a basin of attraction at least as large as the set of states over which the system is expected to
operate (globally or regionally).

- Input-output stability: induce a bounded response for initial states and exogenous inputs that are expected
during operation.

The anti-windup augmentation types are grouped by:

- Linear vs nonlinear: the augmentation F is a linear system or nonlinear system
- Continuous-time vs. sampled data: the augmentation F is a continuous or a discrete system
- Static vs. dynamic: the augmentation F is a static system or dynamic system

- External vs. full authority: the augmentation F is only affecting the input-output of the controller or it can
directly affect the controller states

1.3 Virtual power plant

APPBlis a cloud-based distributed power plant that aggregates the capabilities of heterogeneous distributed energy
resources to improve power generation and trade or sell power on the electricity market. Virtual power plants are
already in use in the United States, Europe, and Australia. A virtual power plant is a system that combines
many types of power sources to provide a stable overall power supply [29]. The sources often form a cluster of
different types of dispatchable and non-dispatchable energies, controllable or flexible load distributed generation
systems that are controlled by a central authority and can include micro combined heat and power, natural gas-
fired reciprocating engines, small-scale wind power plants, Photovoltaics (PV]), run-of-river hydroelectricity plants,
small hydro, biomass, backup generators, and energy storage systems.

Benefits of this[VPPlsystem include the capacity to offer peak load electricity or load-following power generation
on short notice. A VPP of this type can replace a traditional power plant while providing increased efficiency and
flexibility, allowing the system to respond to load changes more effectively. The disadvantage is that the system
is more sophisticated, necessitating complicated optimization, control, and secure communications [30].
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1.3.1 Current researches on VPP and its structure in context of technology, economy
and environment

[31] gives a full discussion of the microgrid and VPP ideas used in power systems, as well as distributed energy
resource scheduling. The formulation type and objective function, solving technique, uncertainties, reliability,
reactive power, control and automation, emission, stability, demand response, and multi-objective are all related
with the scheduling issue. It also provides a thorough comparison of previous studies completed before 2016,
giving us a comprehensive picture of VPP in terms of technology, economy, and environment. [32] [33] provide
a comprehensive review on structure and operation of a virtual power plant in a power system, including the
topology of the power system and the [VPP] integration and control methods (characteristics of VPP renewable
energy systems, conventional energy resources, framework of VPP] and internal control of VPP)). [32] also provides
the business of market bidding strategy of VPPl The management techniques and [VPP| applications are
carefully investigated in [32].

[34] shows a novel and complete approach about goals, structure, and roles in [VPP| using community-based
Virtual Power Plant (IVPP]). It provides the structure (of five building blocks) that together form a [cVPPl the
community involved, the community-logic under which the project operates, the portfolio of distributed energy
resources aggregated and controlled by an ICT control architecture (ICT Architecture comprises all static and
dynamic aspects of the framework defining your company’s information and telecommunication structures), and
the roles that communities can collectively play in the energy system by means of [cVPPl

[35] gives a techno-economic study of solar grid-based virtual powerplant (in Indian) power industry. The
Distributed Energy Resources Customer Adoption Model (DERCAMI), a mixed integer linear Programming based
decision making tool, is used. A case study of Punjab State Power Corporation Limited, a state power provider,
is explored to determine the potential of VPPl and its repercussions. The paper’s primary goals are cost reduc-
tion, peakload reduction, and reliability enhancement. The DERCAM] model simulates various load profiles and
determines the best investment option, ensuring monetary advantages for both the customer and the utility.

[38] describes an approach for multi-energy [VPP] control while accounting for multiple uncertainties: a robust
stochastic optimum dispatching method for solving the scheduling issue while accounting for multiple uncertainties.
The uncertain set of cardinalities with a resilient adjustable coefficient is used to represent the output of wind
turbines and photovoltaics for the source side uncertainties. The Wasserstein generative adversarial network with
gradient penalty is utilised to produce electric, thermal, cooling, and natural gas load scenarios, and K-medoids
clustering is employed to generate typical scenes for the load side uncertainty. The min-max-min structure was
represented by a two-stage robust stochastic optimum model. The original model was solved alternatively using
the dual transformation theory and the column constraint generation approach.

[39] illustrates a capability-coordinated frequency control scheme of a [VPPlincluding adjustable-speed pumped
storage hydropower, a wind power plant, and an energy storage system to support the frequency nadir and reduce
the steady-state error of system frequency. This paper demonstrates the role of VPP on frequency nadir supported
in a wide context.

1.3.2 Practices and existed projects on VPP

There are some well-known [VPP] projects, mostly started before 2012 [33]: 1. European Union 5th Framework
Programme, 2. EDISON Project, 3. Konwers 2010, 4. FENIX Project European project FENIX—Northern and
Southern Scenarios, and 5. 'Smart’ Heat Pumps. There are also three practical cases in Ireland, Belgium and the
Netherlands, which highlight the diversity of [cVPPk [34], and one [VPP| application in India [35]. In [36] [37], an
overview of ancillary services for VPPl in Spain is given, including a detailed technical description of the services
and the organization of the ancillary services markets. In addition, a comprehensive review of different optimization
algorithms and tools used by the agents and system operator within the Spanish electricity business is presented.

1.4 VSC-based power energy applications

One of the VS{ application is the NSCHHVDC, which is increasingly becoming popular in bulk power transmis-
sion thanks to its power efficiency and performance. Economically and technically, although [HVD(] is relatively
expensive compared to High-Voltage Alternating Current (HVAC) transmission system, the former provide a more
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robust and reliable transmission solution. In addition, compared to [HVAQ the applicability of HYDC in modern
grid is much larger, and its functionalities are much more suitable to the DREStdominant grid.

As for wind energy systems, there are two popular and overall cost-efficient types of wind energy generator,
Doubly - Fed Induction Generator (DEIG) and These two types of wind turbine energy system use [VSC] -
based converter connected back to back to connect to the grid. However, [DEIGl wind systems require a gear-box
system and with a power converter rating at around 30%, while systems are with full rate converters and
gear-box are optional. Thus, in comparison with [DFIGl has poorer output power quality but lower initial
cost of power converters. At the same time, in order to maximize the produced powers from wind turbine energy
system, an [MPPT] searching table has to be established [106]. In addition, not only the maximum produced power
is desired, but also a deload level of produced power is needed to have suitable reserved power, which then is used
for ancillary services [106]. The searching table, along with searching strategy, are reminded in this subsection
[1086].

1.4.1 VSC-HVDC system

[HVA s a classical and economical mean of power transmission [40] [41]. However, compared to traditional HVAC]
technology is proven to have more performance and less losses, especially for long transmission lines [41],
[42]. In addition, although requires more complicated control system, but with the recent development in
control and protection [43], [44], the HVDJ transmission systems are becoming more and more popular
and affordable, technically and economically.

Traditional bulk-power line-commutated thyristors are the primary building blocks of the converters at the
sending and receiving end stations in [HVDC transmission systems [46]. This type of HYDCis known as a Current
Sourced Converter (CSO)HVDCO This solution is cheaper compared to Insulated-Gate Bipolar Transistor
([GBT))-based [46], [47]. However, [GBT}based known as VSCHHVDC, has many advantages over
traditional including: rapid and separated reactive and active powers (i.e., support grid voltage and
frequency fast/slow response), easily reversing active power flow by reversing the DC current without changing
polarity of DC voltage, able to supply weak AC networks, hamonic mitigation and filter tunning are simpler, and
finally VSCHHVD supports black start [46], [44], [45].

A consists of two converters connected back to back as in Fig. [I.1I] Each side of the
converter is connected to the AC grid, and the harmonic is filtered by an LCL filter. Depending on the situation,
before connected to the grid, the converter may need a transformer to balance the voltage and even a smoothing
reactor to further reduce the harmonics in the output powers of the converter.

F“LEI“i e |

| filter | P— | filter |

o | LI B elintetety |
To T T | To
grid

I
I
grid :
|
|

Figure 1.11: VSC-HVDC line with two back to back VSC converters

1.4.2 Doubly-fed induction generator

[DEIGlis a widely used technology [48] - [53], [59] - [61], [65] - [69].[71] - [72], [74] - [75]. As shown in Fig.
it consists of:

- Rotor Side Converter (RSC): control the generator output power.

- Grid Side Converter (GSC)): ensures the stability of the DC-link voltage irrespective of the direction and
magnitude of the rotor power.

- The equivalent electric circuit model of [DEIGl is as in Fig.
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Figure 1.13: DFIG equivalent modelling

The current research status on [DEIG modeling:

- For the full model, [51] and [77] shows a complete and detailed insight into[DEIG modelling, testing, voltage
dips analysis and control (vector control and direct control), including torque control and power control.
[77] also provides some knowledge on test bench for DEIG] building in the lab.

- [48] and [73] can be used for additional information. [1] also introduces multi-machine modeling and inter-
area oscillation damping.

- Most of the recent studies using classical averaged model [48] - [53], [55] - [61], [65] - [69], [71] - [72], [74]
- I73].

- For enhancing the modelling task, some used multi-model/ Fuzzy [49][54] [56].
- MATLAB/Simscape Specialized Power Systems has libraries for [DFIGl detailed model.
The current research status on [DEIG controlling:

- For the control of [DEIGl which the focus on [RSC and [GSC control, [1] provides clear methods (chapter 3)
with an assumption of averaged model. However, [51] provides a more detailed technique in direct power
control (chapter 8).
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- For[RSd control, many researches used [MPPT] [48], [50] - [51], [53], [58], [61]. [66], [68], [76]. In addition,
[76] provides a detailed description about [MPPT] and related techniques in photovoltaic energy generation
systems.

1.4.3 Permanent magnet synchronous generator

A [PMSG with two level converters AC/DC/AC is given in Fig. [78] - [80], [82] - [84], [86] - [88]. [O1] - [93].
[98].

Rotor side converter Grid side converter
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Figure 1.14: PMSG with full converter
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Figure 1.15: PMSG equivalent modelling

The current research status on modeling:
- For the full model, [95] and [104] shows a complete and detailed insight into PMSG.

- For the control task, one should use the dq equations provided by MATLAB's website, which is confirmed

by [78], [82], [84], [95] - [96], [98]. [104]

- MATLAB/ Specialized Power Systems has libraries for detailed model. The current research status on
controlling:

- For the control of PMSGL the wind turbine control itself and the control of the full-scale converter [78] -

- [96] provides details in PMSG controlling.
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Figure 1.16: The output power at different wind speeds Figure 1.17: The generator speed deloading strategy
at MPPT and at 10% deload at wind speed of 16 m/s

- is used for torque control [78], [82],[88], [91], [93], [96].

1.4.4 Maximum power point tracking data generation

is a well-known method to extract maximum power from renewable energy sources [106] (e.g., wind or solar
energy). In the scope of this thesis, only for wind turbine is generated, but the for other sources
(e.g., [MPPT] for solar energy) can be achieved with similar process. [MPPT] can also help to deload the system to
keep an amount of reserved power in order to provide ancillary services. 10% is a typical value for the reserve of
the deloading control using generator speed control. Higher reserve can be ensured if pitch angle control is used
in addition.

Firstly, consider the pitch angle is kept at 0 (deg), the deloading relationship between wind speed, generator
speed and wind turbine mechanical power is given in Fig. [I.16]

To understand the deloading strategy, consider the wind turbine is operating at wind speed of 16m/s. The
wind turbine will produce power at 10% deloading point A of Fig. to reserve 10% of its power capacity.

To utilize this reserved power for frequency support, a droop relationship is established [105]

APy = —%Af, (1.4)

where AP,y is the required amount of change in power when there is a change in frequency Af.

