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Abstract:

A microgrid (MG) is generally defined as a low or medium voltage distribution network comprising
various distributed generation sources, energy storage elements, and controllable loads. A given
microgrid can be connected or disconnected to/from the main grid. A hierarchical control architecture
consisting of primary, secondary, and tertiary control is often adopted for these microgrids. The
secondary control and tertiary control levels are essential for the microgrid key parameters (frequency
and amplitude) restoration to their nominal values, for synchronization with the grid, and management
of the power flow between the MG and the main grid. However, these control layers often use the phase-
locked loop (PLL) or the frequency locked loop (FLL), which are highly sensitive to the load and the grid
disturbances, especially to the presence of the DC component in their voltage input. Due to these
disturbances, oscillations can occur in the fundamental frequency of the PLLs (FLLs) output. Of course,
these oscillations affect the performance of the control layers and therefore the stability of the inverters-
based MG and the grid-tied inverters. Despite, some solutions to deal with this issue have been proposed
in the literature, especially for the case of single-phase systems, the integration of such techniques into
the control layers has not been considered. In this regard, the design of the control schemes based on
such techniques, which may lead to the enhancement of the system performance, is imperative. Ensuring
the stability of the microgrid systems incorporating the considered control layers is an important task,
that requires appropriate mathematical models for effective stability analysis and proper control design.

The present thesis focuses on designing secondary and tertiary control schemes using an Enhanced
SOGI-FLL (ESOGI-FLL) that is suitable for the DC offset rejection, developing accurate modeling
approaches, and providing systematic guidelines to tune the parameters of the proposed controllers. The
case of single-phase droop-operated microgrid during islanded and grid-tied operation modes is
considered. The main objective of the developed approaches is to ensure effective and optimal control of
the power flow among the distributed generation units inside an islanded MG on one hand, and between
the microgrid and the main grid during the grid-connected mode on the other hand. The stability analysis
of the microgrid system incorporating the designed control schemes is provided. Furthermore, the
robustness of the secondary and the tertiary controllers against the system parameter variations is



investigated. Simulations and experimental tests are conducted to verify the performance of the proposed
secondary and tertiary control strategies for single-phase autonomous and grid-tied MGs. The obtained
results demonstrate the effectiveness of the developed control approaches in achieving effective
frequency and amplitude restoration, seamless synchronization, and optimal power flow control under
various operating conditions.

Keywords: Single-phase Microgrid, Droop-controlled VSI, Secondary control, SOGI-FLL method,
Tertiary control, Modeling, Optimal power flow, Tuning procedure, Experimental implementation

Résumé:

Un micro-réseau est généralement défini comme un réseau de distribution de basse ou de moyenne
tension comprenant diverses sources de production d’énergie distribuées, des éléments de stockage
d’énergie et des charges controlables. Un micro-réseau peut étre connecté ou déconnecté au réseau
principal. Une commande hiérarchique constituée de trois niveaux de commande, primaire, secondaire
et tertiaire est généralement adoptée pour commander un micro-réseau. Les niveaux de commande
secondaire et tertiaire sont essentiels pour la restauration des parameétres clés (fréquence et amplitude)
d'un micro-réseau a leurs valeurs nominales, la synchronisation avec le réseau, la gestion de flux de
puissance entre le micro-réseau et le réseau principal. Cependant, ces niveaux de commande sont souvent
basés sur I’utilisation de la boucle a verrouillage de phase (PLL) ou la boucle a verrouillage de fréquence
(FLL). Ces dernieres, sont trés sensibles aux perturbations de la charge et du réseau, et notamment a la
présence de la composante continue DC dans leur tension d'entrée. En présence de ces perturbations,
des oscillations dans la fréquence fondamentale de la sortie des PLLs (FLLs) peuvent apparaitre. Ces
oscillations peuvent affecter les performances des niveaux de commande et, par conséquent, la stabilité
du micro-réseau fonctionnant en mode isolé ou en mode connecté au réseau principal. Bien que certaines
solutions pour résoudre ce probléme ont été proposées dans la littérature, en particulier pour le cas des
systéemes monophasés, I'intégration de telles techniques dans ces niveaux de commande n'a pas été encore
envisagée. Par conséquent, la conception de nouvelles stratégies de commande pouvant conduire a
I'amélioration des performances du systéeme, est impérative. De plus, assurer la stabilité de ces micro-
réseaux incorporant les niveaux de commande considérés est une tache importante, et nécessite des
modéles mathématiques appropriés pour une analyse efficace de stabilité et une conception appropriée
des différents niveaux de commande.

La présente these s’intéresse a la conception des stratégies de commande de niveaux secondaire et
tertiaire, basées sur la méthode SOGI-FLL améliorée (ESOGI-FLL), au développement d'une
modélisation précise, et a la présentation d’un guide pour un réglage systématique des parameétres des
commandes proposées. Les micro-réseaux monophases commandés par la méthode de commande de
statisme et fonctionnant en mode isolé et en mode connecté au réseau sont considérés dans ce travail.
L'objectif principal des approches développées, est d'assurer un controle efficace et optimal du flux de
puissance entre les sources distribuées incluses dans un micro-réseau autonome d’une part et entre le
micro-réseau et le réseau principal en mode connecté d’autre part. L’analyse de stabilité d’un micro-
réseau intégrant les niveaux de commande concus est effectuée. En outre, la robustesse des commandes
secondaire et tertiaire vis-a-vis les variations des parameétres du systéme est envisagée. Des simulations
et des essais expérimentaux sont réalisés pour vérifier les performances des stratégies de commande
secondaire et tertiaire proposées pour un micro-réseau monophasée autonome et connecté au réseau.
Les résultats obtenus démontrent I'efficacité de ces approches de commande dans la restauration de la
fréquence et de I'amplitude, la synchronisation sans faille, et la gestion optimale du flux de puissance
sous différentes conditions de fonctionnement.

Motclés: Micro-réseau monophasé, Onduleur commandés par la méthode de statisme, Controle
secondaire, La méthode SOGI-FLL, Controle tertiaire, Modélisation, Gestion optimale du flux
énergitique, Procédure de réglage, Implemnataion expérimentale.
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1.1. Introduction

In recent years, due to the worldwide increasing demand for electricity, the trend towards
renewable energy sources; particularly Photovoltaics (PV) and wind turbines; has increased at an
unexpected pace. The main reasons for this growth are the use of renewable sources to help alleviate
the emissions of Co, from burning fossil fuel-based electricity production; and achieve a sustainable
supply of energy. For instance, the European Union’s (EU) energy policy has made it a world leader
in the promotion of renewable energy [1], [2], in which the electricity generated from renewable
energy reached 50% of the global energy production. Also, the power generation from renewable
energy sources in Canada was extended to 30%. Although the use of renewable energy resources
brings benefits to the grid environment, one major issue is the direct integration of these resources

into the main grid, this challenge is mainly due to their high intermittent generation [3], [4].

The burden on the transmission network has become a great challenge to meet high power
demand, especially for remote sites. Therefore, distributed generation (DG) has recently received a
significant deal of attention as an effective solution to reduce the stress on the existing and extensive
transmission system. The DG concept dates back to the early 1990’s, and it mainly depends upon the
installation and operation of a portfolio of small size and clean electric power generating units
interconnected at nearly any point in the power system [5]. DG units are the emerging micro-
generating technologies such as micro-turbines, Internal Combustion (IC) engines, and fuel cells, they
also provide high incorporation of renewable energy sources such as solar power and wind power.
With this concept, the power can directly flow from the source to the customer without having to pass
through the transmission network. Also, it ensures that the loads are served even if the transmission
network is down due to any fault. Despite having some benefits thanks to the DG system, many issues
should be dealt with. The need for electronic power converters is an issue, which needs to be addressed
for the integration of renewable energy resources into the electric grid and play a significant role with
the key control objectives [6 — 7]. The lack of inertia of DG units is also considered one of the most
important challenges facing these systems. This lack of inertia can lead to a high rate of change of
frequency, under power imbalance, and may result in microgrid instability and blackout issues [8].
Furthermore, as mentioned earlier, the output of renewable energy resources fluctuates with the

weather conditions, it is also an important issue when DG units are connected to the utility grid [9].

To cope with the above-mentioned issues and utilize distributed RESs more efficiently, the
concept of Microgrid was introduced as a new paradigm for the future power distributed generation
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systems [10 — 12]. The microgrid architectures are adopted as a groundbreaking technology to meet
modern electrical grid challenges such as the rapid increase of power demand, harvesting energy from
distributed renewable energy sources, and improving the power quality and reliability of electric
supply [13 — 16]. On the other side, MGs can enhance stability, economic optimality, and resiliency
in comparison with individual DERs and provide auxiliary services for conventional power systems
[17]. These networks are generally consisting of distributed generators based on RESs, distributed
energy storage devices along with loads, as well as protection systems and control devices that are
capable of operating in both grid-tie and island modes [18].

In this chapter, we give an overview of the electrical energy evolution, after decades of
centralization, reoriented towards increased distributed generation and microgrids. Definition and
marketing, and classification of a microgrid are presented. Next, the MG hierarchical control is
introduced, including primary, secondary, and tertiary control levels as well as the considered problem
statement; Additionally, the chapter states a survey review on MG secondary and tertiary control
layers design and modeling strategies. Finally, the thesis main contributions, outcomes, and

organization are discussed.

1.2. Background and Motivation

This section gives some basic and essential concepts related to microgrid systems and thesis
motivation. First, the definition of MG, as well as research projects and investments for MG
implementation, are provided. Next, the classification, advantages, and architecture of the MG

systems are addressed. Finally, the thesis considered motivation is highlighted.

1.2.1. Microgrids definition and Research Interest

Today, microgrid integrates renewable distributed energy resources, energy storage systems, and
adjustable loads, which are expected to maximize flexibility while also decreasing the operation cost
of such systems, this is regarded as a promising architecture of the modern electric grid. According to
the Microgrid Exchange Group (MEG) of the U.S. Department of Energy (DOE), the microgrid is
defined as, "A group of interconnected loads and distributed energy resources within clearly defined
electrical boundaries that acts as a single controllable entity with respect to the grid. A microgrid can
connect and disconnect from the grid to enable it to operate in both grid-tied and islanded mode™
[19]. MG has been defined as, “A network of low voltage power generating units, storage devices and

loads capable of supplying a local area such as suburban area, industry or any commercial area with
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electric power and heat” in [20]. Hence, the MG is a low voltage system, which includes RES such

as wind turbine and PV, energy storage devices, loads, and converters, interfaces to the grid.

The research efforts and investments in MG applications were increased significantly in recent
years. MG projects have been undergoing a boom for the last past few years after proving their value
in critical situations. The implementation of these projects in laboratories, as well as real-world
experiments, is made in many countries, especially in Europe, the United States, Canada, and Japan
[21]. For example, Bornholm island, Santa Rita Jail, Sendai Microgrid, and Hartley Bay projects are
built up in Sweden, California, Canada, and Japan, respectively, for MG demonstration in remote sites
(see Fig. 1.1). From the investment point of view, the International Mining and Resources Conference
(IMARC) announces that the global microgrid market was worth US$19.3 billion in 2018 [22]. The
market is forecast to reach US$36.3 billion by 2024, which would represent a compound annual
growth rate of 10.9% between now and then. In a report, Hitachi, Tokyo, describes microgrids as a
worldwide phenomenon. The Asia Pacific will be the dominant region, with 41.3% of the total
microgrid revenue. North America is projected to represent 32.5% of the global market share. The
cumulative microgrid revenue (calculating the total microgrid asset value) is expected to reach US
$164.8 billion by 2024 [23].

Santa Rita Jail Microgri

Sendai Microgrid Hartley Bay remote site Microgrid

Fig. 1.1. Examples of Microgrid projects in several communities [21].
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1.2.2. Microgrids classification

Generally, the MG network can either operate in a grid-tied mode or a stand-alone mode feeding
critical load [24], [25]. In the grid-tied mode, the DG units supply power for the MG while the main
grid determines the voltage and the frequency of the system [26]. Thus, the MG components act
together as a whole in the point of common coupling to inject/absorb a specified quantity of power
to/from the grid. On the other side, during islanded operation, the VSls control autonomously the local
voltage and frequency of the MG and meet the active and reactive power balance between generation
and demand [27], [28]. Depending on MG functionalities and type of interconnecting at common bus
voltages, MG is classified as AC MGs, DC MGs, and hybrid AC/DC MGs [20].

a. AC Microgrid: AC MGs are more taken into account due to their challenges in voltage
amplitude and frequency controls, both active and reactive power flows, and the correspondence with
the present AC distribution networks, which can be clustered into AC MGs and form a new MG mode
operation [29]. In an AC microgrid architecture, distributed generators are connected to an AC
common bus, as shown in Fig. 1.2 (a). This type of microgrid has mainly two steady states of
operation, grid-connected and islanded operation. It also has two transient states, corresponding to the
transitions between these steady states. During all these four conditions, the microgrid system must
remain stable and maintain the grid code requirement.

b. DC Microgrid: A DC microgrid has a DC bus where the distributed generators and loads are
connected. The DC network is associated with the AC power utility grid via a power electronics
inverter, as shown in Fig. 1.2 (b). A DC microgrid can supply AC and DC loads at different voltage
levels through power electronic devices. In a DC microgrid, distributed generators are connected to
the DC bus-only through a single-stage voltage transformation device [30]. This structure is more
economical in cases where there are many DC power sources and loads, such as PV systems and fuel
cells. DC MGs have recently gained some researchers' attention due to their higher efficiency and
ability to provide more natural power conversion interface with many types of DG units [31]. Also,
in the DC microgrid topology, the reactive power flow and harmonic injection do not need to be
considered.

c. Hybrid AC/DC Microgrid: Hybrid MG systems are designed to acquire advantages from both
AC and DC microgrid, and the topology contains two separate AC and DC sub-grids [31]. Fig. 1.2
(c) illustrates a hybrid AC/DC microgrid which is composed of AC and DC buses and supplies both
AC and DC loads. It can be considered as a special form of an AC microgrid considering the DC
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network as a power source that is connected to the AC bus through a power electronic inverter. These
hybrid AC/DC microgrids are well capable of offering reliable and economical solutions that can
probably eradicate the multistage AC-to-DC or DC-to-AC reverse conversions [32]. Also, a hybrid
AC/DC can better supply different types of loads. Even though the hybrid AC/DC microgrids have
many positive returns, the interconnection of two grid systems having different characteristics showed
many serious operational issues over individual microgrids in terms of complexity, control, and

protection [33].