A consequence of a shortage in power of the the grid is a fall in grid frequency [105]. This fall will partly be
compensated by the reserved power of wind turbine. At this moment, through the droop relationship , the
wind turbine will have to move its operating point from A to B to increase its mechanical power. The operating
point is now at

1

BAS (1.5)

This Prer Will be used to determine desired generator speed §2,.¢, and through generator speed control to
shift the operating point of wind turbine. This action can easily be achieved by a look-up table [I06], but with
a cost in delay due to the time for searching the equivalent value of €),..¢. To overcome this, because the two
points of optimal and deloading points are very close, it is possible to consider that the three points A, B and C
are collinear. As a consequence, the relationship between Py,c¢ and Q.. is [106]:

Pmref = Pmdel + APref = Pmdel -

Qdel *Qref
Pmre :Pme Pm,o,*Pm,,e ~ _ o 1.
f det + (Prnopt del) Qaet — oy (1.6)
Based on (1.6), the value of Q,. is
1 Af
Qo = et — (Vaget — Qo) [—=—2T 17
! del ( del pt)( RPmopt_Pmdel> ( )

Secondly, consider all the deloading relationships between wind speed, generator speed, pitch angle and wind
turbine mechanical power in the 3D scheme of Fig. [I.18] The program to generate this data is as in appendix

section (Listing. [B.1]).
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Figure 1.18: The output power at different wind speeds Figure 1.19: The pitch angle deloading strategy at wind
(1-30 m/s) at MPPT and at 10% deload speed of 12 m/s

Again, to deload the wind turbine using pitch angle control, the pitch angle will be kept at deloading point
instead of optimal point (0 deg) [106]. To understand the deloading pitch angle strategy, consider the wind turbine
is operating at constant wind speed 12 (m/s) for Fig.

At steady-state, wind turbine will operate at point A with pitch angle 54.; and produce power at Py.;. Following
a request to increase the power via the droop control (1.4), the pitch angle will be changed from point A to
point B.

Once again, a look-up table can be used, but this results in introducing significant delay into the control loop.
This problem can be dealt with the same method as in . The relationship between desired produced power
Pprep and desired pitch angle 3,5 is then

Bdel - Bref

ﬂdel - ﬂopt
From droop control relationship (1.5)) and (1.8)), the desired pitch angle 5,y is

Pm'r‘ef = Pmdel + (Pmopt - Pmdel) (18)

1 A
ﬁref = Bdel - (6del - Bopt) <_Rpt—fpdl) . (19)
mop mde
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Chapter 2

Grid-connected power converter system
objectives and proposed approaches

To address and handle the problem of grid-connected renewable energy systems, especially in providing ancillary
services, the power system electrical objectives must be established. To be able to achieve these electrical objectives
by the mean of control systems, corresponding control objectives should be derived.

In addition, there is a need of introducing some relevant concepts and propose suitable approaches, in terms
of control structures and control strategies. The control problem is generally defined and control structures as
well as corresponding control strategies can be applied for any grid-connected converter-based application. The
first and foremost concept is the time and space separation control structure. In real life applications, the system
is controlled using Real Time Operating System (RTOSI), which only achieves its best performance and stability
when same time constant outputs are grouped together. For this purpose, time and space separation control
structure will classify the system dynamics into suitable groups.

At the same time, the generalized coordinated RES control (with both centralized and decentralized imple-
mentations) and control system design procedure are formulated in this chapter. The processes are generally
established, and act as a guideline for designing a controller satisfying the multi-objective goals of grid-connected
power converter applications, which are presented in chapters [3] [4] and

2.1 Power converter system objectives for grid-connected RES

A grid-connected generator/converter control specifications are normally divided into two categories: local (ma-
chine) specifications and global (grid) specifications.

The local ones are to ensure the machine's proper operation and to manage its produced active power P and
reactive power Q. Other variables, such as blade pitch/position and shaft speed, may be managed depending on
technology if a wind turbine is used in the [DRES]

Grid specifications are aimed towards ancillary services. This includes regulation of produced P and Q as well,
but with distinct requirements. Indeed, the should adjust its voltage not only for the safe and efficient
operation of the generator, but also for the neighboring AC grid. This means that the voltage at various (far)
nodes of the grid should respond differently in the event of many (specified by [TSOE) grid-level faulty incidents.
In addition, the grid frequency should also be constantly monitored and regulated. Large should, to the
greatest extent practicable, completely engage in voltage V and frequency f control, with the same duties and
rights as traditional [SGk. Also, large should participate in market mechanisms.

Similarly, HVDC can be viewed as a special case of [DRES| where the power converter system doesn’t have gen-
erators. However, [HVDC systems, especially VSCHHVDC]| can participate in regulating active and reactive powers
in large amount, thus they can also participate in grid voltage support/regulation and active power redispatch.
As a result, all of power system objectives for [HYD( are included in those of DRESl However, depending on the
circumstances, some of the requirements in power converter objectives can be omitted when applying for
system.

33
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2.1.1 Power converter system electrical objectives

Overall, providing for converter-based applications (DRES| and VSCHHVDC) is more complicated than for
classical GGk. From power system point of view, the primary[GAS electrical objectives (e.g. folDRES]) in this thesis
include grid voltage and frequency support. These regulations are equivalent to active and reactive powers control.
At the same time, these regulations have to be compliant with the local generation plant control. Therefore, the
power system electrical objectives are defined as following.

Firstly, grid voltage Vi,;q support, i.e. regulation of reactive power Q to a desired value Q.5 (or directly
control Vg,iq), based on local request and the whole grid requirement (e.g., secondary/tertiary control), in order
to provide Voltage Service Provider (VSPJ) services. The regulation of V4 by the mean of reactive power control,
can be done through the Q-V characteristics [I].

The ability to regulate active power P to control or support frequency, is also one of the main Frequency
Containment Reserve (ECR)) services. This capability is not only important for local plant stabilization but also
crucial for frequency-related services. Without this ability, DRES] will fail to comply to grid code [2], thus it cannot
operate independently.

Fast frequency response (part of [ECRI), i.e., inertia response or inertia emulation, which is similar to those of
conventional high inertia constant [SGk. Using the fast-regulation capacity of power converter, the low inertia of
can be partly compensated. For large DRESE, this capability can even be sufficient to fully emulate the
grid inertia, thus achieve a high inertia constant grid.

Next, the ability to maintain stable output power when there is a distortion in power source in a short time
(e.g. a drop in wind speed for wind systems, or sunset for solar systems), i.e., active power RAMP control (ECR)),
should also be provided. This is to ensure that the change on produced power is not too fast. Otherwise, due
to the sudden shortage of energy, the market-based energy price may increase vastly in case the source of energy
instantly drop, e.g., sunset for [PV] systems.

Another important feature is the ability to endure a grid distortion (e.g., short-circuit) and recover its operating
status before the faulty event, i.e., [ERT] capability and fault-clearing, with a required Critical Clearing Time (CCT])
according to European Network of Transmission System Operators for Electricity (ENTSO-E]) grid code for grid
connection applicable to all generators [2].

Finally, the coordinated control structure should also be easy to integrate secondary/tertiary services, includ-
ing automatic Frequency Restoration Reserve (@ERRI), manual Frequency Restoration Reserve (mERRI) and the
aforementioned [VSPl The control structure should be established in both of centralization and decentralization
approaches, then tested and finally compared to each other.

2.1.2 Power converter system control objectives

The power system electrical objectives defined in subsection [2.1.T] are now converted into equivalent power system
control objectives. The resulting control objectives are next utilized for power control system design.

Firstly, reactive power @ is regulated at suitable Q,..¢, including operating point value Qop, voltage support
reactive power AQg_v (using Q-V characteristic [I]) and grid-requirement secondary reactive power Qsccondary-
All of these signals are combined into Q..r, which is then used for control reference signal at local level control,
ensuring not only local plant stability but also

Q'r-ef = QOP + ACQQ—V + Qsecondary (21)

Secondly, active power P is controlled at desired value P,..y, includes operating point Pop, inertia response
active power APgr,cor (H is grid inertia time constant), frequency response active power A Pr,.p. and secondary
request Psccondary- Similar to reactive power control this reference signal P,..s is used at local plant regulation,
satisfying both of local stability and grid-level ancillary services:

{ Pref = POP + APROCOF + APFTDE + Psecondary (2 2)
min < RAMP rate (Pr.y) < max '

At the same time, the DC voltage is regulated at suitable operating point, depending on the request from grid
and/or the local services. In case of [PVl systems, DC voltage reference signal can also be influenced by the MPPT]
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Figure 2.1: Time separation for renewable generation systems

searching table.

Finally, the control system is settled in both centralized and decentralized structures, along with other necessary
objectives (robust/ nonlinear/ optimal control). Thanks to these carefully defined control objectives, the control
structure can be implemented with [GASloriented mindset.

2.2 Time and space separation control structures

As discussed in section [2.1} in power converter system, there are different control outputs in different dynamics
with different time constants. Since the real power converter applications are controlled using [RTOS] [3], control-
ling these dynamics with the same control level will reduce the performance of faster dynamics in the group as
well as stability of the whole system. For this, there is a need to classify and group these dynamics into suitable
groups, which then can be controlled in different control levels, resulting in a better performance and stability.

2.2.1 Time decouple for renewable generation systems

The [DRESI system dynamics are classified into 3 groups, "very fast” - "fast” and "slow” whith time constant of
10ms - 5s, 5s - 30s and more that 1min, respectively. This is illustrated in Fig.

The first group, "very fast”, consists of DC voltage Vpe, reactive power @ (for AC voltage control/sup-
port), active power P and grid inertia support RoCoF. These dynamics should be controlled at local generation
plants. The second group, "fast”, includes frequency - active power droop relationship, AC voltage - reactive
power droop relationship, [MPPT] table (for wind energy are pitch angle and generator speed, for solar energy is
desired DC voltage). The last group, "slow”, consists of secondary reactive power @ and active power P dynamics.
It means that the renewable power plant will be controlled to provide also secondary voltage and frequency support.

Each group in this control structure is generating corresponding reference signals for the lower level groups
(faster dynamics), which ensure the integration and participation of [DRES system in AC grid. In order to clarify
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this structure as well as to pave the way for control system design, the two centralized and decentralized approaches
will be presented in the next subsections.

2.2.2 Time separation using centralized approach

Consider there are n machines in the AC grid needed to be controlled. In the centralized approach, all these
machines are considered as a unique plant (plant 0), illustrated in Fig.

The aforementioned plant 0 is directly controlled by the first level control - the "very fast” control (i.e., Ref.
"very fast”). It means that DC voltage V¢, reactive power @ (for AC voltage control/support), active power P
and grid inertia RoCoF are controlled at this level at all machines at the same time using the same controller.
These regulating tasks are to ensure that the local/lowest level control is able to integrate the [GASlrelated control
services as discussed in subsection 2211

The next level control - "fast” control (i.e., Ref "fast”), provides references for the "very fast” control of
plant 0. In other words, the ("very fast” control + plant 0) is directly controlled by the "fast” control. The
("very fast” control + plant 0) is now called plant 1. In this level, the primary frequency services and primary AC
voltage services are handled using a single controller for all machines. These services are the required functions
for renewable power plant control in providing [GAS]

The highest level control - the reference control signal from secondary, is used to control the whole (plant 1
+ "fast” control). Again, the secondary control signal will control all machines at the same time using a single
controller. This slow control helps to provide [GAS] using DRES] but at grid level, i.e., this to ensure that the grid
voltage and frequency are stable on the grid-scale.