Further, extension to the aforementioned microgrid classifications, MGs may also be single- or

three-phase systems.
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Fig. 1.2. Structure of (a) AC microgrid, (b) DC microgrid, and (c) Hybrid AC/DC microgrid.
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1.2.3. Microgrids Advantages
MG topology has offered many benefits to local consumers and distribution systems such as:

e Facilitate distributed generation (DG) and use of renewable energy sources at their original
location [34].

e Reduce transmission line losses by making the generation source close to the customer and
relieve the need for extensive transmission systems [5].

¢ Facilitate the maintenance of microgrid devices.

e Increase power quality and improve the overall reliability of the electric supply by providing
the ability to disconnect during faults in the microgrid or the utility grid [35].

e Allow easy of use of flexible loads, and ensure more precise matching of production and
consumption. This improves the power system efficiency and defers the need for grid
reinforcements [36].

e A cost-effective way to facilitate rural electrification, as no main power system is needed
to operate the microgrid [20].

e Increase security and tolerance to faults.

For these reasons, the study and investigation of the MG systems are imperative because they are

helpful to fulfill the maximization of the above-mentioned advantages.

1.2.4. Microgrids architecture

In AC microgrid, electronic power grid-tied inverters are the key component to interface
distributed renewable energy resources or storage devices to low-voltage electrical power grids as
well as are required to offer grid support measures [37]. The typical AC microgrid structure is depicted
in Fig. 1.3, where the MG is connected to the main utility grid via the point of common coupling
(PCC) bus and is composed of renewable distributed resources, power electronics components, and
energy storage systems and loads. In addition, as seen, the microgrid contains communication
infrastructure between the control layers, switches, and metering elements. In this architecture, the
DG units are connected in parallel. However, in such networks, the overall system complexity and
difficulties concerning system stability are significantly increased. Also, MGs are expected to satisfy
some tasks and objectives, such as; DG units’ frequency and voltage regulation, power quality, active
and reactive power flow, system recovery, energy management, and grid synchronization [38], to
ensure safe and proper operation of a microgrid. Furthermore, as MG has the ability to operate
connected (i.e., SW1 closed in Fig. 1.3) as well as disconnected from the utility grid, the seamless
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transition between these operating modes is one of the objectives that should be conceived in a
microgrid. As a result, proper operation represents quite a challenge. In this sense, hierarchical control
based on control strategies is necessary to guarantee the MG stability and reliability and to achieve
optimal MG performance, as well as to satisfy the global control objectives [38], [39 — 42].

1.2.5. Motivation

The rapid progress of the research into the study and the implementation of microgrids conducted
to improve the maturity of microgrid technology. In addition, this motivated the need to solve the
challenging issues facing microgrids that are rich dynamical systems for design, modeling, control,
optimization, and simulation. This thesis presents and discusses the microgrid concept and
architecture as well as the corresponding hierarchical control. Furthermore, it covers and investigates,
more particularly, the design and modeling related to the hierarchical control-based MG, for the aim
of ensuring stable, flexible MG operation. Moreover, stability analysis and tuning procedure of the
MG controllers are explored to provide appropriate and robust control that assures optimal dynamic
performances of the MG system under various operating conditions.

Utility Grid Wind Turbines

Hybrid system

PV Panels

DC i ) - DC
! AC —I AC —I
! ! ' DC
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: AN ACl. Control
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Switch & . Control
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Fig. 1.3. Typical structure of an AC Microgrid.
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1.3.  AC Microgrids Hierarchical Control

With the development of microgrids, a hierarchical control structure for monitoring AC microgrid
has been proposed in [38], where three control levels are considered; primary, secondary, and tertiary
control. The block diagram of the multilevel hierarchical control of an AC MG is shown in Fig. 1.4.
This hierarchical control has been adopted to ensure reliable, proper, and stable MG system operation
in the different modes [39]. Also, it has been designed to ensure perspective objectives, such as
accurate power-sharing between DG units, improved power quality provided to the customers, proper
power flow and management among MG and the utility grid, as well as synchronization process and
seamless transition between operation modes. In such a hierarchical control structure, each control
layer has the duty of a command level and can supervisory control over lower-level systems. To this
end, it is important to ensure that the reference signals from one level to the lower levels will not affect
the stability and robustness performance; hence, the bandwidth must be decreased with the control
level increase. In addition, each of these levels has objectives and methods of control which are
designed and manipulated by different controllers [42], [43].

The schematic diagram of the hierarchical control; includes the three control layers; for parallel-
connected VSI formed AC microgrid operating in both grid-connected and islanded modes, this is
displayed in Fig. 1.5. In this structure, the primary control layer is established as decentralized, it is
designed for ensuring power-sharing between DG units and maintain microgrid stability as well. This
control level is often based on a droop control approach for the aim of realizing fast power balance in
a decentralized manner [44 — 50]. However, the droop-based primary control presents the drawbacks
of voltage and frequency deviations as well as inaccurate reactive power-sharing among DG units
[38], [43], and [51]. To overcome these drawbacks, the secondary control level; as centralized or
distributed controllers; is introduced for both the cancelation of these deviations, and power quality
improvement by restoring the microgrid voltage frequency and amplitude to their nominal set points.
A further objective of the SC is to synchronize the MG with the main utility grid before performing
the connection between them [52]. The tertiary control is generally centralized and is the slowest
controller; it is activated when connecting the MG to the main grid. This control level is in charge of
managing the bidirectional power flow between the microgrid and the main grid, also the islanding
detection mode is considered within the scope of this control level [43]. One should mention that the
term energy management system refers to the secondary and tertiary control layers. In the following

sub-sections, the basic structures of each control level and their detailed description will be presented.
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1.3.1. Primary Control for AC-MGs
In the MG system, the primary control level is implemented mainly to control the load
disturbances [53]. The main goal of this control level is to ensure the MG reliability and improve the



Chapter 1 Introduction to Microgrid Technology and Control

system performance and stability for the local frequency and amplitude control. For instance, the
primary control is based only on local measurements and each inverter has its control stage, which

allows each DG unit to operate autonomously.

The main control loop of the primary control is based on the droop strategy [45 — 47], [54 — 55].
The droop control is often applied to achieve the active and reactive power share between DG units,
corresponding to the loads change by adjusting the voltage and frequency of the VSIs. The basic idea
behind the droop method comes from synchronous generators that share any increase in the loads
based on their ratings. The instantaneous increase in the power of demand can be compensated by the
mechanical power of the rotor. The same idea is utilized in the exciter control of synchronous
machines, i.e. the voltage drops when the reactive power is increasing. These two characteristics are
implemented in power electronic MGs via the droop functions [48], [56 — 58]. However, even the
primary control based on this technique has achieved average power-sharing, it has several drawbacks
regarding harmonics sharing. The droop control method is not suitable for sharing current harmonics
in the case of VSIs supplying nonlinear loads. Thus, improved schemes of the droop control have been
proposed to enhance the harmonics sharing accuracy [58]. One of the effective techniques proposed
with the aim of sharing properly the harmonic-current contents includes an additional virtual control

loop to adjust the output impedances of the units [59], [60].

The block diagram of the primary control structure based on droop control of multiple VSlIs
connected in parallel forming MG is shown in Fig. 1.6. This scheme comprises current and voltage
control loops, virtual impedance loop, droop controller, and power calculation block. The inverter
voltage frequency and amplitude stabilization are achieved by current and voltage control loops, while
active and reactive power sharing is accomplished by the droop control method. Besides, before the
droop control takes place, the power calculation stage uses the output current and voltage mapped into
af-frame; detected by the SOGI-FLL; to compute the average value of the real and reactive power.
Voltage and current control loops are integrated into a single controller, which can significantly
improve the dynamic performance of the MG. The virtual impedance loop as an optional loop acts in
MGs with mismatched inductive/resistive feeder impedance, in order to improve the power quality
and power-sharing accuracy in the MG [61]. These included blocks are described in detail hereafter.
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a- Power calculation block: The power calculation block is introduced into the primary control
scheme to calculate the average value of the active and reactive powers. The instantaneous active and
reactive powers are generally computed based on their mathematical expressions in af frame or dq
frame as a function of output voltage and current af (or dg) components, by using the well-known
expressions given by Eq. (1.1) (or Eqg. (1.2)) below, respectively. This purpose can be applied directly
for three-phase MG after transforming the three-phase voltages and currents to the o5 (or dq) reference
frame. But, in single-phase systems, an additional unit is needed to generate the orthogonal component
(ig) from the direct current signal, where the active and reactive power can be calculated by using Eq.
(1.3). In this sense, several techniques have been adopted to generate the orthogonal component (ig)
from a single current signal, among them, those based on the SOGI scheme.

P I%(VCaXiaJFVcﬁXi,g)

Q :%(Vcaxia_vcﬁXiﬂ)

P :%(Vcd xiy +ch><iq)
Q :%(—Vcd ><iq +ch><id)

where Ve, 1op are the in-phase and quadrature-phase components of the inverter output voltage and

(1.1)

(1.2)

current, respectively.
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Fig. 1.7 shows the schematic diagrams of the power calculations for both three- and single-phase
systems. It can be seen that after the instantaneous active and reactive powers are determinated, they
are passed through a low-pass filter (LPF) to obtain the corresponding average values, in which the
transfer function of the LPF can be expressed in the s-domain as follows:

P @,
G s)=—= cut —off 1.3
LPF( ) D S+w ( )

cut —off

where @

cut

o« denotes the cut-off frequency of the LPF which is generally chosen with a very small

value to eliminate the inherent harmonics components [62].

The calculated active and reactive power are sent as inputs to the droop controller. For instance,
an inappropriate detection of the quadrature version of the inverter current can affect the accuracy of
the computed powers and, as a result, degrades the performance of the droop method-based control
scheme. To this end, some efforts are done to design an advanced structure of the power calculator

that would ensure high averaged power calculation accuracy in single-phase MGs [62].

b- Droop control strategy: In order to avoid circulating current among paralleled VSIs without
the need for the communication link between them, the droop control strategy is generally used [38],
[39], [52]. This is a kind of collaborative control strategy used to share the active and reactive power
between DG units in a cooperative way. The droop control method; also called P-» and Q-E droops;
has been proposed to support the parallel connection of multiple voltage sources sharing the critical
loads [55], [63]. It ensures that the DG units share the load by drooping the frequency of each VSI
with the delivered real power. This allows each generator to share changes in total load in a manner
determined by its frequency droop characteristic without the need for a communication link between
the DG units. Similarly, a drop in the voltage amplitude (E) with reactive power (Q) is used to ensure

reactive power-sharing.

| Eq. (1.2) LPE
i } b ) 3 P
af [ P :%(mel +V0ﬂxlﬁ) Dot off
Veap i Q:%(vmm ~Vopxiy) Ll ST Dot 3 Q
|
|
|

Fig. 1.7. Block diagram of the power calculation strategy.
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In the droop control loop, the frequency w and the amplitude E of the inverter voltage output are
fixed according to the average active P and reactive Q powers provided by the VSI to the MG, they
can be expressed as:

a):a)*+m(P*—P) (1.4)

E=E"+n(Q"-Q) (1.5)
where »” and E” are the frequency and the amplitude of no-load output voltage, respectively. P* and
Q" are the active and reactive power references, which are set to zero in the case of island operation
mode [47]. The control parameters n and m correspond to the slopes of the frequency and amplitude
functions, which can be determinated according to the allowed frequency and voltage deviation (Aw
and AE ) and the maximum active and reactive powers (Pmax and Qmax), respectively. This relationship

can be given as follows:

The block diagram of the droop control loop is illustrated in Fig. 1.8. According to this figure,
the produced frequency and voltage by the droop controller are entered into a sinusoidal signal
generator to generate the reference of the output voltage of the VSI, which can be defined by the

following equation:

v, (t)=E xsin(wxt) (1.7)
This determined voltage reference by the droop control is then applied to the input of the inner

voltage and current control loops.

Fig. 1.9, illustrates the graphical representation of the droop control characteristics for two VS Is.
It can be seen that the droop slopes act as a negative mechanism between P/Q and w/E, respectively.
In addition, it is worth mentioning that the frequency and amplitude in steady-state matches in both
VSIs where the same slope parameters coincide, i. e, n1=nz, and m:=mz. Hence, a proper active and

reactive power sharing supplied by these two DG units is reached.
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Fig. 1.8. Schematic diagram of the droop control loop.
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Fig. 1.9. Voltage frequency and amplitude characteristics of the droop control method.

The droop control method presented above is necessary for the operation of MG, especially in
islanded mode. However, although this technique achieves real and reactive powers average value
share, it has limitations with respect to current sharing since the output current provided by the
inverters depends on their output impedance ratios. In addition, harmonic voltage drops due to the
flow of harmonic currents induce voltage distortion at the point of common coupling (PCC). This
issue can appear in the case of supplying non-linear load by VSIs. Thus, the virtual control loop is
integrated into the primary control level for the aim of granting accurate sharing of the current

harmonic contents when DG units feeding the non-linear load.

c- Virtual impedance loop: Although the droop control strategy is suitable to share the
fundamental active and reactive power between the VSlIs, it has limitations when it comes to harmonic
current sharing [51], [64], [65]. To this end, the virtual impedance loop is proposed to improve the
current sharing between the VSIs by normalizing their output impedance. The virtual output
impedance loop consists of a fast control loop which is used to obtain pure inductive equivalent
impedance composed of the series connection of the MG impedances seen by the VSI and the virtual
impedance (see Fig. 1.6, which depicts the equivalent circuit of VSIs with line and virtual

impedances). This virtual output impedance is implemented by drooping the output-voltage reference
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proportionally to the time derivative of the inverter output current. This effect can increase the inverter
output inductive impedance, and consequently increasing the impedance between the VSI and the
common bus line, and reducing the circulating current in the MG as well. The virtual inductive output

impedance can be implemented by the following expression [66]:

zv(s) =s. Ly (1.8)

where Ly is the inductor value of the virtual output impedance, and s is the Laplace operator.

Indeed, the virtual output impedance is added to the control loop of each inverter. The block
diagram of the programed virtual-output-impedance-based droop control scheme is shown in Fig.
1.10. According to this figure, a virtual impedance unit is used to compute the voltage of the virtual
output impedance which considers the inverter output current as an input. This virtual impedance
voltage is added as an extra term in the output voltage reference; delivered by the droop control loop;
as follows:

Vo (5)=Veop (S)=Z, (5)i (s) (1.9)

The equation above describes the expression of the output voltage new reference with the
corporation of the virtual output impedance.