The centralized control, as its name indicates, tends to provide more performance and stability since the
controllers have all necessary information about the system. However, the cost of signal exchanging and signal
delay handling are huge, economically and technically. Therefore, decentralized control should also be investigated.

2.2.3 Time separation using decentralized approach

Consider the same n machines as in subsection [2.2.2] but now each machine is controlled independently, as shown

in Fig. 2.3]
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The same as in previous approach, but now plant 0 is just one machine, which is directly regulated by the
"very fast” control (i.e., Ref. "very fast”). Thus, for a [DRES] with considered n machines, there are n plant 0.
Similar to the case of centralized control, output of each plant 0 are DC voltage Vp¢, reactive power @ (for AC
voltage control /support), active power P and grid inertia RoCoF. These output are controlled at this level at
each machine using the its first level controller.

Each machine now has their own "fast” control (i.e., Ref "fast”), and each is indirectly controlled by "fast”
control. The ("very fast” control + plant 0) of each machine is now called plant 1, and thus there are also n plant
1. Same as in centralized approach, in this level, the primary frequency services and primary AC voltage services
are regulated using each controller for each machine. This means that each machine is participating into the grid
voltage and frequency support/regulation independently, compared to the joint participation of all machines in
case of centralized control.

The highest level control - the reference control signal from secondary, is applied to regulate the each (plant
1 + "fast” control). Again, this regulating action is done at each machine independently. Thus, each machine is
integrated into the grid independently, and also each is participating in [GAS] - providing services on its own.

The decentralized control may bring the benefits of being independent in term of controlling and requires less
information from other machines. However, the performance and stability of the whole system may be worsened
due to the lack of necessary information from neighbor grid, especially in case of faulty events.

2.2.4 Control structure with frequency and voltage support

To make it clear for the establishment and implementation of proposed control approaches, the general time -
space structure for renewable energy system is detailed and illustrated as in Fig. In addition, the structure can
be modified to adapt to the need of the control objectives in specific cases. In case of centralized control, there
is only 1 control structure as in Fig. In case of decentralized control, each machine has its own independent
control structure as in the aforementioned figure, i.e., Fig.
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Plant 0 can be a[PMSG wind energy system with full back to back two converters which connect the generator
to the grid (Fig. . It can also be a[DEIG wind energy system with two converters (Fig. [2.8]). The plant 0 can
also be a PV solar energy system consists of only 1 converter, which is illustrated in Fig.

The plant 0 is directly controlled by Reg. 0, i.e., "very fast” control. This includes DC voltage Vp¢, active
power P, reactive power @) and inertia response (i.e., control) if needed. As discussed before, this is to
pave the way for integration of [GASHrelated control function into this local/lowest level control. The detailed
strategy will be explained later on.

To be able to participate in active power P regulation, it is required that the DRES] system has some reserved
active/reactive energy in order to be able to increase its output if needed. This is done at the higher control
level, i.e., at the "fast” control by a reserved power mechanism in a slower control loop - Reg. 1. For wind
energy system, the reserved power mechanism are illustrated in Fig. including the [MPPT] for pitch angle and
generator speed Q) to deload the generator to a suitable level (e.g., 10 %), which is then used for [GASl For the
case of solar energy system, this mechanism is described in Fig. which gives the [MPPT] relationship between
the DC voltage and the output active power. A similar deload function is implemented to reserve some share of
the output power which can then be used for [GAS]

The details of the strategies using these time and space separation structure for renewable energy system will
be discussed more in the next section.

2.3 Optimal coordinated approaches

2.3.1 Optimal coordinated centralized approach

As in Fig. for centralized control approach, the considered system consists of n machines, all of them are
treated as a single unit called plant 0. In addition, all the subsystems are controlled by a coordinated centralized
controller with control input U.

Firstly, all of n machines are directly controlled by "very fast” control (i.e., Reg. 0), including [ECRI (RoCoH
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and active power control) and [VSP| (reactive power control) services, through signal Uy. This Reg. 0 also receives
the request from grid side (e.g., for inertia response) as well as from the higher level control. The reference signals
yref, shown in Fig. include reference signals for reactive power @,.y, active power P..; and DC voltage
Vyef. The inertia response, i.e., [RoCoFl control, is also achieved in this control level, through an additional part
of active power control.

Secondly, the plant 0 and Reg. 0 are combined into plant 1, which is regulated by "fast” control, i.e., Reg. 1.
This Reg. 1 is to provide [ECR]services, including frequency response, [MPPT] and deloading power functions. This
is done to guarantee that the power produced is at a reasonable deloaded level, with a reserve quantity of power
available for use when needed. A Q-V characteristic function is also used for AC voltage support, which generates
the enhanced reactive power reference to support the grid voltage.

Next, the plant 1 and Reg. 1 are now considered as a single unit, and controlled by a higher level regulator,
namely slow control (or secondary/tertiary control). For frequency support, the primary and secondary power
references are combined and used in the "very fast” loop. The same procedure is followed for voltage support,
which results in the generation of the reactive power reference for the "very fast” loop.

The vector Yy,;q contains the grid ancillary service reference signals, which are used to build secondary and
main signal references. Y;ef are grid-side direct requests (e.g., inertia response), which are routed directly to
the very fast control loop. Y;ef are the secondary reference signals for Qsccondary and Psccondary, respectively
(as in and (2.2)). All requests from the secondary level Y,/ and from the "fast” control loop are packed
into Y, Yoref denotes the operational point reference signals or the system'’s desired beginning values. Y"¢f
represents all secondary and main primary service requests, which are the lowest level control references.

All of control signals are packed together through the control structure. The resulting control signals U then
regulates all of n machines in a centralized structure.

The control gain is also synthesized using optimization to minimize the undesired interactions between machines
and grid side. This can be achieved by the means of optimized control, such as disturbance rejection using Hy/H
control.

2.3.2 Optimal coordinated decentralized approach

As in Fig. for decentralized control approach, the considered system is divided into n subsystems (depending
on their functions and their locations for example). Each subsystem consists of a single machine. In decentralized
approach, an overlapping decentralized coordinated control is used to regulate each subsystem, in the form of an
independent decentralized controller. The decentralized control structure has the following characteristics.

The control structure of the whole system is pretty much the same as in case of centralized control, but each
subsystem is now independently controlled by 2 layers of control, namely Reg. 0 and Reg. 1. The secondary/tertiary
control level is still a single unit, which sends reference signal to lower control levels.

The reference signals Yy,ia, Yo, Y77, ¥/ and Y ' are comparable to those used in the centralized
approach. However, each subsystem now has its own combined reference signal Yref, which is formed from the
combination of Yy,.iq, Y5/, Y7/ and Y7/

Compared to centralized control, another difference is the need that the machine-to-machine interaction is
minimized as part of the disturbance rejection process. As shown in Fig. 2.11] interactions with other subsystems
and/or the grid are deemed disturbances for each specific subsystem, and the control is synthesized to reject them
based on Hy/H, optimal control.

The decentralized approach can also be used in a larger set, such as in a large-scale power system. For
example, if there is undesired coupling between subsystems and/or the grid, disturbance rejection is used. If there
is no interaction, the rejection mechanism can be skipped, and the control effort is then concentrated on the
performance and stability of each subsystem as well as the overall considered power system.

2.4 Control system design procedure

To be able to design and implement the control approaches in section 2.3 with the control objectives in section [2.]
the following considerations are important: a guideline for power system control design, asymptotically tracking for
output reference signals Y"¢/ and depending on different controlling purposes, suitable advanced control
techniques should be employed and implemented by using a single control structure.
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Figure 2.11: Time and space separation of the DRES overlapping decentralized control

A power system control design process is crucial both to identify and ensurr control objectives. In addition, this
process guarantees the resulting controller to be optimal, by carefully selecting suitable modelling and controlling
techniques.

To ensure asymptotic tracking of output references Y7/ (see Fig. for centralized control and Fig.
for decentralized control), in the presence of disturbances and model uncertainties, the internal model principle [4]
has to be utilized. At the same time, the power converter systems are systems, thus state-space model is
employed to achieve optimal performance and stability.

Various advanced control strategies are applied depending on the situation. To be able to utilize several control
strategies at the same time in a single control structure, [Mll techniques are suitable and sufficient. For each control
technique a group of [LMIl conditions is deduced and, all of these [[MIl conditions are combined and solved together.
For example, optimal Hs/H, control (for disturbance rejecting), mixed sensibility loop shaping (for cutting high
frequency oscillation in LCL filter) and internal model principle (for reference tracking) can be combined easily
using techniques. In addition, because are very nonlinear and uncertain, nonlinear fuzzy control may
be considered. Another important technique to consider is the pole-placement technique, which helps to
achieve suitable time constants and damping of targeted responses. These techniques will be presented accordingly
in each application chapter, including chapters 3} [4] and

2.4.1 Power system control design process

The power system control design process is described in Fig. 2.12] including the following steps:

1. Define the original model: first step is to define which is the original model we want to control, using Root
Mean Square (RMS]) or ElectroMagnetic Transient (EMT]) simulation modes. This step is very important,
because it may directly affect not only control objectives but also the chosen control techniques (e.g., if the
original model has too many states and is highly nonlinear, the control objectives may not include a stable
operation in large range of state values, thus fuzzy control technique is inapplicable and not useful in this
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case), and then indirectly affect controller design step.

2. Define desired operating point & linearized model: this is also a crucial step, since a good stable equilibrium
point is necessary to obtain in order to achieve a reliable linearized system as well as optimal controller.
Linearized model is useful in many cases, such as in rapid (linear) controller design and power system
modal analysis. The operating point and linearized model can also help to start the system smoothly, avoid
exhausting the actuator and its capacity (e.g., a bad starting point may saturate the controller capacity,
thus greatly reducing the operating range of the system).

3. Define control objectives: according to the requirements from different sources, a group of control objectives
should be formed. This step is the key step before choosing control techniques to be used to design the
controller. A group of control objectives is the compass for selecting a control strategy. The control
objectives are also influencing the scenarios for control validation (e.g., if frequency support is in the list of
control objectives, then a scenario when there is a need for frequency support is required).

4. Select control techniques: based on personal preferences and control objectives, one or a group of control
techniques (e.g., optimal Hy/H, control and/or[LMI)) are chosen and applied for the controller design step.

5. Synthesize the controller gains: based on control objectives, chosen control techniques and the desired
operating point (along with its linearized model, if necessary), the controller will be designed using the
selected control techniques.

6. Defining scenarios and validation tests: this step is to validate the controller, using defined scenarios to
ensure the controller satisfy all of the control objectives. The validation is done on the original model.

2.4.2 Control structure for reference asymptotic tracking

Consider a [MIMO]I state-space model with state X, input U and output Y:

X = AX 4+ BU
Y =CX + DU (2.3)
Y (s)=G(s)U (s)

The general problem of power system control is to design a controller such that outputs Y of system ([2.3))
track the step references Y;..r in (2.4):

X, =0
r 2.4
{ Y,op = C, X, (2.4)

Hence, the tracking erroris e = Y,y — Y.
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The internal model principle [4] states that the outputs of system are able to robustly track the step references
Y5 iff the two following conditions are satisfied:

e All eigenvalues of the closed-loop system are stable.

e The open-loop of the controlled system ,i.e., the system includes the original system ([2.3)) and its controller
U, contains the reference model ([2.4).

For the case of step references Y. in (2.4), the model of each reference will be 1/s. In many cases, the
original model doesn’t contain 1/s. Thus, to ensure asymptotic tracking, the controller has to contain 1/s in its
model. To do this, an augmented system is introduced, with augmented state X is in (2.5]):

X=[Xx e]" (2.5)
We have:
X = AX + BU
ée=-CX—-DU
Therefore, the augmented system is:
X =AX + BU
4 =44 2.
{ Y=CX (26)
where:
= 0 A — B ~
A_{O _C],B_[_D},C_[o I]
U=U
The controller is now a [MIMOIPIDI controller (2.7]), having the integral action 1/s inside its form:
X
o] %] @

Generally, this control design process can be the same for larger classes of control system compared to system
g]), e.g., including but not limiting to, the system with disturbance W in , and with uncertainties A in
@. It also can be the nonlinear system with state-space matrices are nonlinear (i.e, they are time-varying
matrices) as in . Of course, the controller should be designed differently to meet the need of each situation,
but the general process is almost the same as in this subsection.

X = AX + BiU + BoW (28)
Y =CX + DU+ D;W ’
X = AuX + BiU + By W (29)
Y = Cy X + D1yU + DoyW ’
X=(A+AA) X+ (Bi+AB)U + (By + ABy) W (2.10)
Y:(C—FAC)X—F(Dl+AD1)U+(D2+AD2)W '

In case the reference signal is not a step but a higher order signal (e.g., RAMP), the controller itself has to
contain the aforementioned higher order dynamic to satisfy the internal model principle, i.e., to ensure asymptotic
tracking.
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Implementation of LMI ¢
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Figure 2.13: Generalized LMI-based control system design process

2.4.3 LMl-based control system design process

The techniques, in general, are a particular way of translating the control problems (or even observation
problems) into one or a group of conditions, which next can be solved by a suitable solver (e.g.,
MOSEK [5]). In addition, there are so many theorems and lemmas so that they can cover entire classical
frequency-domain approaches (e.g., loop-shaping technique) as well as time-domain approaches (MIMO] control
or fuzzy control). However, regardless the chosen approaches and conditions, as in Fig. there are a common
[[MIl based process to solve the control problems, including:

1.

Firstly, the control problems have to be formulated in mathematical forms. If there are other requirements in
the forms of other fields, such as power systems or physics, these requirements have to be firstly transformed
into mathematical forms.

Next, the considered model and the control problems, both of them have to be transformed into state-space
model forms. As in the case of subsection [2.4.2]|Control structure for reference asymptotic tracking, the
model of the system and its outputs tracking problem are formulated using state-space approach.

Then, the control techniques have to be selected, based on the control designer's preferences and applications.

After that, the corresponding [LMIl theorems are formulated. If necessary, some lemmas will be introduced
to alleviate the process of [[MIl theorems construction as well as their proofs.

The[[MI theorems are generally formulated, but sometimes there are overlapping parts between [[MIl theorems
or some unnecessary conditions. To maximize the probability of solving the formulated conditions,
corresponding implementation-friendly conditions are established. This step is done just right before
the implementation of the [[MIk, i.e., just before the coding process, e.g., using MATLAB coding.

To be able to solve the [LMIl theorems, the platforms (e.g., MATLAB coding or python) and [LMll solvers are
selected. These selections are based on the problem formulations at the first step and the [LMI| theorems

themselves. It is necessary to consider other constraints such as prices and the performance of platforms
and [LM]Il solvers.

Finally, the [LMIl theorems are implemented using the chosen [LMIl solvers and platforms. The resulting
controller is tested and validated as in Fig. of subsection [2.4.1
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In practice, the control design process using [[MIl-based techniques may seems to be very different from each
other, especially in case the designers are using different platforms and solvers. These differences come from the
way the problems are formulated, as well as the way each platform and/or solver works. However, following this
process (i.e., Fig. @ , the control designer can manage to form and solve the considered control system problem.
The platforms and [LM]l solvers will be discussed and presented in the next chapter in Appendix [A]
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Chapter 3

VSC-HVDC application

This chapter is focusing on the grid connected application, and the implementation of the decen-
tralized control approach for its control. Due to the rapid growth in the size of power grids, the need for status
and/or output information in remote areas has made traditional centralized control strategy solutions increasingly
impractical. Moreover, it is much more difficult to obtain the necessary information when the supply signal source
is very remote, such as when large-scale integration of distributed renewable energy sources in distribution systems.
On the one hand, we need to decentralize our controllers because we have a lot of generators to deal with. In
fact, it is necessary to increase the flexibility of modern energy systems so that the system can operate close to its
limits. On the other hand, the strong and optimal decentralized management can satisfy the need for redundant
information management and maintain the same performance as the previous method. Also, with the gradual
development of decentralized control [I], [2] from the 1980s to the 2010s, and robust optimal controls [3]-[5] from
the 1990s to the 2010s, now it is much more relevant to develop decentralization strategy in power system control,
especially for grid-connected application.

There are many studies on including feedback linearization [7], small-signal stability [8], and
decoupling control of converter stations using [MIlbased control [5], [6]. In addition, in recent years, not only DC
networks, but also multi-terminal DC power networks, which have many advantages over AC networks [9], [10],
[I1], [12], have been rapidly developed and intensively studied. However, these works hardly cover the uncertainties
of [HYD( systems, and none of them have satisfied the need for decentralized methods.

This chapter includes: the VSCHHVD system modeling in both of nonlinear and linearized models, the [MI-
based linear robust H., decentralized control in small-signal simulation and finally the [MI-based robust Hy fuzzy
decentralized control in nonlinear simulation.

3.1 VSC-HVDC system modeling in dq frame

3.1.1 VSC-HVDC nonlinear model in dq frame

Consider a [VSCHHVDC link connecting two AC domains as in Fig. If an average model [13], [14] is used for
the converters, the resulting nonlinear model for the overall system is

Lgi,mp1

it PCC1 1 Lpc.rpe 99 PCC2
T

B :
g 2 'pc
Lyi,r

= %lPDC’i 1'I)C,’2i+ /\_/ 3

1\ 1 Ca T

Figure 3.1: VSC-HVDC power structure

Inf.
node
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H S.N Variable Names Constants Values H
1 AC grid inductance Lgi = Ly 0.11H
2 AC grid resistance Tgl = Tg2 0.01Q
3 Filter inductance Ly = L,o 0.025H
4 Filter resistance el = Tpo 0.01Q
5 AC filter resistance R, 2Q)
6 DC capacitor filter C1=Csq 220%10°%F
7 DC line resistance rDC 1.399
8 DC line inductance Lpe 1.59%1072H
9 Grid voltage E 187*10%V
10 Grid frequency w 314rad/sec
Table 3.1: VSC-HVDC system parameters
dzy _Rs _ Tg1 R B
T To: o)t + wxo + T %3 + Ton
dﬂ — Rs — Tgl . e Rs
o Lo Tor 9 —wx1 + Lglm
dxs _ R,  rm R, x5
di Los ~ Lo ) T3 T %1 T wra — spoi
dey _ (_ Rs _ 701 R _ _ x5
dt T Ty ) Tat p5T2 w3 — gpTUs
des _ 3 3 2
ddt - 2C11 L3y + 2C LaU2 16'1 L6
are . __ 1 __ TDcC _ 1
ddt - 22LDC’ x5 LDcx 2§‘DC’ x7 (31)
dzy _ 2 =
i = 0,6 T e, T10U3 T 55, T11Us
dxg _Rs _ Tg2 R, B
dat Loz  Lg2)*8 +wrg + L,z L10 + Loz
drg _ (_ Rs _ Tg2 _ Rs
Gt =\ T Le L) P9 wIstLLTn
dwlo — _ RS _ Tr2 R _ xXr7
dt =\ L,s L) %10t 5% T W — 5p U3
driy _ ([ Rs _ Tr2 Rs _ _ Tz
a =\ T1n T L)t T 5T Wl T gp U
T1 = lg1d, T2 = iglq
T3 =17, Ta =107, ur = Sd
T5 =Upc1l, %6 =1iDpC Uz = Biqg (3.2)
Tr =Upc2, Ty = ig2d uz = Bag
Tg =dgaq,  T10 = log ug = g
T11 = 13,
The outputs of the system are
Y1 =VUpci1 = Ts
3 3
Yo = Q1 = §Rs$2$3 — -Rszi2y
3 3
=P, ="R. — “R.,2% + =R,
Y3 2 2353383310 2R,s$10 + 2RS$9$11 (3.3)
3
2
— §RSI]Z‘11

The system parameters are given in table [3.1]

3 3
Ys = Q2 = 5353399610 - iRsxsxn
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3.1.2 Linearization of VSC-HVDC nonlinear model

To control the nonlinear system (3.1)) using a linear control, a linearized system must be derived. The nonlinear
system ([3.1)) is of the general form

X=[f(X.0), Y=g(X) (3.4)

The resulting linear approximation of this system around an equilibrium point (X*, U*) is

AX = AAX + BAU, AY =CAX (3.5)
where
AX =X - X*,AU=U—U* A= %]
(X*,U%)
_ of(X.U) _ 9g9(X,U)
B = === C ===
U ey’ X e
X* =
* * * * * * * * * * * T
[ Ty Xy T3z Ty Ty 93:6; Ty Xg Tg Tyg T1p ]
U* = [ ul  uy ui uj ]
T
A1l Az 0 Bi11 0 C11 0
A= 43 Ay A ,B = B21 B2z ,C = | €12 Ca2
0 Azz  Aszz 0 B3z 0 Ca3
with
_ 2 17T _ 1
Ae=[0 000 & ] 4n=[0 0 0 0 5 ];
— | _rpc
Ao = { LDC:|
— 1 _ 2 T
Aps=[ 572 00 0 0], Ap=[& 0 0 0 0]
Ay =
r —Rs Tgl Rs 7
To1 Lo w Lot 0 0
—w —Rs _ gl 0 Rs_ 0
Lg1 Lg1 Lg1 .
Rs —Rs Trl —U
L1 0 L1 Loy w 2L,y
0 R —w —Rs _ Tr1 )
Ly Lyy Ly 2L
SuI u;
L 0 0 20 20, 0 ]
Asz =
r 3uk 3ul} 1
0 . 0 . 0 QEZ 20‘;
—Rs 92 Lis
_— — s 9 S
0 w Tos Too 0 oo
—u R —Rs Ty
2L, T2 0 Lo — Lrs w
—Ug 0 R —w —Rs _ Tr2
L 2L.2 L2 Lyo Lyo A
0 0 3?0 3981
2 2
0 0 02 02
o3
Bu=| "2La 0 |sBs= 0 0
_ 5 _ %7
0 20,1 2Ly2 0
3z 3z} 0 oz
201 201 2Lr2
321:[0 0];322:[0 O]
0 0 0 0 1
Cll = _ 3Rsxj 3Rz} 3R,z _ 3Rszx] 0
2
0 0
012 = |: 0 aOQQ = 0
Caz =

2 2
73Rsxi‘1 3Rsz], 3Rszg 73Rsx3

3Rsx? 3Rs2? 3Rsx} 3Rsx}
[ 0 2frio win 3Berigpoat, 3BT 3Rai) ]
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< f-\:
Controller 1 B Yiret
U, )
W, > Plant 1
—_—> Overlapping
> (plant 1 & plant 2)
Wa > Plant 2
U,
Controller 2

Figure 3.2: The decentralized overlapping system

Notice that the linearization process can also be done using MATLAB linear analysis tool as mentioned in
Appendix [A.1][Linearization with MATLAB/Simulink] In this case, the result is numerical only.

3.2 Linear robust H,, decentralized control in linear model simulation

This section is dedicated to the linear optimal H,, decentralized control approach base on overlapping control
technique [I] and applied for the mentioned VSCHHVDC] model, with the performance verification is done in the
linearized model ([3.5)) (i.e., small-signal simulation).