It is worth mentioning that, as the virtual output impedance is programed as the time derivative
of the inverter current, the system becomes highly sensitive to the output current noise and non-linear
loads with a high slow rate. To this end, virtual impedance implementation based on the SOGI-QSG
scheme has been suggested in the literature as shown in Fig. 1.10 (b) [66]. This implementation takes
the benefits of the SOGI method features to perform a virtual impedance control scheme that is
characterized by; i) less sensitive to the output current noise; ii) avoids performing the time derivative
function, iii) achieves better output-voltage total harmonic distortion, and iv) enhances the sharing of
nonlinear load [67]. This concept will be adopted in our hierarchical control scheme, where the SOGI-

FLL scheme is integrated into all three-control levels.

d- Inner control loops: The inner controllers are required to maintain stable control over the
output voltage and current of the inverter, even in the presence of disturbances. This goal can be
achieved by setting the output voltage of the inverter to the desired reference. The inner controller that
is considered for VSIs includes a voltage loop and an inner current loop. The current and voltage

control loops are performed to regulate the output voltage of the inverter and to control the current
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while maintaining the system stable. The block diagram of the inner control loops is shown in Fig.
1.11 (a). Both control loops are generally based on the Proportional-Integral (P1) controllers. These
controllers manipulate the error between the measured output voltage and inductor current, and their
references are provided by the droop controller and the voltage controller, respectively, to produce the
commands of the inverter. Fig. 1.11 (b) illustrates the equivalent circuit of an inverter, which can be
represented by a sinusoidal voltage source and output impedance. Accordingly, the transfer function

of the output voltage can be given by [47], [66]:

v, =G,(P) v -Z,(P) i (1.10)

0

being Gy (S) the voltage gain and Z, (s) the output impedance, which can be expressed as follow:
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Fig. 1.10. Virtual output impedance; (a) -based droop method, (b) implementation by using the
SOGI approach.
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Fig. 1.11. (a) The block diagram of inner control loops, and (b) the equivalent circuit inverter.

Consequently, the primary control included the droop control method can ensure accurate power
load sharing by controlling voltage frequency and amplitude. However, as aforementioned earlier,
steady-state error and frequency and voltage amplitude deviations are the main drawbacks of this
control level. In this sense, an additional control level, called secondary control, is addressed to

overcome the mentioned issues and eliminate the frequency and voltage deviations [44], [68].

1.3.2. The secondary control layer

The secondary controller; which is our first concern in this thesis; is responsible of removing the
frequency and amplitude deviations produced by the VSI virtual inertias and output virtual
impedances. In addition, this control takes on the function of synchronizing the microgrid with the
main grid before performing the interconnection, i.e., transition from islanded to grid-connected
modes. Furthermore, the secondary controller can also act as the Energy Management System (EMS),
taking care of power flow and power quality (i.e., suppress circulating currents and harmonic
elimination) within the MG, as it is the highest control layer during islanded mode operation [69],
[70].

SC can be categorized into centralized and distributed control structures [71]. The schematic
diagrams of these two main structures are shown in Fig. 1.12. In the centralized SC structure, a central
control unit coordinates the DGs and restores the MG frequency and voltages, as illustrated in Fig.
1.12 (a). In this structure, all required parameters, i.e., the DG units frequency and voltage, are
generally transmitted via a high data rate communication bus. However, the centralized control
structure is suffering from the problem of a single point of failure [71]. In the distributed architecture
(Fig. 1.12 (b)), each DG unit measures its own frequency and voltage and communicates them to the

other DG units. For instance, a peer-to-peer communication network is required to exchange
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information between each DG unit and its neighboring units. Either centralized or distributed

secondary control measures the voltage frequency and amplitude (wwvc and Emg) and compares them

with their references wmc" and Emc’, then, sends the errors dwres and OEres to all the units to restore

the output voltage [44, 72]. For this sense, a proportional and integral (Pl) regulator is used,

considering the voltage frequency and amplitude deviations as inputs:

Oy =Ki_y XI(”IT/IG — Wye )dt_kp—f (a’:AG _a)MG) (1.12)

*

OE o =ki_g x _f( Eve —Ewe )dt —Kye (EITAG —Eve ) (1.13)

Moreover, the phase between the grid and the microgrid is measured and sent to all the modules

to synchronize the microgrid phase. As shown in Fig. 1.12, these control schemes are generally

equipped with a PLL. This PLL is integrated to estimate the key parameters (frequency, amplitude,

and phase) needed for the secondary control loops.
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Fig. 1.12. Two main secondary control architectures: (a) Centralized SC and (b) Distributed SC.
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Fig. 1.12 (suite). Two main secondary control architectures: (a) Centralized SC and (b)
Distributed SC.

1.3.3. The tertiary control layer

The tertiary control level; which is our second point of interest in the present thesis, is designed
to regulate the active and reactive power flow between the main grid and the entire microgrid at the
PCC, and to provide load balancing [38]. In the grid-connected mode, the microgrid operates by
exporting and importing energy to and from the main grid, ensuring the power control flow balance
between the MG and the main grid, and supporting the grid services as well. To this end, the tertiary
control is introduced as a global central controller for optimal bidirectional control of the active and
reactive power flow, power management, and coordination of DG units at optimal set points. More
particularly, in microgrid systems interconnected to the utility grid, the main aim of the tertiary control
is to manage power flow by enabling any deficit of energy in the microgrid to be supplied by the
utility grid as well as by sending any excess of energy in the microgrid to the main grid [43], [73],
[74]. Hence, the power flow bidirectionality can be controlled by the tertiary layer, which defines the
desired active and reactive power values by providing the voltage amplitude and frequency set points
to the lower control levels [40], [74], [75]. Fig. 1.13 shows the block diagram of the tertiary control
level for multiple DG units formed MG connected to the main AC grid. As is illustrated, by measuring

the grid current and voltage, the active and reactive power injected to the grid (Pg, Qg) can be
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computed. These quantities are compared with their corresponding desired values Py~ and Qg", and PI
controllers produce the new voltage frequency and amplitude set-points. Hence, by considering active

and reactive power flows, the expressions of the tertiary controller can be given as follow [40]:

D :Iki—P(Pg*_ Pg)dt_'_kp—P(Pg*_ Pg) (1.15)

E. = j ko (Qq —Q, )dt+k, o (Q; —Q,) (1.16)

The obtained frequency and amplitude references are then sent to the secondary control layer for
power flow control at the inverter level. In such control level, a PLL is needed for frequency,
amplitude, and phase angle estimation of the grid voltage to synchronize the MG with the grid when
performing the transition from island to grid-connected modes. It is worth mentioning that the tertiary
control actions should be deactivated when islanding mode is detected, i.e., the utility grid is

disconnected from the microgrid.
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Fig. 1.13. Block diagram of the tertiary control level for a microgrid.
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1.4. Problem statement

As discussed above, hierarchical control including primary, secondary, and tertiary control levels
have been adopted to achieve microgrid requirements such as power quality, stability, and robustness
[39], [76]. Besides, for the aim of improving and evaluating the performance of the microgrid control,
different control schemes, modeling, and analysis of these control levels have been proposed.
However, the primary control design, modeling, and analysis have gained much research community
attention, in which advanced scheme and dynamics performance enhancement of each included stage
have been considered for single- and three-phase MGs. On the other side, despite extensive research
that has been conducted in designing control strategies for both secondary and tertiary control levels,
effective control structures that integrated enhanced estimation schemes cannot be found in the
literature review, especially in the case of single-phase MGs. In addition, accurate dynamic modeling,
taken into consideration the estimation dynamics, and a comprehensive tuning procedure of these
control schemes based-single-phase MG during grid-connected and islanded operation modes are not
properly investigated. Hence, these main problems of designing, modeling, and tuning the secondary
control and tertiary control layers for single-phase microgrids, which are challenging issues, are

addressed in the present research work.

The question is whether the designed secondary and tertiary control schemes as well as the
proposed modeling approach including inherent dynamics-based analysis are able to provide a stable

and robust operation of MG with enhanced performance?

The given response to this question is that the integration of an enhanced estimation scheme with
improved performance can increase the MG robustness and reliability, and provide a system that can
respond to changes in load demand and VSIs outputs in an effective manner, without compromising
performance and stability. In addition, the development of modeling approach that allows to derive
accurate mathematical models can ensure effective evaluation of the MGs stability and the
development of control techniques that can accomplish the desired control transient performance. The
presented analysis and performance examination as well as the conducted simulation study and

experimental tests and their results will validate the effectiveness of the thesis proposal.

1.5. Literature Review of the secondary and tertiary control strategies in
AC MGs

This section presents a description of the literature review of the secondary control and tertiary
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control layers for droop-controlled VSIs in islanded and grid-tied microgrid, regarding control scheme
design and modeling procedures. The related works are analyzed from the control design and
modeling approach point of view, taking into consideration related problems as well as the estimation
stage performance and dynamics, for single- and three-phase microgrids. In the first subsection, a
review of the secondary control design and modeling intended for droop-controlled VSls interfaced-
AC microgrids is discussed. The second subsection presents a review of the design and modeling of

tertiary power flow control intended for grid-connected MGs.

1.5.1. The Secondary control layer

The secondary control is in charge of recovering the MG voltage frequency and amplitude to their
rated values and perform synchronization with the grid as well. As mentioned earlier, secondary
control has been presented by two main architectures, centralized, and distributed intended for three-
and single-phase MGs. These architectures have been adopted in various research works, such as in
[77] and [72], for centralized and distributed, respectively. In addition, many advanced control
techniques have been developed in the literature in order to achieve the secondary control objectives
with optimal performance [78 — 80]. Among them, fuzzy logic control [78], Hoo control technique
[79] and model predictive control [80], etc... . In the secondary control layer, the communication
network is required to send the expected variables to the primary control. This communication
network is the main feature that distinguishes between the secondary control architectures. Besides,
the effect of the communication delay is the main issue that has been addressed in the literature [81],
[82]. The authors in [81] have studied the communication-delay-related stability issue for the
distributed secondary frequency and voltage control of three-phase islanded MGs and presented
integrated modeling and analysis. Also, references [82] have investigated the impact of
communication delay on the system dynamic performance for distributed secondary control intended
for single-phase MG.

However, in all the aforementioned works, conventional PLL is generally used to determine the
frequency, amplitude, and phase angle of the MG voltage. In fact, the conventional PLL schemes
regarding the parameters estimation are highly sensitive to load variation and harmonics issues as well
as to DC component disturbance [83]. This effect may severely affect the performance of the
frequency and amplitude restoration control loops and as a result, decrease the entire MG system
stability. In addition, as PLL involves sine and cosine computing functions, they suffer from

implementation complexity, especially, single-phase ones. This issue may complicate the
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implementation of secondary control and increase its computational time. Furthermore, the DC
component, which may be induced in the input of the PLL, can affect the PLL estimation performance
and, as a result, the system stability. To deal with the PLL issues, especially for a single-phase system,
SOGI-FLL solution, as well as advanced ones based on SOGI with the capability of DC-offset
rejection (ESOGI-FLL [67]), have been proposed in the literature in order to improve the estimation
characteristics [84]. These advanced schemes, which are characterized by their implementation
simplicity and high DC-offset rejection capabilities, have been presented in various MG applications,
and have shown their effectiveness [67]. Although these schemes feature, as well as some researchers,
have studied the effect of the PLL in secondary control regarding dynamic performance, no related
works for the integration of enhanced estimation scheme in the secondary control layer for droop-

controlled VSIs have been adopted in the literature.

In addition, from the modeling point of view, since PLL is involved in the secondary control, it
is expected to introduce its estimation dynamics into the frequency and amplitude restoration model.
In this regard, small-signal modeling of distributed secondary control for frequency and amplitude
restoration of an islanded MG has been presented in [72]. In this paper, the PLL dynamic of the
frequency estimate is involved in the frequency restoration model. Where a unity amount is considered
for amplitude estimate as feedback in the amplitude restoration model. The same concept is proposed
for the centralized secondary control of two three-phase VSIs forming islanded MG in [82], where
only the dynamics of the frequency estimation is involved. Similarly, in [85], the authors have
modeled the frequency restoration control stage for a three-phase MG, and only the dynamic of the
frequency estimation is considered. The researchers in the paper [86] have introduced a first-order
transfer function in the model of the frequency restoration control to express the PLL estimation
dynamic, while the amplitude restoration model is not presented. For single-phase MG application,
only one has been found in the literature [87], which presents the modeling of centralized secondary
control. The same concept is adopted for the modeling of the frequency restoration control by
introducing the first-order transfer function that is considered for the PLL estimation dynamics. While
unity feedback is proposed in the amplitude restoration model. However, the adopted concept may be
valid for three-phase applications where the amplitude might be computed in af frame by using the
af voltage components. Nevertheless, in single-phase MGs, the amplitude must be estimated as the
frequency from a single input voltage. Thus, the amplitude estimate dynamic should be involved in

the model of the amplitude restoration control. From this point of view, the obtained models are given
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in paper [87] and the analysis based on it is questionable. As a result, the stability of the overall MG
system can be compromised. Besides, it is worth mentioning that a comprehensive control design for

the tuning of the secondary controller parameters cannot be found in the literature.

1.5.2. The Tertiary control layer

The tertiary control layer is implemented as a centralized controller to manage the power flow
between the MG and the grid, which can be enabled by real and reactive power reference tracking
capability in all the DG units. This control level is activated when the grid-connected mode is
expected. In the research review, the tertiary control has been presented with different control

techniques applied to droop-controlled microgrids working on grid-connected mode [40], [88 — 91].

Despite the wide research that has been presented in designing the tertiary control for three-phase
grid-connected microgrids, there is still ambiguity regarding single-phase MG. However, in the
tertiary control stage, the PLL is often integrated to estimate the key parameters of the grid need by
the controller. Furthermore, as the active and reactive powers of the grid are needed, hence, they
should be calculated. These powers can be computed in a three-phase system directly according to
their expression in of frame (given by Eq. (1.2)), followed by LPF to terminate the average active
and reactive powers from the instantaneous ones. In single-phase MGs, a power calculation unit with
an LPF is generally integrated within the tertiary control level to calculate the average powers, in
which the estimation of the voltage orthogonal component is the main issue. Indeed, the integrated
LPF, as itis well known, can reduce the dynamic response of the control system [91], hence, degrading
the MG stability. In addition, the presence of the DC component in the PLL input signal may affect
system stability [67]. Therefore, to deal with these issues, advanced power calculation methods
introducing SOGI-based schemes have been presented and have demonstrated their effective
performance [92]. Nevertheless, from the literature survey, these structures have not been applied yet
in the tertiary control-based grid-tied MG.

Regarding the modeling procedure, the thing that should be mentioned is that the MG power flow
modeling intended for the tertiary control level is similar to the one for the droop control since it is
performed through line impedances (see Fig. 10). They differ from each other only in the closed-loop
control model, where the tertiary controller model is introduced instead of the droop control functions,
as well as the input and the output signals of the system. From this regard, various modeling

approaches have been developed to derive the small-signal model of the power flow control in the
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MG system [88], [91], [93 — 98]. For instance, papers [95] and [6] presents a dynamic phasor modeling
approach for a three-phase MG during islanding operation. State-space modeling of MG formed by
two VSIs has been given in [97] and [98]. One can observed that most of the stated works have
addressed the closed-loop modeling of the MG incorporating the droop control for three-phase
systems. Also, the number of works related to the MG power flow modeling incorporating tertiary
control in grid-tied MG is significantly reduced, and even more for the case of single-phase MG
system. Further, it is worth noting that the researchers in all presented papers have considered active
and reactive power decoupling in the control, only the last one has addressed the coupling concept.
Adopting the coupling concept may contribute to achieving accurate MG modeling incorporate

hierarchical control.

Considering the power calculation point of view, in all these works, a transfer function of a LPF
has been proposed to describe the power calculation dynamics into the power flow model [92], [93].
Nevertheless, as mentioned above, an additional block is required to extract the orthogonal component
voltage in the case of single-phase MGs, then, its dynamic must be introduced in the control modeling.
From our point of view, this concept is often overlooked in the research works presented in the
literature review, thus, stability analysis based on the obtained models may not be accurate. In
addition, a comprehensive and clear tuning procedure for the proper selection of the tertiary controller
parameters cannot be found in the research review. These issues may lead to an inappropriate design
of the tertiary control. As a result, the injection of improper power into the grid is expected; as a result,
the stability of the overall system may be questionable.

Generally speaking, the ESOGI-FLL method can be introduced in both secondary and tertiary
control, especially for single-phase MG applications. This method is an effective solution for the
proper estimation of the single voltage key parameters and synchronization process [92]. The ESOGI-
FLL is based on a frequency-adjustable resonator, that was implemented by two cascaded integrators
working in a closed-loop (see Fig. 5 in chapter. I1). In addition, it integrates a frequency observer that

adapts the center frequency of the ESOGI to frequency changes. Such scheme is characterized by:

e Precise estimation of filtered voltage fundamental component and its 90° phase-shifted version
as well as the operating frequency, amplitude, and phase angle.

e Ease implementation and it can filter the input signal without time delay.

25



Chapter 1 Introduction to Microgrid Technology and Control

e The advantages of fast and accurate signal-tracking capabilities with a high rejection of the
input signal disturbances, especially the DC component.

e Robustness to different load disturbances.

In addition to these features, this scheme has a clear mathematical model, which is very useful to
be introduced in the MG modeling incorporate hierarchical control for describing the estimates’

dynamic.

To deal with the aforementioned control issues and to optimize MG control performance, inspired
by the ESOGI-FLL features, the present thesis focus on the design and the modeling of the secondary
and tertiary control layers included estimation structure-based ESOGI-FLL. These control layers are
interned for droop-controlled MG operating in grid-connected and islanded modes. In addition, in-
depth analysis and comprehensive tuning procedures are investigated in this research work.
Furthermore, aiming at validating the thesis proposal, the implementation of the complete hierarchical

control for single-phase grid-tie and island MG is conducted.

1.6. Main Contributions and outcomes

This thesis proposes an effective and optimal proposal for the design, analysis, and modeling
approach of secondary and tertiary control layers intended for single-phase microgrid operating with
the droop method during island and grid-tie modes operation. In addition, it develops a comprehensive
and clear procedure for the tune of secondary and tertiary controllers’ parameters. The performance
evaluation of the proposed control approaches is conducted through simulation studies under various
operational conditions. Additionally, some experimental tests are presented to validate the
effectiveness and robustness of the proposal. The main contributions of the present thesis are

summarized below:

a- For the secondary control:
» Designing a secondary control structure based on the ESOGI-FLL scheme intended for single-
phase droop-controlled VSls in islanded MG.
» Developing a new accurate modeling approach of the designed secondary control for
frequency and amplitude restoration, taking into account the dynamics of the ESOGI-FLL based-
estimation block.
» Introducing the transfer function of FLL, which describes the frequency estimate dynamic into

the frequency restoration control loop model.
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» Appling dynamic phasor modeling to drive the model of the amplitude estimate to be
integrated into the model of the amplitude restoration control loop.
» Studying and analyzing the stability of the MG system incorporating the secondary control
layer using the obtained closed-loop models.
» Providing a comprehensive and effective tuning guideline for proper parameter selection of
the secondary controllers.
» Assessing the robustness of the designed controllers against load changes and system
parameters disturbances based on the obtained models.

b- For the tertiary control:
» The design of an advanced structure for the tertiary control layer equipped by ESOGI-FLL-
based-power calculation block for optimal active and reactive power control flows in single-phase
grid-tie MG is presented.
» Proposing a dynamic phasor modeling approach to drive an accurate model of the active and
reactive power flow for single-phase grid-connected MG incorporating tertiary control.
an active and reactive power decoupling control algorithm
» Introducing the dynamics of the ESOGI-FLL-based power calculation into the overall system
model.
» Driving an accurate closed-loop state-space model of the power flow control considering
active and reactive power coupling.
» Assessing the accuracy of all obtained models under case studies and perform the stability of
the whole system.
» Developing an effective control design to tune optimally the parameters of the tertiary
controller, which ensures optimal power flows.

» Verifying the robustness of the designed tertiary controller against various disturbances.

1.7. Thesis organization

After giving an introductive description of the microgrid technology and hierarchical control
scheme, then, investigating problem statement, introducing a survey of past work focusing on the
secondary and tertiary control layer design and modeling and presenting thesis contributions and

organization as well, the rest of this thesis is arranged as follows:

Chapter 2 describes, in a detailed manner, the design of the secondary control based on the
ESOGI-FLL scheme for two single-phase droop-operated VSIs dominated-islanded AC MG. In
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addition, it presents the development of a new modeling approach for the secondary frequency and
amplitude control based single-phase MG. In this modeling approach, the dynamics of the frequency
and amplitude estimates are taken into consideration in the model of the overall system. Besides, the
ESOGI-FLL scheme description, the derivation of its dynamic models regarding frequency and
amplitude estimation, and their accuracy examination are provided in this chapter. The system stability
analysis and the parameters tuning of the secondary control, as well as robustness assessment, are
presented, also, in this chapter. Furthermore, this chapter includes synchronization loop modeling and
control design. Finally, the main conclusions of this chapter are given.

Chapter 3 considers the design and modeling of the tertiary control layer for optimal power flow
in a single-phase AC microgrid. The dynamic phasor modeling procedure is proposed to derive
accurate models for power flow control during the grid-connected mode, and considering active and
reactive power coupling. The state-space small-signal model of the open-loop power flow control is
obtained and its accuracy is verified. The analysis of the system stability based on a developed closed-
loop model for power flow control is provided. A control design guideline based on simplified closed-
loop models, which are concluded, is presented to properly choose the control parameters. Finally, the
robustness of the tertiary controller is tested against the controller and the system parameters variation

as well as load disturbances, and the chapter conclusions are given.

In chapter 4, first, simulation study and experimental implementation of the secondary control
layer for a single-phase AC microgrid are provided. A centralized secondary controller is implemented
for two parallel-connected droop-controlled VSI forming island MG. Additionally, different tests are
conducted and the obtained results are illustrated and discussed in detail. Secondly, a simulation
testbed development of a designed tertiary control for importing power from an MG to the grid is
realized in this chapter. The effectiveness of the tertiary control is assessed under various grid-tie MG
operating conditions. This chapter involves the expected results obtained from the performed tests.
The discussion of the obtained result is presented and explained in this chapter. Later, the conclusion

of this chapter is provided.

Chapter 5 summarizes the main conclusions of the present thesis. It points out at all the made
contributions regarding the design and the modeling of the secondary and tertiary control layer for
single-phase AC MG. In addition, a way that the obtained results show how the designed control

schemes have improved MG performance as well as validate the thesis purposes.
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1.8. Conclusion

This chapter has explored the thesis purpose introduction, background and motivation, MG
control, and our focus control level literature reviews, contribution, and organization. First, a general
introduction to the future of the electrical power grid, i. e., MG systems, and control are presented. In
addition, the hierarchical control strategy proposed for AC microgrids, including primary, secondary,
and tertiary levels, was described considering different operating modes. In this chapter, the primary
control included the droop method as well as other control loops for microgrid system control, was
described in detail. Furthermore, the secondary and tertiary control layers were also, discussed. A
review of the literature published on the design and modeling of the secondary and tertiary controls is
addressed. The contribution of the thesis regarding the proposed design and modeling approach of the
secondary restoration control and the tertiary power flow control is presented. The organization of the

present thesis is also given in this chapter.

In the coming chapters, the design of the secondary and tertiary control layers will be proposed.
Also, new accurate modeling of the frequency and voltage restoration secondary control and the power
flow incorporation tertiary control will be developed. Systems testbeds will be conducted on a
simulation study using the MATLAB environment. Finally, the thesis control proposals will be tested
in terms of robustness against parameter variation, stability, power quality, and performance

enhancement.
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Chapter 2 Design and Modeling of Secondary Control Layer for
Autonomous Single-Phase Microgrids

In this chapter, a summary of the first contribution of this thesis is discussed. This contribution
is related to the design, modeling, and analysis of the secondary control based on ESOGI-FLL to
properly compensate for the voltage amplitude and frequency deviations caused by the inherent

characteristics of the droop control strategy in single-phase microgrids (MGs).

2.1. Introduction

Microgrids (MGs) are local electrical networks, which are designed for efficient, reliable, and
flexible use of distributed generators (DGs) including renewable energy sources and energy
storage devices [98-100]. In such networks, the distributed generators are linked at the point of
common coupling (PCC) via power converters enabling MGs to operate either in grid-connected
mode or islanded mode [101], [102]. The control of these power converters-based MG must be
able to guarantee some objectives such as power-sharing, power quality enhancement,
synchronization, and power flow management [6]. Toward this end, hierarchical control consisting
of primary, secondary, and tertiary controls is the most adopted scheme in the literature [38, 39],
[104]. The primary control is locally implemented to ensure power-sharing among DG units and
their stable operation. Whereas, the secondary control is required to compensate for frequency and
amplitude deviations caused by the inherent characteristics of the primary control, as well as
ensuring power quality enhancement. In addition, when the grid connection mode is expected,
microgrid synchronization to the main utility grid is included within the secondary control scope
[63]. The tertiary controller deals with the power flow by providing the setpoints to the lower

control levels.

The secondary control, intended for frequency and amplitude restoration, has been considered
for both single and three-phase AC microgrids [68], [72], [105 — 107]. Two main strategies of the
secondary control layer have been reported in the literature; centralized and distributed approaches
[93], [108 — 112]. In the centralized control approach, a central controller is responsible for
producing the DGs control signals, based on the estimated microgrid parameters, i.e., frequency
and amplitude. In this strategy, an underlying communication network is required to communicate
the appropriate control signals to the primary control of each DG unit. While the distributed
secondary control is locally implemented in each DG with the aim to improve the system
reliability. This control strategy requires both local estimates and the measured parameters of
interest of the rest of DG units, which are exchanged through a sparse communication network, to
produce the required set points to the primary control. The above-mentioned approaches generally
use the phase-locked loop (PLL) technique to estimate the frequency and amplitude of the
microgrid at the PCC and those of other DG units. In fact, the performance of these PLLs may be
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degraded due to the voltage distortions, especially the DC component, which may be caused by
different factors in the microgrid voltage [113]. Despite solutions that deal with these issues are
available in the literature [114 — 117], no application for these solutions to the secondary control

layer has yet been presented.

On the other hand, as the PLL has been considered as an estimator, the dynamic models of the
secondary control for frequency and amplitude restoration have been derived by exploiting the
small-signal model of the PLL. For instance, Vasquez et al. [44] have modeled the centralized
secondary control of a three-phase MG considering the PLL transfer function to express the
frequency estimate dynamics in the frequency restoration. While the amplitude estimation is
modeled as a unity gain for the amplitude restoration. Similarly, in [118], the PLL model has been
used in the frequency recovery model for two different control strategies: model predictive
controller and Smith predictor-based PI controller. However, the voltage recovery modeling has
not been reported. The same concept has been adopted to model the distributed secondary control
for frequency and amplitude restoration in [110], [119], [120]. In [121], a unity voltage feedback
has been considered in state-space modeling of a distributed voltage control. It is worth mentioning
here that all the available modeling approaches are proposed for three-phase MGs, in which only
the frequency estimate dynamic has been taken into account, and the amplitude estimate has been
modeled as a unity gain. This concept is valid for three-phase MGs, as the frequency is estimated
by the PLL while the amplitude can be computed directly by using the o/ voltage components that
are obtained based on the abc/ af coordinate transformation. However, in single-phase MGs, both
amplitude and frequency are estimated using the PLL, from a single-phase input voltage. Hence,
the estimation dynamics of both of these variables should be taken into consideration in the
frequency and amplitude restoration modeling. According to this reason, the authors in [87] have
proposed a schematic diagram of the secondary control model for amplitude restoration of a single-
phase MG. In fact, a first-order transfer function is introduced to describe the amplitude estimate
dynamics. One should note that this is the only paper found in the existing literature which deals
with this issue. However, the authors did not mention how this transfer function has been obtained
and how its parameter has been selected. This is maybe due to the difficulty of expressing the
amplitude estimation dynamics from the PLL’s small-signal model. Hence, the analyses of the
amplitude restoration control based on this model are not accurate. Consequently, an improper

tuning of the control parameters and, then, the stability of the MG can be seriously compromised.

Although the existing literature has addressed extensively the frequency and amplitude
restoration in the secondary control layer for three-phase MGs and has covered all the modeling
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and control design aspects, there are still blind spots and challenging tasks regarding single-phase
MGs. The main challenges related to the secondary control modeling in single-phase MGs, are
listed below:

e Lack of precise modeling of microgrid frequency and voltage restoration control, more
particularly, due to the unknown dynamics of the involved estimates.

e Lack of a comprehensive tuning procedure for parameter selection of the proportional-

integral (PI) controllers involved in the restoration control.

In this chapter, a secondary control scheme based on the Enhanced Second-Order Generalized
Integrator-Based Frequency-Locked Loop (ESOG-FLL) scheme suitable for DC offset rejection
is presented. Also, an accurate approach to derive small-signal models of the frequency and
amplitude voltage at the point of common coupling (PCC) of a single-phase MG by analyzing the
dynamics of the ESOGI-FLL is proposed. Fig. 2.1 shows the hierarchical control of an islanded
AC MG, on which the ESOGI-FLL scheme is introduced to estimate accurately the microgrid key
parameters. Accordingly, the main features of ESOGI-FLL are explored to get the transfer
functions that describe the frequency and amplitude estimates dynamics and to introduce them into
the overall secondary control modeling. The main contributions investigated in this chapter are
listed hereafter:

1) Dynamic phasor concept-based ESOGI-FLL modeling is proposed to derive the amplitude
estimate, dynamic model. The derived model is, then, introduced as feedback in the amplitude
restoration control loop.

ii) The linearized model of the frequency locked loop (FLL) is suggested as a frequency
estimate model. This model is considered as feedback in the frequency restoration control loop.

iii) The stability analysis of the system and a systematic design process for a proper selection
of the restoration controllers’ parameters are performed.

iv) The synchronization modeling and control design that enables a seamless transition from
islanded mode to grid-connected mode operation are studied.