3.2.1 Overlapping decentralized VSC-HVDC linear model

The general principle of the decentralized control is given in Fig. (section [2.1] chapter [Grid-connected power]
[converter system objectives and proposed approaches)). Here it is achieved via a overlapping decentralized control
structure [1] which is schematized in Fig. [3.2|for the case of two subsystems/plants. In case of HYDClsystem as in
Fig. [3.1] each plant is a converter, where plant 1 is converter S1 and plant 2 is converter S2. This structure uses
state feedback control with integral action [I5] to ensure the asymptotic tracking to a step in reference signals.

One can notice that from the linearized system equation (3.5)), or again on the VSCHHVDO physical model in
Fig. the system can be divided into the two overlapping subsystems:

) { X, = A X, + BlU, + BY\W;

Yl.z Cle (3 6)
(0 Xy = A Xo + BiUs + B3W, '
Yo = 0o Xy

where W1 = x7 for system (I), Wi = x5 for system (II), the common states is xg, and:

Xlz[.lil To XT3 T4 Ty JJG]T

T
Xo=[we x7 xs Tg T10 T11 ]
A11 A12 A22 A23
! Ay Agy |72 Azy  Ass
B B
1_ 1 | . p2 22
B = By } B = Bss

Cr=[Cun Cia];Cy=]Crn Ca]

B[00 000 5|

B2=[ 7~ 000 0 0]

2Lpc
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3.2.2 Augmented System for Reference Tracking

Each subsytem in the linearized HVDC system (equation (3.6])) is in the form of a state-space linear system with
disturbance:

X=AX+BU+BW, Y=0X (3.7)
Consider the tracking error between the reference and output:

e=-CX +Y;"ef- (3.8)

To be able to ensure asymptotic tracking, an augmented system should be constructed. Using internal model
principle [I5], respectively, the considered augmented state, output, input and disturbance are:

X:[f};?ze;ﬁzU;W:W (3.9)

The resulting augmented system is:

(3.10)

—N
=
(I
Qs
<t

4
EUI
]
+
léwl
=

where the augmented matrices are:
- A 0 = B = By =
o[ Se 3] [ to 0

3.2.3 Robust H, Decentralized State Feedback Control

Now, to control the mentioned VSCHHVDC] system, H, decentralized control approaches are introduced. Firstly,
the approach ignores the uncertainties for simplicity. The control gain is produced using [LMI] technique [5], [6].
Next, a the control gain will be generated again but we will take into account of the norm-bounded parametric
uncertainties.

Consider a state-feedback controller U of the augmented system (i.e., the controller U with integral

action for the original system (3.7))):

U:U:KX:,U:K{I);#] (3.11)

3.2.3.1 Uncertainty-Free H,, Decentralized State Feedback Control

For the uncertainty-free case, the considered augmented system ([3.10)) can be generalized in a full form of state-
space model with disturbance

)_L( = AX + BU + B,W (3.12)
Y =CX + DU + D;W '

The transfer function G (s) from the disturbance W to the output Y is:

{ Y (s) =G (s) W (s) (313)
G(s) = (C+ DiK)(sI — (A+ BiK)) "' By + Dy '

To minimize the undesired interaction of the overlapping state between the two converters one has to minimize
the norm of the transfer function G (s)

Y[l < Il [[Wl, (3.14)

o0 ‘
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Problem 1 The H., problem for the linear system (3.12) is to formulate the control law such that

sup (3.15)

i T, <

for a given positive scalar ~y.

Analysis of stability and reliability in the uncertainty-free case (i.e., problem [1)) is summarized in Theorem
below.

Theorem 1 Problem () (i.e., Ho problem) has a solution iff there exists a matrix W,, and a symmetric positive
definite matrix X, , satisfying:
min -y
Xp,Wp
v B, (CX,+Diw,)"

B} -1 DT <0

CXp + D1 Wp D2 7’}/1

— (AX, + BiW,)" + AX, + BiW,

(3.16)

The control gain K is

K=Ww,Xx* (3.17)
Proof 1 Consider the linear system without disturbance
Y=CX+ DU (3.18)
The transfer function G (s) of this system from input U to outputY is:
Y=G(s)U
{ G(s)=C(sI— A 'B+D (3.19)

The Hy, problem of this system, i.e., problem |1} is solved, iff there exist a positive definite symmetric matrix
X, , such that [5], [6]

{ X = AX + BU

XPAT + AXp B XPCT
BT —~I DT <0 (3.20)
CXp D —I

This result applied for the linear system with disturbance (equation ((3.12))), along with defining Wp = K Xp,
proves Theorem 1.

3.2.3.2 Robust H,, Decentralized State Feedback Control

Consider now also the bounded uncertainties via the version ([3.12]) of the system
)j( (A+AAX + (B + ABy) U + B,W (3.21)
Y = CX + DU + DWW '

where

[ AA AB, |=HF| E1 Es |
FEy = 51A; ‘51‘ <ryri € R*

Ey = 62B1; 02| < 72512 € RT
FTFR<I

(3.22)

The transfer function G (s) from disturbance W to the output Y is

{ Y (s) =G (s) W (s) (3.23)
G(S) = (é‘i‘ le)(sI — ((/_1—"- AA) + (Bl +AB1) R>>_1B2 + DQ .
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Problem 2 For the linear system with uncertainties , the robust H., problem is to design a state feedback
regulator such that

¥l
sup —= < (3.24)
)0 W1l

holds for a given positive scalar .
Stability conditions in terms of [[M]l are given for the system ([3.21]) in Theorem [2] below.

Theorem 2 The robust H,, problem, that is, Problem[g has a solution iff there exist a positive scalar a;, a matrix
W), and a symmetric positive definite matrix X, , satisfying:

Xowp )
v B, (CX,+DW,)" (BEiX,+ E.W,)"
BT T DT 0
_ _ _ <0 3.25
CXp + D1Wp DQ 7")/]' 0 ( )
B X, + EW, 0 0 —al
where, U = (AX, + ByW,)" + AX, + ByW, + aHHT
The control gain K is
K=W,X,"! (3.26)
Proof 2 To prove this theorem, a well-known lemma [5]], [6] is needed:

Lemma 1 The following inequality

Q+MFN +NTFTMT <0 ,VFTF < 1T (3.27)
holds iff there exist o > O satisfying

Q+aMM” +a 'NTN <0

(3.28)
Next, use Theorem |1l with G (s) given by equation (3.23)):
- _ _ ~ — T
(AX,+B\W,). By (CX,+DiW,)
B a1 DY
i (3.29)
+< 0 | F[ B\ X,+EW, 0 0 ]> <0
0 S
Using lemma[1) with
- _ _ ~ _ T
(AX, + BiW,)  Ba (CX,+ D1W))
Q=| Bl I DT
CXp + Dl Wp D2 —’y[
H
M=| 0 |;N=[ E1X,+EW, 0 0|
0

inequality is written as
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W By  (CX,+ DiW,)
BY —I D]
CX,+DiW, D, -1 3.30
Ei1 X, + E;W, (3:30)
+a~! 0 [ E1 X, + ExW, 0 0]<0
0
where
U = (AX, + BiW,)_ +aHH" (3.31)

The latter inequality can be equivalently written to the[LMI] form of Theorem |2 using Schur complement lemma
15, i6]

3.2.4 Simulations and results

The proposed control strategies are verified in this section with the linearized model ([3.6)), in different HYDC] line
lengths (110 Km, 750 Km, 1400 Km), with the consideration of parameter uncertainties in system equations ([3.6)).
The [HVD  system using proposed overlapping decentralized controls are tested and validated through 3 different
scenarios:

e Scenario 1: the H, Robust Decentralized Control and H., Decentralized Control (H;,; DC))
are tested for the 110Km [HVDU link with 20% uncertainty in matrices A and B; of system (3.12) (AA =

0.24 and AB; = 0.2By, i.e. an increase of 20% of R, 7g1,7r1,7g2,7r2, and a decrease of 17.3% of

Lpc, Ly, Lg1,Ch, Lya, Lyo). As shown in Figs. and (for vpe, Q1, Ps, Q2 respectively), the robust
control version H;, s RDC' provides a much better damped outputs and shorter transient time.

e Scenario 2: the [[;,; RDC]is tested for different lengths of the DC line (110 Km, 750 Km, 1400 Km), and
also with 20% uncertainty as in scenario 1. As can be seen in Figs. [3.5 and there is a clear relationship
between the length of the line and the control performance. The longer the length, the better performance.
This can be explained by carefully examining the system of equations[HYDC where there is a strong coupling
between vpeo1 and vpee. The coupling between these voltages is inverse proportional with the length of the
line (i.e., with rpe and Lpe). For short HVD{ line (110 km) the performance is acceptable with sufficient
damping, while on longer lines the oscillations due to the undesired interaction are completely damped.

e Scenario 3: If one converter loses control (that converter's input control is now 0), the other converter will
still operate correctly. This scenario is validated using 2 tests. For the first test converter 1 losses its control
(i.e., converter S1 in Fig. (illustrated in Figs. and [3.8))) and for the second one, same situation
is studied for converter 2 (i.e., converter S2 in Fig. (illustrated in Figs. and [3.10)). In the first
test (Figs. and ) the outputs of converter 1, i.e., vpc, @1, are not tracking the reference since the
control input of this converter are equal to zero. However, the second converter is still able to control its
outputs P», Qs to track the desired references. The same behavior is found in the second test, where the
second converter S2 lost its control (i.e., P, Q2 are not tracking the references), the first converter S1 is
still able to regulate its output vpc, Q1 to track the references as in Figs. and

3.2.5 Conclusion

This section provides decentralized regulation of [HYD links. It has the advantage of providing two independent
controls for each inverter. Independence at all levels: aggregation, action and use of measurement. This is
an advantage over traditional vector control, which has a separate synthesis but uses feedback from different
transducers to isolate the dynamics. Our proposed control provides resilience. In the event of a control fault in 1
converter (loss of measurement or control), control of the other converter is not severely affected. Communication
between the two terminals is not required. The natural interaction between the dynamics of the two converters
is considered as undesired disturbance and is handled by the advanced control. In order to analytically ensure the
stability of the entire closed loop (ie, for the entire grid-connected [HVDU), the gains are synthesized by solving
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the LMIl The coupling between inverters is quantified by the length of the [HYDC link. The aforementioned H,
[CMI}based synthesis improves parameter robustness and interference suppression. As a result, coupling effects are
well tolerated and good results can be obtained even with short[HVDC lines (and thus strong undesired interactions
between the two converters).
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Figure 3.5: DC voltage vpc1 & reactive power Q1 in Figure 3.6: Active & reactive power P, Q2 in 110 ,
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Figure 3.7: DC voltage vpc1 & reactive power Q1 Figure 3.8: Active & reactive power Py, Qo (control
(control loss in converter 1) loss in converter 1)

3.3 Robust H; fuzzy decentralized control in nonlinear simulation

As discussed in chapter|Introduction|and in chapter|[Grid-connected power converter system objectives and proposed|
approaches| a grid connected power converter system in general, as well as a system in particular,
not only has parameter uncertainties but also has many nonlinear dynamics. Also, can be required
to operate at different operating points. To handle such a nonlinear system, a Hs Robust Nonlinear Fuzzy
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loss in converter 2)

Figure 3.9: DC voltage vpec1 & reactive power 0y
(control loss in converter 2)

Decentralized Control was proposed. Similar to the decentralized approach in section the
consists of two nonlinear subsystems, each subsystem is 1 converter. The nonlinear interactions
between the two subsystems are treated as disturbance rejection using fuzzy optimal control methods. First, the
Takagi Sugeno (9] fuzzy model is used for fuzzy modeling of nominal nonlinear system. Next, new stability
conditions for VSCHHVD control system taking into account of parameter uncertainties. The control method is
based on the [M]l techniques.