Simulation and practical experiments of a hierarchical control scheme, including traditional
droop control and the proposed secondary control for two single-phase parallel inverters, are
implemented to confirm the effectiveness and the robustness of the proposal under different
operating conditions. The obtained results validate the proposed modeling approach to provide the
expected transient response and disturbance rejection in the MG.
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Fig. 2.1. Hierarchical control of two single-phase inverters-based islanded AC microgrid,
considering primary control and secondary control based on ESOGI-FLL for parameters
estimation. The MG consists of two parallel DG units, in which each DG has its own local
controller, connected to a local load and the utility grid at a common AC bus.

The present chapter is organized as follows. Section 2 describes the primary and the secondary
controls based on the ESOGI-FLL scheme for an autonomous single-phase AC microgrid. In
Section 3, the proposed modeling approach of secondary control for frequency and voltage
restoration is provided. In this section, the phasor theory-based SOGI-FLL modeling analysis is
developed. Frequency and amplitude restoration modeling and tuning procedure, as well as the

synchronization modeling and control design, are also presented in this section.

2.2. The proposed secondary control scheme for Single-Phase Droop-

Controlled Islanded Microgrid
In Fig. 2.2, it shows the proposed hierarchical control scheme for two parallel-connected
single-phase inverters, forming an islanded AC MG. As depicted in Fig. 2.2, the power inverters-
based DGs share the same AC bus through a line inductive impedance. The local load and the
utility grid are also connected to this AC bus. Each DG unit consists of a voltage source inverter
(VSI) fed by a DC source and associated with an LC filter allowing high-frequency content
cancelation [122]. In this structure, the hierarchical control of the islanded MG is divided into two

control levels: primary and secondary.

2.2.1. Primary control
The primary control adopted in this work is based on the droop control method, which is the
most employed strategy for islanded AC microgrids [56], [123]. This level is strictly local and is

responsible for active and reactive power-sharing between DG units without any communication.
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According to Fig. 2.2, the primary control layer includes, ESOGI-FLL-based power calculations,
droop controller, virtual impedance loop, and voltage and current control loops. The SOGI-FLL
scheme is introduced to extract the orthogonal components of the output voltage and current, Vg
and i.g, of each DG unit, in order to calculate the average active and reactive powers (P and Q) by

using the following expressions [124]:

(2.1)

where: i =1, 2.

These calculated powers are used by the droop controller to generate the corresponding
voltage frequency and amplitude, wi, and E;, according to the droop control functions, given by the
following expressions:

=@ —mP, +0
a)l a)* 1 a)res (22)
E, =E"-nQ, +0E

where »"and E”are the frequency and amplitude references respectively, m and n are the droop
control coefficients. dwres and OEres are the control signals received from the secondary control

level in order to compensate for frequency and amplitude deviations.

To produce the voltage reference, v, , across the capacitor of the output filter, the generated

sinusoidal voltage using the droop control outputs is compared to the virtual impedance voltage

(v2), as expressed by the following equation:
Vi (t)=E, xsin([mdt)-v, (t) (2.3)

The produced reference voltage (v, ) is handled by an inner multi-loop control to provide

the appropriate PWM pattern for each VVSI. More details about the primary control can be found
in [126].

2.2.2. Secondary control

As the frequency and voltage at the PCC deviate from their nominal values due to the droop
control characteristics, the secondary controller will bring them back to their rated values. The
block diagram of the proposed secondary control, implemented in the MG central controller, is
shown in Fig. 2.2. In this control level, ESOGI-FLL estimates the microgrid’s frequency and

amplitude, as well as the orthogonal components of both the microgrid and the utility grid. Then,
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two control loops; synchronization and restoration are built up. In the synchronization stage, the
extracted orthogonal components are used to compute the phase angle difference between the MG
and the utility grid and pass through a proportional (P) controller to be matched. The corresponding

control signal is used to update the frequency reference in the restoration control loop. In the
restoration stage, the estimated frequency and amplitude (@, EMG ) are compared to the desired

nominal values (wmc, Emc’) and processed through IP controllers to produce the required
adjustments for the actual frequency and amplitude. The produced control signals i.e., dwres and
OEres, are sent to the primary control level, via a low bandwidth communication link, to recover

the desired nominal values.

The expressions of the frequency and amplitude restoration compensators based on the IP-
type controller can be expressed as follow:

aa)res = j ki—f ((wl’\k/IG + aa)syn ) — Oy ) dt - kp—f Dy (24)

OF oo = [Ki e (Ene —Ewg Jdt =K, ¢ Eyg (2.5)

where Kp-t, ki, and Kp-g, ki-e are frequency and voltage controllers’ gains, respectively, dwsyn is the

synchronization control signal, which is set to zero when the grid is not present.

In order to analyze the microgrid stability and to select properly the parameters of the
frequency and voltage secondary control, accurate dynamic models are developed. The proposed
modeling approach to derive these models and the tuning procedure of the control parameters are
presented in the next section.

2.3. Proposed Modeling Approach of the Secondary Control

The proposed modeling approach aims to obtain accurate dynamic models of the secondary
control for frequency and amplitude restoration of a single-phase AC microgrid. The main idea of
the proposed approach is that the frequency and amplitude estimates dynamics of ESOGI-FLL,
which should be derived, are exploited in the secondary control modeling. As depicted in Fig. 2.3,
the restoration control model includes the models of; frequency/amplitude restoration control,
communication delay, and ESOGI-FLL frequency and amplitude estimates of the secondary
control stage. In addition, the models of droop control, power calculations, and the inner control
loops of the primary control stage are introduced in the restoration model. Further, the restoration
model includes the line impedance model that describes the frequency and amplitude changes from
VSls to the PCC.
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Fig. 2.2. The hierarchical control scheme for two single-phase inverters-based islanded AC

microgrid.

The modeling of the ESOGI-FLL scheme is given in the subsection below, where the
frequency dynamic is conducted, while a theoretical analysis in the phasor domain is developed to
obtain the voltage estimate dynamics. In the second subsection, the modeling of the frequency and
amplitude restoration control based on the ESOGI-FLL dynamics is developed, in which the
dynamics of the inner controller is assumed to be negligible due to its fast response. Also, the line
impedance model is considered negligible in the restoration modeling process. A tuning procedure
based on the obtained mathematical models, as well as the synchronization modeling and design

analysis are also investigated in other subsections.

2.3.1. Modeling Analysis of the ESOGI-FLL

The ESOGI-FLL scheme is an adaptive second-order filter used to estimate the key parameters
of a single-phase input voltage, in which an additional loop for the estimation/rejection of the DC
component is introduced [67]. The block diagram of the ESOGI-FLL structure is highlighted in
Fig. 2.4. It consists of two main blocks; ESOGI-based quadrature signal generator (ESOGI-QSG)
and FLL. The ESOGI-QSG block is responsible mainly for extracting the direct and the orthogonal
voltage components that may used to calculate the voltage amplitude. While the FLL estimates the
operating frequency to be fed to the ESOGI-QSG block. More details about this scheme can be
found in [67].
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According to Fig. 2.4, the closed-loop transfer functions which describe the relationship

between the extracted orthogonal components (V¢ , V5 ) @nd the input microgrid voltage can

be given by:
Viee (5) ) s
G (s)=-Me= "/ _k 2.6
«(3) Ve (5) “Mc S°+Kdye S+ D (2.6)
A k A2 _
Gﬁ(s):VMGﬂ S): (a)MG a)fs) - . S — (2.7)
Ve (5) S+ S?+Kkdye S+ e

where s is the Laplace variable, &,,; and e, are the estimated and the additional block frequencies,

respectively, and k is the SOGI-QSG gain, which is generally set to }/ﬁ [125].
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Fig. 2.3. Model of the restoration control loop based on SOGI-FLL dynamics.

It is worth noting that the assumption of no DC component inherent in the inputs of the
ESOGI-FLL is considered, hence, the dynamic of FLL-based-SOGI is adopted instead of the
dynamic of the FLL-based-ESOGI. Therefore, the simplified transfer function of the FLL

frequency adaptation loop is expressed as follows [126]:

A r

B =TT 28)

Dy

where wwmg is the input frequency, and T is the FLL gain, which is related to the FLL controller

gain y; given in Fig. 2.4; by the following expression [126]:

k
y = —u6 - 2.9)
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Fig. 2.4. The Enhanced SOGI-FLL (ESOGI-FLL) scheme.

As can be noted, Eq. (2.8) which describes the relationship between the input frequency and
the estimated one, can be considered as a model for the frequency estimation dynamics. While, for
the dynamics of amplitude estimate, theoretical analysis in the phasor domain is developed to

derive its corresponding model. The developed analysis is given hereafter.

According to Eq. (2.6), the differential equation describes the direct component V.,
dynamics as a function of the input voltage (vmg), can be written as:

n A A A2 ~ A .
Vs TK Oy Vines + @ye Vivca =K Dye Ve (2.10)

where v, is the first derivative of the input voltage, V',,c, and Vs, , are the first and the second

derivatives of the estimated direct component V., , respectively.

The representation of the input voltage and the direct component voltage in the phasor domain

is illustrated in Fig. 2.5. Accordingly, the expressions of V. , Vs » Viea s Vmee aNd Ve, aSa

function of its synchronous reference frame components in the phasor domain, under frequency

condition (i.e., &5 =@y, ), can be given by:

_ H jo
MG _(VMG—d + Ve g )e
s T, .. . . jo
Ve _|:VMG—d + NVycq T 1 Ouc (VMG—d + Vv )]e

Vivea = (VAMGa—d + jVAMGa—q )e 1 (2.11)

<

B A . A . A SA j6
Vvea _[V MGa-d T )V Meaq T 1 Ove (V MGa-d T JVMeaq )]e

~ A

_ PN - A IS 2 A PN jo
Ve —[V MGa-d T IV Mea—q +2] 0y (V MGa-d T JVMeaq )_a)MG (V MGa-d T JVMea—g )}e

where j is the imaginary number and @ is the phase angle between the rotating and fixed frames.
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By substituting Eq. (2.11) into Eq. (2.10), and after some mathematical manipulation, the

expressions of V', , and v’ voltages as a function of the input voltage dq components (Vmc-

MGa—q

d¢ and Vmc-q), in the s-domain can be obtained as follows:

v MG a—d

MG —q

5
b A {VMG_"} 2.12)

{A :|:ka)MG 2
VGa-g (s* +kaye s) +(Kk @ +20y6 5)

where:

{A =s%+k @y S*+20 S +K &g
2

B=w, s

By proposing vme as a reference in the rotating reference frame, hence, vmcd = Emc, Vmc-q = 0,

A

Vicas =Ewe aNd Vg, o = 0, EQ. (2.12) becomes:

. s +kw,. S°+20%. S+k o
E,c =ko [ Me Me e E (2.13)

ne [S (s +koyg )]2 +[a)MG (25 +k wye )]2 e

This transfer function describes the amplitude estimation dynamics of the ESOGI-FLL.

The obtained actual transfer function, given by Eq. (2.13), is very complex, thus, for the sake
of simplicity this transfer function can be approximated as a first-order transfer function based on
the analysis of its poles. Hence, the poles of the fourth-order transfer function given by Eq. (2.13),

for -2<k <2, can be expressed as follow:

(2.14)
[0 2
Pra =25 4 e (u 1_(g))
A P-Axis
g-Axis

Fig. 2.5. Phasor representation of the inputv,,. and the direct component v,,., voltages.
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It can be noticed from these expressions that P2 and P4, which have the lowest imaginary part,
are the dominant poles. Thus, these poles are taken for the reduced second-order transfer function.
Then, the multiplication of the dominant poles (P2 x P4) gives a real pole, which is the pole of the
simple first-order transfer function. In addition, by setting the steady-state gain to be the same, the

simple model that describes the amplitude estimation dynamics of the ESOGI-FLL is given by:

K oy
== 4 E (2.15)

EMG -7 1, . /N-MmG
(s +kw'\"%j

To verify the accuracy of the obtained frequency and amplitude models given by Egs. (2.8),
(2.13) and (2.15), a simulation study using the MATLAB/Simulink environment is conducted. In
this simulation study, the estimated frequency and amplitude by the ESOGI-FLL are compared
with the ones predicted by their models for step changes in the input frequency and amplitude,
respectively. The transient responses of the frequency estimate for two different values of the FLL
gain I' are illustrated in Fig. 2.6 (a), while, Fig. 2.6 (b) shows the amplitude estimate transient
responses for two distinct values of the ESOGI-FLL parameter k. From these figures, it can be
seen that the obtained models can predict accurately the average dynamic behavior of ESOGI-FLL
regarding frequency and amplitude estimation.

The obtained models are useful to be introduced in the restoration control loops for the

estimation of microgrid voltage amplitude and frequency.
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I'=40stand I =60 s, and (b) The ESOGI-FLL, and its actual model and simple model (Eq.
(2.15)) fork=0.7and k= 2.

2.3.2.  Modeling of the frequency and amplitude restoration loops

This subsection presents in detail the dynamical modeling of the frequency and amplitude

restoration control loops.

2.3.2.1. Voltage control loop

The block diagram of the voltage control model based on the derived simple model, which
describes the amplitude estimation dynamics of the ESOGI-FLL, is shown in Fig. 2.7. This block
diagram is composed of: a droop control model, an IP-type controller followed by a
communication line delay (Gq), and the derived simple model (Hsoci) used to extract the microgrid
amplitude. According to Fig. 2.7, the closed-loop transfer function of the voltage restoration

control can be obtained as follows:

Sl 16y (5)

Eue =1+GP|7E (S)HSOGI (S )Gd (S) Fe _1+GPI—E (S )Gd (S)HSOG' (S)

Q (2.16)

where the transfer functions are given below:

K, eS+k; ¢

Gy e (s):% (2.17)
1

G, (S)er 1 (2.18)

Gurr (5) =+ ffwf (2.19)
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k MG
- 4 (2.20)

H soai (S):W

where 7 is the time delay of the communication link, and Gpr is a low pass filter considered for

reactive power calculation with a cutoff frequency wr = 2mx20.

Substituting Egs. (2.17) to (2.20) into Eq. (2.16), the complete mathematical form of the

voltage control model can be expressed as follows:

EMG =

(kiEsZ+akiEs+c)L( 1 JE* n(sz+as+%iE)[ o

s+as’+bs+c s+1)| "¢ sP+as’+bs+c |[s+o

}Q (2.21)

with the following parameters

a= kwM%+%
b =K@/ (14k, )
C=kie ka)M%z‘

The obtained amplitude control model is used to analyze the stability of the MG system for
control parameter variation. Fig. 2.8 (a) and (b) depict a series of root-locus diagrams, showing
the evaluation of the characteristic equation eigenvalues for kp.e and ki.e variation, respectively.
From these figures, it is clearly shown that the system eigenvalues move toward an unstable region
when the controller proportional and integral terms increase. Hence, this increases the system

oscillations and consequently, the microgrid goes to instability.

L i
!iDroop LG

Voltage control || control LPF 4—“i Q

L. o= —

Fig. 2.7. Block diagram of the voltage secondary control model.
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ki.e = 1.5.

2.3.2.2. Frequency ¢

ontrol loop

Fig. 2.9 shows the block diagram of the frequency control model based on the FLL linearized

model. This block consists of: a droop control model, the FLL model (HrL.) used to estimate the

microgrid frequency, an IP-type controller, and a communication line delay (Gd). According to

this figure, the closed-loop transfer function that describes the frequency restoration dynamics can

be derived as follows:

e

Oye =

1+G, 4 (5)Gy (S)H FLL (S)
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Fig. 2.9. Block diagram of the frequency secondary control model.

where the transfer functions HrLL and Gpi are given by:

k (s+k,_
Goror (8)=———— (2.23)

T
Heo (S)= s+l (2.24)

By substituting the expression of these transfer functions into Eq. (2.22), the small-signal

model of the frequency restoration control can be obtained as follows:

_(ki—f sz+akifs+c)[ 1 }* m(sz+as+%ifj{ @ }P (2.25)

a, = [0 -
Y s+as’+bs+c [s(es+l)| ° s®+as’+bs+c s+

with the following parameters:

o (%)
b =1%(1+kp7f )
c=Kk, %

The stability analysis of the microgrid system is performed based on the extracted frequency
model. The trajectory of the characteristic polynomial eigenvalues of this model as a function of
the frequency control parameters, kp, and ki, is presented in Fig. 2.10 (a) and (b). These figures
show that when kp.t and ki.+ increase the two dominant eigenvalues of the system move toward the

unstable region, hence, leads the microgrid to instability issues.
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Fig. 2.10. Root-Locus plots for: (a) 0.0001 <ki+ <100 and kp-t = 0.01, and (b) -0.5 <kp+ <
100 and kis = 2.6.

2.4. Tuning Control Parameters
To properly select the parameters of the frequency and amplitude restoration control, the
following analysis based on the obtained models is developed. According to Eq. (2.21) and Eq.
(2.25), the transfer functions relating the actual amplitude and frequency to the desired ones can

be derived as follow:

k, . s’+ak, ¢ s+c 1 X
EMG:( 3 2 ) EMG (2.26)
s’+as’+bs+c |s(rs+1)
(ki s®+ak s+c)[ 1 )
Oy~ = , 2.27
MG s’+as’+bs+c |s(rs+1)| (2.27)

By assuming that the time delay is negligible regarding ESOGI-FLL estimation time and that
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the perturbation amount of the droop model is also negligible, hence Eqg. (2.26) and Eq. (2.27)

becomes:
Ko,
Eme = K e M% K Evc (2.28)
s?+ C')M%(Hkp{)s +k, ¢ wM%
Oy LS O (2.29)

:s2+1“(1+k,H )s +k, T

The characteristic polynomials of these transfer functions are:

524K/ (11k, o )s +k, . K Pue g =0 (2.30)
20 oy g a),?ig

sz+kwM%(1+kp7E)s +K, ¢ kwM%zO (2.31)
28t oy ca,{f

where {'and wn stand for the damping factor and the natural frequency, respectively.

Accordingly, the expressions of the proportional and integral gains of both amplitude and

frequency controllers can be expressed as follow:

k 4§E a)n—E _1

p-E
k
“me (2.32)
20 ¢
Ki g ="+
K wye
- — Zé,f a)n—f 1
r
, (2.33)
2w,
ki—f =
T

Based on the control design concept for deadbeat response proposed in [127], and by selecting
a proper value of the damping factor { that can ensure, in an optimum way, a tradeoff between
overshoot and settling time, the corresponding natural frequency can be determinate relatively to
the desired settling time of the control response. Once { and wn are chosen, the controller
parameters can be computed using Eqs. (2.32) and (2.33). It is worth mentioning that the value of
the damping factor { is chosen according to the analysis based on root-locus plots given in Figs.

2.8 10 2.10, then, verified according to the transient response of the obtained models.

In order to evaluate the robustness of the designed frequency and amplitude controllers for
system parameters variation and under load disturbances, a simulation study in

MATLAB/Simulink is carried out. In this study, the transient performances of the obtained
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secondary control models in response to step changes in the frequency and amplitude references

and active and reactive powers are evaluated, considering three distinct values for the time delay

(7). The obtained results are depicted in Fig. 2.11 (a) and (b), and shown the transient response of

the frequency and amplitude restoration control, respectively. It can be observed that the proposed

control approach is robust against time delay variation and load changes, as amplitude and

frequency of the MG are properly restored.
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Fig. 2.11. Transient responses of the secondary control models for (a) frequency, and (b)

amplitude restoration, with three different values of the time delay (7).

2.5. Synchronization control loop

In this subsection, the modeling and control design of the synchronization control loop are

presented. The synchronization control scheme is given in Fig. 2.2, and it is included within the

scope of the secondary control layer. According to Fig. 2.2, the expression of the proposed

synchronization controller can be given by:

aCt)syn =k p—¢ (¢* _¢)
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where Kp-4 is the proportional gain term of the synchronization controller, ¢ is the phase angle

reference, which is set to zero, and ¢ is the phase difference between the MG and the main gird.

Actually, the expression of the phase angle difference ¢ can be obtained based on the cross

product mathematical formulas. According to the first formula, the cross product of the microgrid

and the main grid voltages can be defined by [128]:

| vy ¥V [ =V Ee sin(¢) (2.35)

where VAg is the estimated voltage amplitude of the main grid.

The second formula of the cross product in the stationary reference frame can be expressed

as:

H vV, /\VMGH:VW Vives Vea Vg (2.36)

where the vmcas and vgqs are the extracted orthogonal components of the microgrid and the main

grid voltages.

Subtracting Eq. (2.35) from Eg. (2.36), and considering small phase angle variation, i.e.,

sin(q)) [1 ¢, the expression of the phase angle difference can be found as follows:

~ ~ ~ ~ ~ ~ ~ ~

¢:VgaVMGﬂ _VMGan,B :VgaVMGﬂ _VMGanﬂ (2.37)

VA EAMG EI\ZIIG

g

Consequently, EqQ. (2.34) becomes:

~ ~ ~ ~

Vo Vves VveeV
_ ga VY MGp MGa Y f-MG
Oa,, =—k,_, =3 (2.38)
MG

To adjust the parameter (kp-4) of the synchronization controller, a model is developed as can
be seen in Fig. 2.12. This figure depicts the block diagram of the phase angle control, which
includes the plant model (G4(s)) and the synchronization control model. According to this figure,

the closed-loop transfer function of the phase angle control can be derived as follows:

s (2.39)
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Fig. 2.12. Block diagram of the synchronization feedback control.

where the expression of the plant model Gy (s) is given by:

G¢(s):sl (2.40)

Substituting EqQ. (2.40) into Eq. (2.39), the closed-loop model of the phase angle control can
be obtained as follows:
Koy
p=—2t g (2.41)
s+k,,
By applying the first-order control design concept to the transfer function given by Eq. (2.41),
the proportional gain kp-4 can be calculated using the following expression:

Koy = —Tiln(o.oz) (2.42)

S

where Ts is the desired settling time.

2.6. Conclusion

In this chapter, a design of the scheme and a new approach to obtain accurate models of the
secondary control based on the ESOGI-FLL for a single-phase microgrid were proposed. The
proposed modeling approach exploits the dynamics of the ESOGI-FLL scheme that has served to
achieve precise stability analysis of the MG and the proper tuning of the secondary control
parameters. A comprehensive guideline for the proper selection of the secondary controllers’
parameters was provided. The robustness of the designed control loops to system parameter
variations was assessed. The modeling and the design analysis of the synchronization control loop
were also carried out, in this chapter, in order to enable the transition from the islanded mode to
grid-connected mode. The validation of the proposed control approach will be presented in chapter
4, through simulations and experiments for single-phase parallel-connected VSIs forming islanded

microgrid.
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This chapter is a summary of the second contribution of this thesis to designing, modeling,
analyzing, and tuning tertiary control based on the ESOGI-FLL scheme intended for single-phase
VSl based droop-controlled microgrid during the grid-connected operating mode.

3.1. Introduction

Nowadays, microgrids have become an interesting concept for integrating renewable and
distributed energy resources and energy storage devices [129], [130]. In addition, MG systems
have the ability to work in both autonomous and grid-connected modes of operation. This concept
makes the final user able to generate, store, control, and manage part of the energy that will be
consumed [40]. To achieve these global tasks, the hierarchical control that includes primary,
secondary, and tertiary control levels have been adopted to control and manage the microgrid
energy in grid-connected and islanded modes [38, 39], [131]. In islanded operating mode, the
primary based on the droop control strategy and the secondary control layers are in charge of
regulating the frequency and amplitude of the DGs voltages in order to share the load power
demand and proceeding microgrid resynchronization with the main grid as well. While in grid-
connected mode, the tertiary control layer; which is our focus; is proposed to bidirectionally
control the power flow when the microgrid is connected to the main grid. The active and reactive
power flow can be managed by adjusting the frequency and amplitude of the DG units’ voltages
in the MG according to the load changes at the PCC [39]. Such a tertiary control scheme requires
maintaining the stability of the overall system under various disturbances and ensuring optimal
power flow between MG and the main grid. To this end, optimal design, as well as effective and
accurate modeling, analysis, and parameter tuning of the tertiary control, are essential and
challenging issues.

Important research efforts have been made in the literature for designing control schemes,
analyzing, and developing mathematical models of power flow control for microgrid during grid-
connected operation [94]-[96], [132 — 134]. However, the amount of this literature is considerably
reduced if one considers the special case of single-phase grid-connected VSCs for the droop-
controlled microgrids. For instance, the design of the tertiary control scheme for microgrids has
generally introduced the PLL technique to estimate the required key parameters (frequency,
amplitude, and phase) [93], [96], [132]. These parameters are exploited at the tertiary level for the
detection of the grid back and the island mode (grid faults), as well as for the synchronization
process at the secondary level. The active and reactive powers (P and Q) are another parameter
that is needed at the tertiary level and can be calculated based on the measured grid current and

voltage in three-phase systems. Whereas, in single-phase applications, an additional block is
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required for generating the voltage orthogonal component and, hence, computing P and Q after
using LPF [135]. As it is well-known, the use of LPF may slow down the velocity of the system's
transient response. In addition, the control schemes based on conventional PLLs are suffering from
implementation complexity and high sensitivity to the grid perturbations and DC component
disturbance [135]. A solution that can replace the PLL with LPF is the SOGI-FLL scheme, which
has been adopted recently in microgrid control systems for estimating the voltage key parameter
[136]. The SOGI-FLL can extract the orthogonal component of a single signal and avoid the need
for an additional block in the tertiary control. Furthermore, enhanced SOGI-FLL based-control
structures have shown their efficiency in terms of computational burdens and proper estimation of
the expected variables with high harmonics and DC component rejection capabilities [92]. Despite
these benefits, the integration of the ESOGI-FLL scheme into the tertiary control cannot be found

in the existing literature.

On the other hand, as the LPF filter has been included in the power flow control scheme, its
dynamic has been introduced in the modeling of microgrid-based control. For instance, the authors
in [132] have developed a simple small-signal model of the active and reactive power flow control
for single-phase droop-controlled paralleled VSIs in grid-connected MG. In this model, the
transfer function of the LPF has been introduced for describing the power calculation dynamics,
whereas the tuning of the control parameters has been not considered in this paper. The stability
analysis of consensus-based tertiary control has been investigated in paper [137]. Furthermore, the
power flow control modeling of parallel-connected VSlIs forming islanded MG has been adopted,
and the system stability has been investigated, in [93] and [138]. Similarly, the dynamics of the
power calculation have been presented by the LPF transfer function. In papers [97], [139], and
[140], the power flow state-space models have been developed to investigate microgrid stability.
The same concept has been adopted to describe power calculation dynamics. A dynamic phasor
modeling approach has been proposed to derive the DG units-based MG small-signal models in
[95], [141], and [142]. Brief stability analysis and tuning guidelines are presented in these papers.
Here, the transfer function of the LPF is also used for expressing the dynamics of the active and
reactive power calculations. The adopted concept may be valid for three-phase systems where the
active and reactive power can be directly calculated, but in single-phase, there is need for an
additional block for the generation of the orthogonal component, as we mentioned above,
therefore, its dynamic should be introduced in the power flow control modeling. As a result, the
accuracy of the derived models may be questionable, and the stability of the system should be
compromised. Furthermore, one can notice that a comprehensive and effective tuning guideline of

the tertiary controller parameters cannot be found in the existing literature review.
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To overcome the aforementioned issues, the control structure of the tertiary control based on
the ESOGI-FLL scheme for single-phase droop-operated microgrid is proposed. This proposed
scheme can improve the performance of the power flow control in view of the provided quantities’
quality and computation time burdens. In addition, an accurate dynamic phasor modeling approach
and an effective tuning procedure are proposed for a droop-controlled microgrid connected to the
main grid incorporating the tertiary controller, in which in-depth MG system stability evaluation
and performance enhancement are considered. First, models that describe the active and reactive
power calculation dynamics based on ESOGI-FLL is derived by exploiting the dynamics phasor
concept. Then, the open-loop model in the state-space form of power flow between a single-phase
VSI and the main grid is developed. The accuracy of the derived models is validated based on
simulation studies in the MATLAB environment. The closed-loop model of a droop-controller
single-phase VSI interfaced main grid including the designed tertiary controller is derived. Using
these models, stability analysis and effective tuning guidelines of the single-phase microgrid
incorporating tertiary controller are investigated for the proper selection of the control parameters.
Also, the robustness assessment of the microgrid system to load disturbances and system

parameters variation is carried out using the obtained closed-loop model.

This chapter is organized as follows. In section I, the proposed design and operating principle
of the tertiary control layer based on the ESOGI-FLL method for a single-phase grid-connected
VSl is given. The proposed dynamic phasor modeling approach of the microgrid power flow is
presented in section Ill. In this section, first, the state-space models of the ESOGI-FLL based-
power calculations and the open-loop power flow are derived and validated. Secondly, the closed-
loop dynamic model of the tertiary control loop for a VVSI connected to the main grid is obtained.
MG stability and a control tuning, as well as robustness assessment of the designed controller, are

adopted in section IV. Section V summarizes the main conclusions of the present chapter.