3.3.1 Overlapping decentralized VSC-HVDC nonlinear model

(3.1) is a nonlinear model, and its nonlinear state-space representation can be put in the form of (3.32):

X = AX + BU + BgW
{ Y =CX .
where
A A O Bu 0
C1 C 0
A= | A A A3 |B=| Ba B |;C= { 61 C;z Ca3
0 A3y As 0 Bs T
Bi=[75 000000 ;& 00 0]
with:
—R Tgl R
T i w Lo 0 0
—w o - 0 Loy 0
gl gl g1 2 T
A = 551 0 T % w 0 7‘412:[0 000 _CT] ;
R, —R Tr1
0 Lo —w T Lo Y
0 0 0 0 0
Ay =[0 0 0 0 3= Tidy=[-322]ids=[ 5722 0 0 0 0];
0 0 0 0 0
7R5 ’I"g RS
T 0 Lg2 L922 R @ L Ig
A32 — |: c O O 0 O ] ;A33 = 0 —W zg; — Li,zg 0 Lgs2
R, —Rs _ 1r
0 Lo 0 Lra LTZ “
o 0 B R
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3z 3z

0 0 50, 20,

0 0 0 0
B = _225;1 0 ; B3o = 0 0 5

33 _3?:{‘?1 oL 2:

2031 20? 0 *2%;2 -
Bglz[o 0];322:[0 0};012:[0 0];022:[0 0]

0 0 0 0 1
Cll = 73R5I4 3RSI3 O O O

0 23R551710 3Rsz11  __3Rswi0 _ 3Rszna

Ca3 = [ 0 _31%;11 3R§x10 02 02 }

Here, as in the case of linear decentralized control, the nonlinear [HYDC| system also consists of two strongly
coupled inverters. Each part of the converter is treated as a subsystem (or block) and then controlled independently.
The nonlinear HVDC system ([3.32)) can be divided into 2 overlapping subsystems:

X, = A1 X, + BiU, + Biw, Xy = Ay Xy + B3U, + B3W,
(1){ Vo Uy y2 285, (3.33)
where:
T T
W1:[337 E];le[mg) E]
and:
Xi=[21 22 w3 T4 5 Tg | X2 [ 26 @7 @ z9 x10 @ | ;
A A Ago By 9 Bas
Ay = ; Ag = :Bi = ; BY = ;C1=| C C ;
! Agr Ao 2 A32 Bo ! B3 ! [ 1 12 ]T
00 0 0 = L 0 0 0 00
_ . 1 _ 2L . 2 2L
Co=[Cn Cu 5By = % 0000 0 | T 0% 0 2 000]

By using Kirchoffs law, the d-q voltages at PCC1 and PCC2 in Fig. [3.1] can be written respectively as:

Uf?j = Rs (igld - 74%) = Rs (1171 — 1’3)
; i 3.34
{ 052 = Ry (ig1g — i55) = R (x2 — 24) (3.34)

{ ”US?I = Rs (Z"gZd - Zczxsl) = Rs (xg — CElo) (335)
v3g = Ry (Zg2q - 153) = Ry (z9 — x11)

To simplify the controllers, the voltage on the g-axis is also assumed to be zero. So to indirectly control active
and reactive power we can directly control currents. So the result of the system is:

T
y=[2s x5 T10 T11 | (3.36)
The nonlinear system ([3.33)) is now written as:

dzy _ (_rr1 X5 1 00

at ( o1 ) T3 twry — gpul + Vg
dry Tr1 s 1 o
aw — TWrs ( L ) T4 = gr, U2 T L Vg
dr5 - 3 _

—ddt = —2011 r3uy + 20 T4U2 101 Tg

L6 _ TDpcC _

ddt - 22LDC Zs 3 oot 2§/DC x7 (3'37)
X7 __ 4

T 506 T e, T10Us T 55, T11Ud

drio _ (_Tr2 _ _T7 ., 1,
o= I ) T10 T WT11 — 575 U3 + 75V
dzin _ [ _rp2 _ _ _zT _1 00
di — \ 7Ty )T T W — gp Ut T Uy

Thus, the nonlinear decentralized system ([3.33)) now has disturbances Wy, W, and states X, X as:
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le[x7 vy Uiy ]T;W }T;

— oo
2_[955 Vgq Vg
T

T
Xi=[23 24 a5 w6 | ;Xo=[wm6 27 x10 211 |
and its state-space matrices are
— ry r —1
. w 0 0 ——ng oo 0 0
— — e 0 0 —= 0 0 0
_ Lo AL — Cs .
= 0 0 0o -Z A2 0 0 e
1 rhe 0 0 2 Tr2
L 0 0 2Lpc  Lpc —w " L2
[ —57 0 0 0
(R el 0100 0010
By = 3z girt | 3By = 2% 2 ;C1 = [ } ;Cy = [ }
20, 50, e 0 0 010 00 0 1
T7
0 0 0 _2Lr2

The control system structure is still similar to those of linear control presented in section The overlapping
nonlinear strategy structure using fuzzy technique is exactly the same as in Fig. just the controller itself is
different.

3.3.2 Fuzzification of decentralized HVDC nonlinear model

To be able to control each subsystem in the overlapping HVDC nonlinear system ([3.33)) using fuzzy technique,
firstly we have to define the nonlinear sectors [16]. These nonlinear sectors are the time-varying state-dependent
elements in the converter state-space matrices, which is actually a bi-linear system:

X = AX + BiU + B,W; B, = B X

where A, B] and By are time-invariant matrices.

Obviously, these nonlinear sectors come from the B; = B{ X matrix of the converter, which is a linear function
of the X state. To capture the dynamics of a nonlinear system, the control design must account for the variations
of these nonlinear sectors. The fuzification process is the process of transforming these nonlinear sectors into
a convex combination of time-invariant linear elements, which can then be handled by linear controllers using a
global Lyapunov function.

Ts 3.%‘3 3.%'4
2L, 2C;" 2C4
T7r 3T 3T11
2L, 2057 20,

In the subsystem (I) of system ([3.33]), the nonlinear sectors are: —

In the subsystem (1) of system ([3.33)), the nonlinear sectors are:—

These nonlinear sectors share the same membership function with the states z3, x4, x5, 7, 10,11 because
they are the linear functions of those states. Thus, there are three nonlinear sectors for subsystem (I): x3, x4, x5,
and three nonlinear sectors for subsystem (IT): 7,210, Z11-

The ranges of these states for the considered are given in table They were carefully selected
to closely match the actual state’s range of value in VSCHHVD( system and cover the system operations such as
power flow inversion, and parameter uncertainty.

Therefore, each subsystem in the decentralized system ([3.33]) can be put in the fuzzy system :

-

X=5= + BoW
;w (2)

(3.38)

T
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H S.N Variable Names Signal ‘ Ranges of Value H
1 x3 99 [-3000, 3000] (A)
2 x4 iy [-3000, 3000] (A)
3 x5 UpC1 [300e3, 400e3] (V)
4 X7 VDC2 [300e3, 400e3] (V)
5 210 59 [-5400, 5400] (A)
6 Z11 i3 [-5400, 5400] (A)

Table 3.2: Ranges of the states of VSC-HVDC system
where

Z:[Zl zZ9

Zp ] jw; (2) = H M;; (Zj)7h,2 (2) = Twli
j=1 ;wl (2)

and z; are the nonlinear sectors and M;; (z;) is the grade of membership of z; in M;;. In the considered
decentralized HVD( system (3.33)), subsystem (I) has 3 nonlinear sectors: z; = 3,22 = Z4,23 = %5, and
subsystem (IT) has 3 nonlinear sectors: 21" = x7, 20" = w19, 23" = 211.

3.3.3 Augmented System for Reference Tracking

Consider the nonlinear fuzzy system ([3.38]). The error between the vector of the output signals and the one of

reference signals is:

e = —CX—I—nef

As in the linear case, the states and the output of the augmented system are

or, in a concise form:

where:

(3.39)

(3.40)

(3.41)

(3.42)
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3.3.4 Robust H; Nonlinear Fuzzy Decentralized Controller
As in the linear control, the system ([3.42)) can be controlled using state-feedback fuzzy control technique:
O=U-RX=>U=RK| ~ (3.43)
T - J edt '
The fuzzy control for the fuzzy system ([3.42)) is constructed using the Parallel Distributed Compensation (PDC):
Control Rule j:
IF 21 is Mjl and z92 is Mjg and ... and Zp is Mjpy

THEN U, = K;X,j=1,2,...,r

Thus, the general fuzzy controller is:

ij(z)KJX -
2owiz) =t (3.44)
j=1
R = Zl hj (Z) K]
j=

3.3.4.1 Uncertainty-free fuzzy H, decentralized state feedback control

Problem 3 For the fuzzy system (3.42)), the Hs problem is to find minimal value of v such that:

IG ()l <, (3.45)
where G (s) is the transfer function from disturbance W to output Y: Y (5) = G (s) W (s).

Theorem 3 The Hy problem|[3 can be solved through mean by minimizing ~y:

min ¥
Xp,Wp1,...,Wp,

subject to

Xp>0,v>0
AiXp+ Bl’iWPj + (A Xp + BliWPj)T + BoBT <0
—7Z CXp
(Cxp)" —Xp
trace (Z) < ~?

<0

where the matrices Z and X, are symmetric. The controller gains K; are then calculated as:
K;= ijXEl. (3.46)
Proof 3 At first, we investigate a simple state-space system:
X = AX + BW

Z=CX (3.47)
Z (s) =G (s) W (s)

The condition using[LMl mean for Hy problem of this system is:
HC(SJ—A)—lBH2 <. (3.48)

The problem has a solution if 3X > 0 satisfying [5], [6]:
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AX 4+ XAT + BBT <0 (3.49)
trace (C’XCT) <~ '
Now, the closed-loop of system ([3.42)) with the regulator (3.43)):
2:£A+B1K)X+BQW 3
o .50
{ Y =CX ( )

Using the solution from problem ([3.49)) for this closed-loop system, the Hy problem becomes finding X > 0
satisfying:

(A+ B\K) Xp + Xp(A+ BiK)" + BBy <0 (3.51)
trace (C’XPC'T) <72 '
Now, consider the following lemma:

Lemma 2 Let A(x) is a symmetric matrix, x € R"™, and v € R,y > 0. The following statements are equivalent:

(i) 3z € R™ such that trace (A (z)) < 7
(i) 3z € R*, Z € R™*™  Z = ZT such that A (z) < Z while trace (Z) < v

The proof for this lemma [g can be retrieved in, e.g., [5], section 2.4.1 Trace of an LMI, Lemma 2.13.
Next, from the Lemma|[2 [LM] (3.51) can be rewritten as the following [LMI:

(f‘i+?1k) Xp +Xp([1+BJ{)T+BzB§ <0
CXPCT < Z
trace (Z) < 2.

Finally, by applying Schur complement lemma [5] [6], this[LM] becomes:

Xp>0,v>0
AXp+ BiWp + (AXp + BiWp)" + BoBY <0
—Z CXp <0
(Cxp)" —Xp

trace (Z) < 2.