3.2. The proposed tertiary control scheme for single-phase MG

As aforementioned, the microgrid can operate autonomously or connected to the main grid.
In grid-tied mode, power generation in the microgrid may exceed the local power demand,
particularly when the maximum power is to be absorbed from renewable energy sources (energy
storage devices). Thus, the excess active and reactive powers are injected into the main AC grid
through an inverter and a line impedance. On the other side, when the delivered power in the
microgrid is not sufficient for the load demand, the main grid provides power to satisfy the need.
The tertiary control level, as a centralized controller, is designed to manage this bidirectional

power exchange by controlling the flow of the active and reactive powers between the DG units
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based-microgrid and the main grid at the PCC [40]. This power flow can be managed by adjusting
the amplitude and frequency of DG units’ voltages. Note that this control level has the slowest

dynamic response compared to the low-level secondary and primary controls.

Fig. 3.1 shows the structure of a single-phase microgrid in grid-tied operation, including the
power stage and the proposed tertiary controller based on the ESOGI-FLL scheme. The load, in
this case, is connected to the AC common bus, in which the load power demand is participated
equally between the DG units (see Fig. 3.3). According to Fig. 3.1, the proposed tertiary control
scheme includes; an ESOGI-FLL based-power calculation block and a PI controller. The ESOGI-
FLL is involved to estimate the direct and quadrature components of the grid voltage and current.
These estimated components are used to calculate the active and reactive power of the grid using
equation (2.10), given in chapter 1l. The PI controller adjusts the active and reactive power
references of the microgrid according to the corresponding calculated powers Pg and Qg. Then, the
provided frequency and the amplitude voltage amounts in the tertiary control are broadcasted to

the secondary control level as updated references of the microgrid, fvc, and Ewc.

The expression of the active and reactive power flow control can be obtained as follows [40]:

Os =K, (P =P )+ - [(Py =P, )-dlt

(3.1)

Eve =Ky o (Q; _Qg)+ki—o I(Q; _Qg)'dt

in which kp-p, kip, kp-g, and ki.q are the control parameters of the tertiary control compensator.
Pg"and Qq" are the active and reactive power references of the microgrid (" refers to the reference
value of a variable). In island mode, the frequency and amplitude references of the microgrid are
set to the nominal values and the active and reactive power are equal to zero (Pg" =0, Qg" =0). In
addition, it is worth noting that the center manager is the one, which is allocated the required grid

power references to the DGs units according to the load power demand [131].
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Fig. 3.1. The tertiary control scheme based on ESOGI-FLL for a single-phase microgrid

operating in grid-tied mode.
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S

Tertiary
controller

PI) Qoe

Fig. 3.2. Simplified block diagram of the power flow control between the grid and the DGs-
based-MG.

The characteristic of the tertiary control level is described in Fig. 3.3, in which depending on

the sign of Py~ and Qg’, the active and reactive power flows can be exported or imported
independently. As seen, the frequency and amplitude of the grid ( fg = fh;G and E, = E;G) are

constants, so that it is represented by horizontal lines. Hence, the amounts of the active and reactive
power exchanged between the microgrid and the main grid are determined by the intersection of
the droop characteristics of the microgrid and the horizontal lines of the main grid. as a result, the

power flows can be controlled by adjusting the microgrid frequency and amplitude references,

fue and E, as following:
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+ If f,, <fg; then the active power amount Pq < 0, and the microgrid generates P to the
main grid

+ While if f,; > fg; then Pg> 0, Hence, the microgrid absorbs P from the grid.

The frequency of the microgrid will be determined by the grid so that this action will change

the power angle. A similar procedure can be considered for the reactive power Qq according to the
microgrid amplitude reference f,\;G. Besides, by setting ki and ki.qg to zero in (1), the tertiary

control will act as a primary control of the microgrid.

It is worth noting that, when the islanded mode occurs the microgrid is disconnected from the grid

for safety and the tertiary control is disabled.

To study the stability of the designed grid-connected microgrid system incorporating tertiary
control as well as determinate properly the parameter of the tertiary controller, a mathematical
model is needed. Thus, in the next section, an accurate modeling approach based on dynamic

phasor is proposed to extract the expected model.

3.3. Proposed Modeling approach for the power flow control

This section aims at developing an accurate small-signal model of a power flow control-based
droop-controlled single-phase microgrid by using the dynamic phasor concept. The developed
models are able to handle and to evaluate the dynamic behavior active and reactive power of the

grid-connected DG units incorporating the tertiary control scheme.

It is worth mentioning that to simplify the analysis, the assumption of no DC component
present in the input voltage is considered, hence, the dynamics of the SOGI-FLL scheme are

adopted in the becomes mathematical development, instead of the ESOGI-FLL dynamics.

. MG . EMG

: fy | E,
== s =
- P Py On -Q o o

Fig. 3.3. fme — Pg and Emc — Qg tertiary control characteristics.
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3.3.1. Proposed dynamic phasor modeling based on SOGI-FLL dynamics of the MG
power flow

The dynamic phasor concept has been adopted recently for the modeling of the microgrid-
based on power converters. For instance, the researchers in [95], [141], and [142] have proposed
an approach based on dynamic phasors to reach precise models of the droop-controlled inverters
interfaced microgrid. However, in these approaches, a transfer function of a low-pass filter is
considered to describe the power calculation dynamics. It is worth mentioning that, this is the
adopted concept in all the existing modeling purposes for VSI based-microgrid systems. In fact,
this first-order transfer function cannot describe accurately the dynamics of the power calculation,
especially for single-phase microgrids. As a result, the obtained models small-signal,

unfortunately, cannot perfectly predict the system instabilities.

To overcome this problem, the development of a dynamic phasor modeling approach for grid-
connected operation of inverter-based microgrids by exploiting the SOGI-FLL dynamics is
presented in this work. The schematic diagram of the proposed model for a single-phase grid-
connected microgrid included tertiary control based on SOGI-FLL dynamics is illustrated in Fig.
3.4. According to this figure, the power flow model includes the models of; tertiary control, line
impedance describes the frequency and amplitude changes of the microgrid, and the SOGI-FLL-
based power calculation dynamics. In addition, it integrates the models of the secondary control,
primary control, and VSI circuit which are considered negligible. The detailed mathematical
analysis of each block, as well as the dynamic phasor modeling approach for achieving the

expected small-signal model of the overall system, are presented in subsections below.

| dynamics
- Tertiray control model

AC bus
Oye v v
» Secondary |—C< » . 0
and primary _ Line Utility
impedance Grid
E* controls + | model |
"y model of VSI
| P lr ............................ i |
| - P, Vi as | ! V,
! Tertairy | Power Voltag_e versions T
'| controller | | Calculation | estimates N
| - Q| <« dynamic model | | | '
| . .
| % : - I
| Q: | SOGI-FLL based-Power calauclation Ll
g . .
| |

Fig. 3.4. Proposed modeling approach of grid-connected VSI including the tertiary control.
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In the grid-tied mode, the AC microgrid is connected to the main utility grid through a tie line
impedance at the point of common coupling (PCC) as shown in Fig. 3.5, in which the MG is
represented by only one DG unit. The VSI is modeled as an AC source with the voltage E (t),

where the switching ripples and high-frequency harmonics are assumed neglected. In addition, we

assume that the utility AC grid voltage is V ; £0.

In this mode, there is a power flow between the DG unit and the main grid. From the circuit
shown in Fig. 3.5, the complex power, S, flowing from the DG unit to the common AC bus can
be defined as [105]:

V,£0-EZp

szvgx|*=vg40[ s J=P+jQ (3.1)

where (*) denotes the complex conjugate operator.

In order to derive the mathematical formulation of both active and reactive powers, the
expression of the line impedance current should be determined first.

3.3.1.1. The Expression of the line impedance current (I):

To achieve a mathematical formulation that describes the relationship between the inputs, grid
and inverter voltage, and phase angle, and the output current of the line impedance. The following
analyses based on phasor dynamics for extracting the expression of the line impedance current are
demonstrated.

According to the electrical circuit given in Fig. 3.5, the following mathematical expression
can be derived:

E()=V, @)+ V, ()=r, I(t)+L,¥+ Vv, (t) (3.2)

where I, and L, are the line impedance resistive and inductive components, respectively.

In the phasor domain, a sinusoidal voltage Vv (t) = A.cos(at +8); with amplitude (A), angular

frequency (w), and initial phase (#); can be represented by a combination of complex vectors
(phasors) as follows [143] :

V (t)=Re{A e/ =Relv, e} (3.3)
where qu is the resulted vector in the rotating (dq) reference frame, given by:

Vg =Ae’’ (3.4)
and j denotes the complex number operator (imaginary).
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AC bus
(PCC)

Grid

Z,£5(n, L)

Microgrid
Fig. 3.5. The equivalent circuit of single-phase VSI connected to the main AC grid.

Based on Eq. (3.3), the time derivative of the dynamic phasor V (t) produces another phasor, which

can be expressed as follows:

d d . dv . ) _

—V (t)=Re{—WV, -e'*)=Re{— L el L joV, el 35
IV O =Re{ S, ) {dt joV, } (35)
Consequently, the expression related the line impedance voltage to the corresponding current

can be given by:

dl .
v.(t):L.dL—f)=Re{(L.d—;’q+ij. -ldq]e’“‘} (3.6)

Based on Egs. (3.3) and (3.6), equation (3.2) can be rewritten in dqg reference frame, after some

mathematical manipulation, as follows:

dl ]
E, :r"ldq+L'd_sq+JwL"ldq WV, 3.7)

q

Hence, the expression of the output current of the line impedance in the s-domain; where s is

the Laplace operator; can be described by:

_Ea(8) Vo (s)
o (8)= L, -s+r, +jol, (3:8)

in which, the inverter and the grid voltages involved in Eq. (3.8) can be rewritten in the abc

reference according to the inverse power-invariant dq transformation [144], as follows:

Eq :|:\/§Eeff '\/g}A(P:\/éE Zop

(3.9)

3
V, 4 = {ﬁvg_eﬁ : \E} £0=+3v, £0
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As a result, the expression of the line impedance current can be obtained, in the s-domain, as
follows:

(E£p-V,20)(L,-s+1, - jol,)
(r+L, ~s)2 +(L,a))2

1(s)=+3

(3.10)

This expression is useful to be exploited for the obtention of the P and Q power mathematical

formulations.

3.3.1.2. The expression of the active and reactive power flow (P and Q)
By substituting the expression of the line impedance current given by Eg. (3.10) into Eq. (3.1),
the power flow formulation of the complex power of becomes:

(VgE cos(p)-V 72— jV, E sin(go))(r, +Ls+jal,)
2

3.11)
r+L,s*+(ol,)

Consequently, the real and reactive power can be expressed as follows:

r+L,s
i =3(r +LIS)2JIr(L a))2 (VgE COS((P)—Vg2)+3
| | |

Lo
(r +L|s)2+(L|a))

>V, Esin(p) (3.12)

L w

B (r+Ls)
Q _3(r, +L,5) +(L @)

(r, +L,s)2+(L,a>)

(V4 E cos(p)-V')-3 _V,E sin(p) (313

For the sake of simplicity of the coming analysis, the above equations can be rewritten as:

P= ! +2|-|5 7U, + |—|260 7Us (3.14)
(n+Ls) +(L o) (n+Ls) +(L o)
_ L, B (r+Ls) (3.15)
(h+Ls) +(Lw) ° (n+Ls)+(Lo)
with;
u, =3V E sin(p)
(3.16)
u, =3(V,E cos(p)-V,)

Thus, the active and reactive power equations (Egs. (3.14) and (3.15)) can be written in matrix

form as follow:

(3.17)

Lo  r+Ls
bt e

Q (h+Ls) +(Lo) U,
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Besides, the above equation can be rewritten as a function of the state variable x as follows:

E}:[—(r.LfL,s) ' ::ﬂ{ij (3.18)

where the expression related the state variable x to the vector u can be given by:

| 3.19
(n T o, (3.19)
— | +to

Based on equations given by (3.18) and (3.19), the mathematical model of the active and

reactive power flow can be presented in state-space form as:

0 1 0 0 _O 0"

(R R I

0 0 0 1

[

N

X, X, X X
[
|
X, X X X
(RN
+
7 N\
_'_||—\
~
N
o
— 1
c
5
1

N
o
o
|
7~ N\
TN
- |_-‘
N
+
8l\)
N—
|
7\
N
I |_ﬂ
N7
N
T
o
7\
I~ | [
;/N
L

(3.20)

where (X ) and (X ) denote the first and the second derivate of state vector x, respectively.

3.3.1.3.  Power flow small-signal model

The small-signal model of the power flow can be obtained by considering small disturbances

around the state of the equilibrium point, defined by (V E., ¢,), of equations (3.12), (3.13),

gn

and (3.16). For instance, EqQ. (3.16) can be linearized and the following expression can be defined

{Aul} sy, { E, cos(g, ) Si”((ﬂn)}{w} (3.21)

Au, -E, sin(p,) cos(g,) || AE

where A denotes the small deviation of the variable from the equilibrium point.
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To simplify the mathematical manipulation, the above equation can be rewritten as follows:
Au, _ ki ki, || A (3.22)
Au, K,y Kk, ||AE

Combining the above equation with the state space form given by Eq. (3.19), the small-signal

model of the power flow can be obtained in state-space form as follows:

i 0 1 0 0 ] _
i 0 0
AX, - (r—'J +a)2] —(Zr—'J 0 0 AX, LSTRNN. °7%
AX, [L. L, A, | L2 L2 [Ap
AX, | 0 0 0 1 |a, [0 o LE}
AX, r ? r AX, Ko Ky
et
AX,
AP Lo 0 1 L] Ax
{AQ}:{—n L, Lo o} AX,
AX,
(3.23)

The parameter of the above-linearized model (En and ¢n) can be calculated based on the following
mathematical manipulation. When the system operates at its equilibrium points, and from Eq.

(3.16), the expression of the corresponding parameters En and ¢n can be calculated as follows:

2 2
E, = 14y, + 1“ﬂ+vgn
3V, ) 3V,

@, =—Arctg [ Ui

(3.24)

mm+w;}

where the expression of the vector u at the equilibrium point as a relation to the nominal value of

the active and reactive powers can be determinate according to Eq. (3.17) and after set s = 0, as

Hz } | +(L'“’)2J{Ij:|0 L?@T E} (3.25)

It is worth mentioning that the fundamental active and reactive powers (P and Q) presented

follows:

in the small-signal model; given by Eq. (3.23); are calculated based on the estimated output current
and voltage components using ESOGI-FLL. Thus, the dynamic model of the power calculation
based on the SOGI-FLL dynamics should be integrated into the global small-signal model.
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In what comes, a dynamic phasor modeling approach for obtaining the expected power

calculation small-signal model based on SOGI-FLL dynamics is developed.