Replace the matrices with the ones of the augmented fuzzy system ([3.42), we obtain the [LMI] condition in
Theorem

3.3.4.2 Robust fuzzy Hy decentralized state feedback control

Now, we will investigate the fuzzy system ([3.42)), but with uncertainties in their state-space matrices A; and By;:

{

A:ﬁhi(z)AFéhi(@[_Aé 8}32:{%2};

=

(A+AA) X + (B +AB1) U + ByW (3.52)
CX |

where:

i=1 i=1
_ r _ r Bu 1 -~
Bi= L) Bu=Em)| p[ie=[o 1]
i=1 i=1
AA= > hi(2) AA;; ABy = > hi(2) ABy;
=1 i=1

and:
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[ AA; ABy; | =HF;| By Ey |
Ev; = 61,4:;101i] < r1isr1; € R

Eo; = 02;Bui; [62i| < ros;re; € RT
FIF <1

(3.53)

Problem 4 Consider the fuzzy system with uncertainties in equation (3.52)), the Hy problem can be solved by
minimizing ~y such that:

Y (s) =G (s)W(s)
{ 1G (5)ll, <7 (3:54)

Theorem 4 Problem 3, i.e., the Hy problem, is to minimize value of vy and ensure the stability of fuzzy system
with uncertainties (3.52)), at the same time satisfying:

subject to:
X, >0,vy>0,8>0
U =A;Xp+ B;;Wp; + (A Xp + B;;Wp, T+ ByBT + BH,HY

)\ (EMXP + EQiWPj) <0
E1iXp+ EyWpj —BI
-7 CXp <0
(Cxp)" —Xp

trace (Z) < ~?

where Z = Z' and X,, is a symmetric positive definite matrix. The controller’s gain K is then calculated by:

K; =Wp; X5 (3.55)

Proof 4 To prove this theorem, i.e., Theorem [4, one can start by applying Theorem [3 for fuzzy system with
uncertainties (system (3.52))): the Hy problem of system (3.52)) can be solved by finding controller’s gains K; to
stabilize the fuzzy system, and finding the minimum value of . This action can be done through[LM] mean:

min ¥
Xp,Wp1,...,.Wp,

subject to:

Xp>0,vy>0
(Ai + AA;) Xp + (By; + ABy;) Wpy
+((A; + AA;) Xp + (Byi + AByy) WPj)T + ByBY <0 356
-2 CXp ] _, (3.56)
(Cxp)" —Xp <
trace (Z) < 2
where Z = Z' and X, is a symmetric positive definite matrix.
To have a concise proof, defining the following term: (M) g = M + M™. Based on this, one can have:

((Ai + AA;) Xp + (Bri + AB1i) Wpj) g + BoBY
= (AiXp + B1iWp;) g+ B2B3 + (AA; Xp; + AB1;Wpj) g

From the considered system with uncertainties ([3.52):

<A/LXP + ABliWPj>S = <H1FZ (EUXP + EQiWPj)>S
Thus, first [LM] condition in (3.56)) can be rewritten as:
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Figure 3.11: Implementation of the state feedback fuzzy controller

</LXP + BliWPj>S + B2Bg
+(H;F; (E1:Xp + E2iWpj)) g <O.

From this, one can reuse Lemma the LMI ([3.57)) equivalently becomes:

(3.57)

(AiXp + BiWpj) s+ B2B3 + SHH]
+8 Y EuXp + EyWp;)" (BEuiXp + EyWpj) <0
Finally, applying Schur complement lemma [5], [6], this[LM] can be converted into Theorem[4

3.3.4.3 Implementation

As time-varying control, fuzzy control implementation is more specific.

After obtaining the local constant gain K offline (using Theorem for uncertainty-free case or Theorem for
robust control depending on the control designer's choice), the controller can be implemented as shown in Fig.
The control system is running by updating in real-time the dynamic gain K as in the fuzzy controller ([3.44))
and according to the blocs in the right part of the Fig. The fuzzy controller is thus a [MIMOQl controller with
the gain K time-varying, different from the static gain of the linear case presented in section

3.3.5 Simulations and results

Simulations were done with a dual purpose in mind: they test the approach from a specifications standpoint and
they also provide an idea about the decoupling limits of the approach in general. The length of the DC line is
modified for the latter to measure the approach’s limits of decoupling. Indeed, the HVDC is a closely coupled
system due to the connection of the two converters. It is usual that the decoupling control approach presented
here works only for DC line lengths greater than a threshold put into evidence in this subsection.

To cover the specifications to be tested, four scenarios were defined: variation of the DC line length, variation
of the operation point (variation of the quantity and direction of active power transited through the DC line),
parametric robustness, and fault ride-through capability. They are all robustness tests. The regulators are par-
ticularly built for a normal circumstance (800km for the DC line and 20MW transmission), while the majority of
the simulations are done with other grid conditions. It is worth noting that the gains K; of the regulators are
unchanged (the ones obtained from the synthesis on the nominal operation point are always used):

e Scenario 1 - Changes of operating point: This is designed to test the response of the output (Vpe, @1, P,
Q2) to a change in the reference signal to the [HYD{ control system. Initially at t = 1(s), the active power
reference P is set from 20 (MW) to -20 (MW), and this is a major test since the power flow is reverted,
which can not be handled by linear control such as[H,,; RDC|in section[3.2] Then, at t = 3(s), the reactive
power reference )2 changes from -7.248 (MW) to -10.872 (MW). At t = 5(s), the reference Vpc1 changes
from 319.89 (kV) to 323.09 (kV). Finally, at t = 7(s), the reactive power reference @); changes from -30.518
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(MW) to -45.777 (MW). The test is also done for different [HVDC line lengths (600Km, 800Km, 1000Km,
1200Km). This scenario is illustrated for DC voltage vpc1, @1, P2, Q2 from Fig. to Fig.
respectively. From 600Km to 1200Km, the performance is increasing, because the coupling between two
converters is reduced.

e Scenario 2 - Resilience in case of failure of one converter control (i.e., open-loop): we investigate the case
of loss of the control (i.e., open-loop) of converter 1 in situation of Scenario 1 where transited power is
reversed to demonstrate the robustness of this decentralized control. The regulator of converter 2 continues
to function independently (as it uses no information from converter 1). It can be viewed from Fig. [3.16
to Fig. that the Hy Nonlinear Fuzzy Decentralized Control (HoNEDC)) control stabilizes the [HVDC
system even after significant changes of the operating point at t=1s. The responses to the loss of control
of converter 1 (loss of control for vpcy and Q) are shown in Figs. and where the vpey and
(1 outputs can no longer follow the reference signals as in normal operation. However, the stability and
performance of converter 2 (including the reverted active power flow action) are maintained as shown in

Figs. and

e Scenario 3 - comparison between linear control (section [3.2)), proposed [Ho NF'DC|and proposed
HoyRNFDCE The purpose of this scenario is to demonstrate the advantages of robust fuzzy control over

uncertainty-free fuzzy control, as well as the capability of fuzzy nonlinear control over linear control. The
two fuzzy control strategies (HoNFDC| and [HoRNEFDC)) are tested in the presence of operating point
changes ( Pz varying from 20(MW) to -20(MW), Q3 varying from -7.248 (MW) to -10.872 (MW)) and with
the presence of uncertainty in system parameters. As explained in scenario 1, linear control (e.g.,
cannot tolerate such a variance. As a result, the [H;,; RDCJis tested by a significantly smaller
reference variation of P, (from 20(MW) to 21(MW)) and Q2 (from -7.248 (MW) to -7.6104 (MW)). The
length of the[HYD ] link is nominal (800 km). For the case of fuzzy controls, the uncertainties are up to 40%
for state-space matrices A, B and C' of system . From Figs. and it is obvious that fuzzy
control strategies (H,NF'DC]and [H,RNI'DC)) are superior to linear control strategy (Hins RDC]), even
the fuzzy controllers are dealing with 40% uncertainties while linear controller is working with nominal value
of system parameters. The overshoot/undershoot of fuzzy controllers is under 5% with smooth transient
while linear control has over 30% overshoot, not less than 80% undershoot and a worse transient behavior.

e Scenario 4 - Fault ride through capability: the[ERT]capacity is demonstrated with 800Km link through
a faulty event, i.e., a short-circuit of 150ms at the equivalent grid side of converter S2 (see Fig. @ . The
Figs. [3.22] [3.23] [3.24] and [3.25] prove that the fuzzy controllers can recover the normal behavior of [HYDC
system after the event.

3.3.6 Conclusion

For a nonlinear VSCHHVD link, a Robust Hy Nonlinear Fuzzy Decentralized Control technique in the presence
of parameter uncertainty and disturbances has been developed. In an [[MIl formalism, sufficient requirements for
robust stabilization of the [TSlfuzzy model were derived. To validate the proposed technique, the proposed method
was developed in MATLAB software and tested against alternative frameworks in various simulations.

These tests demonstrated that decoupling is successful for a wide range of variations in the length of the DC
line, which is a direct measure of dynamic coupling. Aside from links, this hints at the method'’s application
to other power system difficult topics, such as decentralized control of renewable sources in a zone or a VPPl

From the control point of view, the proposed approaches are applicable for real-world applications since their
control structures are quite simple, even for nonlinear fuzzy control (see Fig. . The strategies are also providing
robustness and [ERT] capacity for converter systems. In addition, because of its decentralized implementation, the
controller become resilient to even a severe fault of neighbor subsystem (i.e., loss of control in the other converter).
All in all, the proposed fuzzy control approaches are showing their potential for industrial level application in an
interconnected power systems, especially for power converter systems.
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Figure 3.15: Reactive power Q2 using decentralized Hq
fuzzy control
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Chapter 4

Wind system application

This chapter is dedicated to enhance the wind control system performance and stability, mainly its active and
reactive power, using coordinated control structure with both centralized and decentralized approaches. The
control approaches are partly inherited from chapter [3| for the overlapping decentralized control. At the same
time, a centralized control approach is also investigated and implemented for the same wind system. Both
approaches are compared, and also using coordinated control structures to provide as introduced in chapter
[Grid-connected power converter system objectives and proposed approaches] i.e., overlapping decentralized control
and centralized control structures in Figs. and respectively. In addition, a distributed nonlinear control
using fuzzy technique is also developed and implemented for the wind system in order to enhance further the
performance and stability of the system. All of these approaches are also based on the general time - space
structure for renewable energy system in Fig. of chapter [2]

To be able to achieve a better understanding and thus better constructed control strategies, some new concepts
are introduced in this chapter, related to VPPl and These concepts are parts of [POSYTYF] project, with
the purpose of renewable energy integrating into AC grid as well as enhancing the renewable energy - dominated
grid using centralized approach.

The content of this chapter includes: the [DRES|/[PMSGlbased wind system application (with the definition
of DVPP| IEEE 14-bus benchmark and nonlinear model of [PMSGQI), the linear optimal H,, mixed-sensitivity loop
shaping control applied for the considered [PMSGlbased wind system (RMSI simulation), and finally the robust
distributed fuzzy optimal H, control (RMS]simulation).

4.1 DRES wind system application

Modern AC grid, as discussed in chapter with a large portion of [DRES] would require a better
coordinated treatment in order to provide In this section, a concept is introduced as part of the
project. A test case is build along with a control model. The proposed control approach will be
established and tested on the proposed case.

4.1.1 Dynamic Virtual Power Plant

A VPPl is a distributed power plant that runs on the cloud and combines the capabilities of various Distributed
Energy Resource (DERI) in order to increase power generation and trade or sell power on the market for electricity.
There are many [VPPk in the US, Europe, and Australia.

The is the concept developed in the project to deal with the dynamic aspects of the VPP
and to provide the best internal resource redispatch. The group together in a portfolio those renewable
sources that are both dispatchable and non-dispatchable in nature. On top of a [VPP] functionalities, a
jointly addresses [7]: the static power dispatch at single VPP level, the dynamic coordination of several VPP to
provide ancillary services to the system, and the attainment of an economic optimal.
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4.1.1.1 Dynamic Virtual Power Plant Structure

Components A is a set of including numerous geographically distributed generators owned or
operated by the same company or entity that are primarily joined together for economic purposes with the aim of
ensuring ancillary services.

The following dynamic generators are considered as possible components of the studied (e.g., the
components in red in Fig. [4.1):

- Wind generators

- Hydro generators

- Solar thermal generators

- Photovoltaic generators

- Biomass generators

Optionally, the other devices can be considered as components of the
- Hydrogen generation (in the distribution part)

- Synchronous condensers (in the transmission part)

- Flywheels (in the transmission part)

- Flexible demand

The following devices are not considered as components of DVPP}
- Electrochemical storage

- Classic thermal generators

Perimeter As seen in Fig. [4.1} one [DVPP] may contain dynamic components from the transmission and distri-
bution grid levels. 1 (devices in red). As a result, DVPP| components are not always neighbors. Additionally, some
nearby generators can choose not to participate in the DVPP] (devices in black in Fig. ). In the synthesis of the
controls, they should be taken into account as disturbances or dynamic interactions.

Several [DVPPE (two for the studies) need also be taken into account. As a result, neighborhood generators
could be from different DVPPk (components in red in Fig. [4.1).

AIDVPPIs perimeter is initially considered of as fixed. In a subsequent stage, it is possible to look into perime-
ters with time-varying properties.

Data availability Accessibility of signal measurements is capital for controls. This is crucial, particularly for
second level controls (to guarantee ancillary services) and for general control activity coordination (as DVPP
actuators are geographically distant). At a common control point known as DVPP dispatching in the sequel,
voltage and frequency measurements from both the transmission and distribution sides are supposed to be available.
In the DVPP dispatching, controls is calculated and transmitted back to the DVPP actuators.

4.1.1.2 Dynamic Virtual Power Plant Ancillary services: voltage and frequency

A needs to deliver the same voltage support as the traditional generation. This entails achieving the same
goals and being able to take part in the same regulatory frameworks [7]. The precise goals are:

e For transmission:

- Control voltage at generator connection points.
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Figure 4.2: The modified IEEE 14 bus test case with 2 PMSGs

- Control each generator's reactive power reserve (Q regulation/alignment).

- Control voltage at a few key grid locations, such as pilot points.
e For distribution:

- Manage reactive power exchange at the point of connection with the transmission grid.
- Keep terminal voltage within limits of Vmax/min.

- Another possibility is to damp grid oscillations (inter-area or coupling modes).
e For actual regulatory and control framework:

- Participation at the secondary voltage control level in addition to local regulation.

- Coordination of the management of the [DVPP| RES generators on the transmission and distribution
grid sides is crucial.

- The primary and secondary frequency control levels should be included in [DVPP| regulation.

4.1.2 Modified IEEE 14-bus benchmark

The original IEEE 14 bus grid includes a part of the American Electric Power System (in the Midwest of the United
States) in February 1962 [1I], including 14 buses, 2 generators, 3 synchronous condensers, and eleven loads.

We qdded to this benchmark two [PMSGE in bus 3 (PMSG1) and bus 13 (PMSG2), as shown in Fig. The
benchmark is established using MATLAB/Simulink/Simscape, as shown in Fig. In order to validate the GAS
and LS of the proposed control strategy, several scenarios to verify the effectiveness of each proposed control were
considered.
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4.1.3 Nonlinear model of PMSGs and grid system

The two [PMSGE in Fig. [4.2] have the detailed dq model shown in Fig. [4.4] [2]. The model of each [PMSG] is
represented using average model of the converters [3] as in equations 1} and ( for PMSG1 and PMSG2,
respectively. Phasor, i.e., [RMS]simulation was done.

dijvg _ Riiftiia ; Vefid 1 Bi1dvpca
e e o + wrpwyrtilg — Wep Ty + Wb Ly
ditng _ Riifitig . Veflg 1 Biiqvpci
= —oJbelf — WrpWrlild — Wb Liis + 5 S
disig _ Rai1fi214a : Vefid 11
THt T W T, T wiwring F Wi T, T W,y Vrld
dis1g Raiyizig . Veflg 1 1
oS W T Ly T WhWriad T W T Wi T Vg
dvefid 211d i21d
dt —Wfbcf —Wibey, T WWitefig
dvesiq _ i21 4.1
dat befl befl — WipWfUcfid ( )
dis Rs is1d - s
Zdtld = —wpp 1510 | prlglzslq wfbﬂ 1dVDC1
disiqg __ R51251 p1 ¥ 191 1 BsigvpC1
dd,tq = —wbeiq prlgllsld + Qg — 5“&%27@1
U
PR = —wpp e Pridig — Web e 511ql11q + Wb e Bsidisia
+Wfb4cl leqlslq
dQ, 1 Puy 1 1 . _ %A
dt — 2H; O 2H: wfb Qplll’fllslq 2H, D13 Dpy = Sy
ditog Ri2ri124 . N Vef2d 1 BlzdvDCg
di T W T L, T WhWrlizg Wt Wi T
ditng __ Ri2fi124 Vef2q ﬁlzqucz
Q= W L, T WhWriid — Wb Lz + 5w Liay
disog Ros 1224 f2d 1
dt = "W Loy, +wpwriazg + Wiy — — W me na Viad
dizag Roopizag (,f2q . 11
dt — WIbT Iy, Wb pioad + Wip Loz  WIbTIos; Evﬂq
dverad 1124 i224
at Wb G2 i rers Srs T WrpWrveraq
dverag _ 4.2
dt Wb cf2 Wb cf (4.2)
dig _ Rgsoig v
dtzd = —wp 2 2d | pr2927132q wfb Bs2d fcz
dis2q R52292 P2‘I’f292 1 Bs2qvDC2
ddtq = _WfbiLbz < pr292lszd + - wabis i
U
75}02 = —wb g Bizained — Wb zog /312q112q + Wi 107 Bs2disa
'H’Jfb 402 ﬂs2qls2q
d _ 1 Pnp 1 Qi f2
dt = 2Hs; Qs _ 2H, wfb 2p2‘1’f2232q DL?Q%DL? =5

where (V;14, Vr14) are PMSG1's terminal voltages in dq frame and (V,24, Vi24) are PMSG2's terminal voltages.
These voltages are directly affected by the interaction between the PMSGs and grid as in Fig.
The [PMSG] pitch angle dynamics are separated from the converter's dynamic [4], [9]:

d

druser — _EﬁPMSGl + 7= BPMsGires (4.3)
d .
deyser — —s=Brmsa + chﬁpMsczref

where

Bumin < Brrmsct, Brmsce < Bmax
(ﬁ) < dBpmsci dBpmscz (dﬂ
min

dt dt ’ dt — \ dt

max

and the physical ranges of the servo motors [4], [5]:
To1 =0.2(s) ;702 = 0.2(s)
Bmin = 0(deg) ; Bmax = 20 (deg)
(%)min = —10(deg) ; (%)max =10 (deg)

Discussed and considered in [6], the mismatch in generator speed reference generation can be avoided by
calculating active powers at the generators:
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30 )
P = §7bp¢f1251q91
wﬂ,
3Q, (4.4)
P=—-— i s2¢820.
2 2wfbp1/)f22 2342
Reactive power can be calculated from the voltages of capacitor in the LCL filter:
3. )
Q1 = 3 (111dVef1q — T11qVef1d)
2 (45)
Q2 = 3 (112dVef2q — t12qVcfad) -
The neighbor grid equivalent dynamic, as introduced in [6], is in the form of:
dwy 1 1 w?2D
-+ - __(P,—-P.+P)— —D,Aws; D, = 2 4.6
i~ om Lt Fe) = g Duder Sy (4.6)

where P, is the generated power of AC grid, Py, is the equivalent grid load, P, is the power from two [PMSGE,
H is the grid inertia constant, and wy is the grid frequency.

4.2 Linear optimal H,, mixed-sensitivity loop shaping control

The coordinated control structures regardless of using overlapping decentralized strategy developed in chapter 3]
(Fig. [2.11)) or centralized control (as for DVPP] with control structure as in Fig. [2.10)), using [MIMQ] state-space
model method, are always containing:

e Input control U: each subsystem will be controlled separately (for decentralized control) or all subsystems
will be controlled by a single regulator, depending on the strategy (for centralized control).

e System or subsystem states X: In the case of centralized approach, the states of all subsystems are grouped
into a single system state vector. Instead, each subsystem has its own state vector for centralized control
method.

e System or subsystem outputs Y: Each technique, like the case of state vector, will have a system/subsystem
output vector.

e Considered disturbances W: In the case of centralized approach, the disturbances are the undesired inter-
actions of the whole system with the neighbor grid (Fig. . For decentralized approach (Fig. ,
W includes not only these undesired interactions but also the interactions between subsystems, that are,
overlapping states in each subsystem (e.g., in [8]).

Thus, whatever approach is used, the control model can be represented using state-space model, and by
linearization, can be put into linear model as:

(4.7)

X = AX + BU + BoW
Y=CX+ DU

4.2.1 Control system synthesis

Each approach (centralized and decentralized) is explored and has its own control design process to optimally
design a control system. However, since both are coordinated controls focusing on [GAS| delivery, the control
structures for both approaches are similar and are illustrated in Fig. and includes:

e two controllers (i.e., Reg. 0 and Reg. 1) for each loop (Reg. 0 for Plant 0, Reg. 1 for Plant 1).

e Reg. 0 will control Plant 0, which is providing [ECR] (grid inertia control, i.e., RoCoF control), VSP| (reactive
@ control) and [LS] (here is Vpe control).
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In Reg. 0, optimal control method are used to reject disturbance (e.g., optimal H, control) and oscilla-
tion/pole placement (e.g., mixed sensitivity loop shaping for reduce the oscillation in LCL filter [9]).

Reg. 1 controls Plant 1, which is participating in [ECR] (here is frequency response [10]) and VSP| (Q-V
characteristic [11]) services. Reg. 1 also receives requests from secondary/tertiary control loop (that are,
RERR/ImERRI and AC voltage control loop) to be sure that the system/subsystem is participating in [GAS]

Therefore, the general control strategy for Reg. 0 (in both centralized and decentralized approaches) is proposed

as in

Fig. including:

The control model plant includes plant 0 (Fig. in case of centralized control or in Fig. in case of
decentralized control) along with the mixed sensitivity filters wy, w3, ws.

The controller is designed using the integral action for asymptotic tracking and H., optimization for distur-
bance rejection.

Filter wy is typically for enhancing reference tracking and reducing disturbance influence. The proposed con-
trol, however, is using integral action for asymptotic reference tracking as in Fig. [4.6] The H, optimization
is also used for rejecting disturbance. Therefore, filter wy should be a unit gain: w; = 1.

Filter ws is for control effort limiting in a specific frequency band, but in this case, there is no need for that,
therefore this filter can be ignored: wy = 0.

Filter w3 is used to enhance the poor damped oscillation (e.g., LCL filter oscillation). By using modal
analysis, the oscillation is verified that it comes capacitor voltage of the LCL filter, which is recoverable
using the output reactive powers. Transform matrix C is used to extract reactive power signal from system
output. The resulting state-space model of the dynamic wjs is:

Xy = Ay X, + Buy,CoCX (4.8)
Yoy = Cuy 