3.3.1.4. Small-signal model dynamics of the SOGI-FLL-based power calculation

In this section, the dynamic phasor modeling procedure of the SOGI-FLL based-power
calculation is presented. As mentioned earlier, the average active and reactive powers are
calculated by using the ESOGI-FLL estimated outputs corresponding to the fundamental
component. The block diagram of the power calculation model including the SOGI-FLL dynamics
is presented in Fig. 3.6. However, in the stationary and rotating reference frames, the instantaneous

active and reactive powers can be calculated as follows:

0,
Il

1 . . .
Vo LV D)=V g TV o
(3.26)

Iy A A A

<1
Q=2 (Vg TtV 1) ==V, TV

In order to derive the mathematical transfer function relating the estimated active and reactive
power to the actual ones, the same analysis based on the dynamic phasor modeling presented in
chapter 11, for the extraction of the amplitude model, is considered [67]. Based on the transfer
function of the SOGI-FLL given by Egs. (3.27) to (3.29) below; which describes the dynamics of
orthogonal components estimated by the SOGI-FLL, to the corresponding input voltage, the
expression of the estimated orthogonal components of the output current can be obtained in
rotating reference frame as defined in Eq. (3.27).

Viee (5) ) s
G =M=k 2.27
(%) Ve (8) wMGsz+ka)MGs+é>f,,G (2.27)
P A2
Gﬂ (S):VMGﬁ'(S) =— |fa)MG = (228)

{I}] [53+ka)sz+2a)28+ka)3] {Id}
Ko (3.29)

I [s(s +ka))}2+[a)(25 +ka)):|2 I

This transfer function describes the output current estimation dynamics based on the SOGI-FLL

scheme.
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Lo estimates x Calculation | !
3| dynamic model | oo | %
T y Eq21 [y

Fig. 3.6. Block diagram of the model of the power calculation using the ESOGI-FLL algorithm.

On the other hand, when considering Vg as a reference in the rotating reference frame (i. e. V.
q = 0), the expressions of the estimated (calculated) active and reactive powers corresponding to

the fundamental component can be obtained as:

P= V, I
. o (3.30)
Q=-V,,-1,
in which the direct version of the grid voltage can be given by the following expression:
Vs =V3V, (3.31)

Merging Egs. (3.29), (3.30) and (3.31), the transfer function relating the estimated active P

and reactive Q powers to the actual ones (P and Q), can be derived, after some mathematical

manipulation, as follows:

kw-s®+k’w?-s>+2kw’ s +k’w’
34—i—2ka)-53—|-(kZa)z+4a)2)s2 +4k @ -s +k 20’

0>
Il
o

(3.32)
kw-s®*+k?w?-s?+2kw’ s +k *0*
S4+2ka)~53+(k2w2+4a)2)sz+4ka)3-s +k *0*

Q=

Q

This transfer function expresses the model of the active and reactive power estimates dynamics
based on the SOGI-FLL algorithm.

Accordingly, the linearized small-signal model dynamics of the power estimate can be
presented by:
AP =H (s)-AP
. » () (3.33)
AQ =H,(s)-AQ
where the transfer functions Hp(s) and Hq(s) denote low-pass filters of fourth-order and are given
by:

Kw-s®+k2w?-s>+2ka’-s +k *w’ (3.34)
s4+2ka)'s3+(k2a)2+4a)2)52 +4k @®-s +k *w*

H,(s)=H,(s)=
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For easy modeling analysis and control design, the above transfer function (Hp(s)) can be
approximated to a first-order transfer function. Based on the same mathematical analysis presented
in chapter 2, the first-order transfer function corresponds to the one given by Eq. (3.34) is:

AP k“/
Hp(S):AP :S+k§%

This transfer function describes the reduced small-signal model of the active power calculation
dynamics based on the SOGI-FLL.

(3.35)

It is worth noting that unlike the existing approaches; that chose randomly the cut-off
frequency of low pass filter used to describe the power calculation dynamics; the cut-off frequency
of the reduced model is computed directly when the parameters of the ESOGI-FLL scheme are

selected.

3.3.2.  Accuracy assessment of the obtained models:
This section aims to validate the obtained models through a simulation study in the MATLAB/
Simulink environment as well as a series of real-time hardware-in-the-loop (HIL) implementation

using ARM Cortex Microcontroller.

3.3.2.1. Simulation test

To investigate the accuracy of the derived actual model and the reduced model of the active
and reactive power estimate, given by Egs. (3.33) and (3.35), a simulation study in the MATLAB/
Simulink environment is performed considering some standard tests. Fig. 3.7 shows the block
diagram of the test platform simulated in MATLAB, in which, as mentioned earlier, the ESOGI-
FLL based-structure is involved for active and reactive power calculations. While, as seen in Fig.
3.7, the inputs actual powers of the obtained models are measured in the of reference frame
(Eq.(2.1)), in which abc/ap transformation is applied to generated three-phase signals, then,
transfer them to the orthogonal aff components. In this simulation study, the calculated active and
reactive powers by the ESOGI-FLL-based power calculator are compared to the ones predicted by
the obtained models for step changes in the input grid voltage frequency and amplitude. The
transient performance of the P and Q power’s estimate for frequency and amplitude changes,
respectively are illustrated in Figs. 3.8 and 3.9. As shown, the calculated active and reactive
powers are varied at t = 0.2 s, corresponding to the voltage frequency and amplitude increase. In
addition, one can see that the scopes of the produced powers by the models are matched with the
provided powers by the power calculation block. Consequently, the actual and the reduced models,

as demonstrated, are able to predict very accurately the ESOGI-FLL based-power calculation
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It is worth to menion that, we adopt the calculation of the active and reactive powers in three

phase frame because it define the real compution of the expected powers.

Estimated active power [W]

Estimated active power [W]
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® >
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signals ~ ——» v 1 | calculation P
enerator  |Ve'le "4 P, Reduced —>
g abc Eq.(2.1)/3 Q. model g
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Fig. 3.7. Block diagram of the simulated testbed in MATLAB for the models validation.
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Fig. 3.9. Investigating the accuracy of the actual and the reduced models to E variation.

3.3.2.2. Processor-in-the-loop (PIL) test

The investigation of the accuracy of the obtained models in real-time, Processor-in-the-Loop
(PIL), based on ARM cortex UC (STM32F4x) is carried out. The schematic diagram of the
preformed PIL testbed is illustrated in Fig. 3.10. In this scheme, a sinusoidal voltage source with
the proposed SOGI-FLL based-power calculation algorithm is implemented in MATLAB/ Sim
Power System. While the obtained models are implemented in the STM card. Note that the
measured current and voltage are transmitted to the STM card and the produced powers by the
card are feedback to the PC through UART (RS 232) to be scoped. The same tests are considered,
as before, in which a voltage frequency and amplitude are incensed at t = 0.24 s. Figs. 3.11 and
3.12 show the obtained results of this investigation. This figure demonstrates the accuracy of the
derived actual model and the reduced model in predicting the average transient behavior of the
ESOGI-FLL based-power estimation.

As a result, the obtained models are useful to be introduced in the power flow control for

describing the active and reactive power calculation dynamics.

SOGI-FLL based Power

: 0 [T i” ——————————— | ;_ ______ F; ___________ " - _,_‘_.:/ ____________ :
7

[ f ESOGI S ! | 3 Actual 9% | Three phase
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{Wg Ll T T Tt - (Rx)
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[

. Communication STM32F407
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Fig. 3.10. Block diagram of the real-time implementation based on STM card for models

validation.
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Fig. 3.12. PIL Transient performance of the obtained model versus SOG-FLL based-power

calculation to voltage amplitude variation.

3.3.3.  The open-loop small-signal model of the microgrid power flow
In this part, the analysis for deriving the open-loop transfer function of the active and reactive

power flow of the whole system is presented, in which the active and reactive coupling is

considered.

The block diagram of the open-loop small-signal model of the active and reactive power flow

is described in Fig. 3.13. From this figure, the open-loop model is composed of the power

calculation dynamics and the power flow model. Accordingly, by combining the reduced small-

signal model describing the power’s estimate dynamics, given by Eq. (3.33), and the power flow

equation, presented by Eq. (3.22), the open-loop small-signal model of the power flow in state-

space form, after some mathematical manipulations, may be obtained as follows:
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AT T0 1 0 000 T ax [0 0]
Al Lo o0 1 00 | 0 0
T e T Y 000 AX, +ka) ky ki, {A(p}
M, o o o o 1 Ax, | 2.7 0 o | sE
A, |0 0 0 0 0 AX, 0
A, ] L0 0 0 -a -a -] AX,| LKy Ky | (3.36)
A
AX,
AP [Lew 00 r L 07 a4x
LQ}:Ln L, 0 Lo O o} AX,
AX,
LAX,

in which the parameters, @;, @, and @, are given as follows:

ai_k%([[_llj +a)2}
a,——| KN [0 2+a)2 (3.37)
? Ll I_I .

' Active power | I Reactive power [
'calculation model| . 'calculation model
L | AQ, ' I
AP, e—— H, |« i <«— H, [
L= i L _t=——= i
"Active power | | Reactive power|
| | : .
flow model | flow model |

' '|aP - |aQ

Gy, —>

(b)
Fig. 3.13. The open-loop small-signal model of the active and reactive power flow.

3.3.4. Open-loop model validation

The accuracy investigation of the open-loop small-signal model for the microgrid power flow
is verified under frequency and amplitude voltage variations (A¢ and AE). In this investigation, a
simulation study and real-time PIL tests are carried out based on the schematic diagram shown in
Fig. 3.14. For the simulation study, the constructed scheme that consists of a single-phase VSI
connected to the PCC bus with the power-based ESOGI-FLL block and the transfer function of
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the obtained model, is implemented in the MATLAB Sim Power System platform. Where the same
structure is considered for real-time PIL implementation, in which the power flow model is
implemented in the STM card. The results presenting the dynamic performance of the provided
powers by the analytic model compared to the ones delivered by the single-phase power stage are

shown in Figs. 3.15 and 3.16, and prove the model accuracy.

I Simulated scheme in !
'Matlab Sim Power System

|
N ! ( )
ESOGI-FLL P,
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P&Q !
calculation I Q > »n
! 8
S J =
_____________________________________ - CD
7/ Open-loop power flow O\ AP \% P
: small-signal model AQ 1Q
i \_ Eq.(3.33) J ok |

Fig. 3.14. Schematic diagram of the implemented system in MATLAB Sim Power system and
the PIL setup.
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Fig. 3.15. Simulation study; power’s transient responses of the open-loop model and power stage

for step-change in the voltage: (a) frequency, and (b) amplitude.
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Fig. 3.16. PIL real-time implementation; power’s transient responses of the open-loop model and

the power stage for step-change in the voltage; (a) frequency, and (b) amplitude.

The derived model can be used to obtain the closed-loop model of the global power flow
system incorporating the tertiary control level. It is worth mentioning that this model can be used,
also, for deriving the closed-loop small-signal model of the droop-controlled VSI in autonomous

microgrid by including the droop control functions, given by Eq. (1.13) in chapter 1.

3.3.5.  The closed-loop small-signal model of microgrid power flow incorporating
tertiary control
In this section, the closed-loop small-signal model of the considered power flow control loop

will be developed to study the system dynamics around a considered operating point.

The power flow control loop is closed by introducing the proposed tertiary control, given
above (Fig. 3.1), for power reference tracking of a microgrid operating in grid-tied mode. The
block diagram of the approximated small-signal model for active and reactive power flow control
loops is presented in Fig. 3.17. Notice that for the sake of simplicity, the dynamic of the power
inverters and its local controller, as well as the secondary dynamics, are assumed to be a unity. In
this model, the transfer function H(s) is used to describe the dynamics of the SOGI-FLL based-

power calculation, C; and CQ are the transfer function of the proposed active and reactive power
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controllers (Eq. (3.1)), which can be given in s-domain by:

kp oS +K. p
CP(S): S 639)
k k '
Co(s)= pQS: =

while G is the matrix that related the variations of the active and reactive power to the variations

of the voltage frequency and amplitude.

As the active and reactive power variations are coupled to both frequency and amplitude
variations, the detailed analysis given below is considered to extract the mathematical formulation

of the expected closed-loop model.

First, considering that the active power reference of the grid is equal to zero (AQ, =0), thus,

the expressions of the tertiary controller can be rewritten as:

Ap=C, (s)(AP; —AR,) (3.39.a)

AE =-C, (s)AQ (3.39.b)

9

Secondly, linearizing Eq. (3.17) around operating point, the expression relating the active and

reactive power to the vector u can be derived as follows:
AP _ G, G, y Au, (3.40)
AQ| |-G, G,| |Au,

Active power
. calculation model |

9
H, [«
Ap | 1 AP
CP G P ——>
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AQg - - ..t e e e
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H, [«

Reactive power
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Fig. 3.17. Closed-loop model of the MG power flow incorporating tertiary control.
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where Gz and G2 are given by:
L, @
r’? +(L|a))2
— r-I
2 r? +(L,a))2

(3.41)

Merging Eqg. (3.40) and Eq. (3.21), the expression relateing small variation of the active and

reactive power to frequency and amplitude can be obtained as follows:
AP _ G, G,|lky kyl|lAe (3.42)
AQ -G, G, ||k, kyl|l AE

On the other side, the mathematical formulation describing the dynamics of the actual powers

to the estimated ones can be rewritten in matrix form as follows:

AP _H{AP} (3.43)
A |  [AQ |

By substituting the above equation, i.e. Eq. (3.43), into Eqg. (3.42), the expression of the small

variations of the estimated powers corresponding to the frequency and voltage variations can be

AF;A :H{Gl Gz}{kn k12:|{A¢:|:|:Gll G12}{A(/’} (3.44)
AQ -G, G, |lky ky|[AE G, Gy J|lAE

Based on this equation and Eq. (3.39.b), the transfer function relating the variations of the

obtained as follows:

amplitude to the frequency can be represented by:
GZl

———Agp (3.45)
G, +—
CQ

AE =

By substituting in Eq. (3.44), the transfer function describing the dynamics of the active power
to the frequency variations can be given by:

AP =|G,, + (3.46)

Consequently, the closed-loop small-signal model of the active power flow control can be

expressed by:
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Cp G11+ G21G12
GZZ+C—
AP = /) AP (3.47)
1+C, |Gy, + G.Gy
[ 1
G, +—
Co

As a result, the matrixial form of the closed-loop small-signal model of the active and reactive

power flow control as a function of the included transfer functions can be derived as follows:

. . )
AP :{“H{Gl Gz}{kn ku}{cp OD H{Gl GZMkH ku}[cp o} {AP
Ad -G, G lky kyp 0 CQ -G, G, |k, ky 0 CQ AQ*

(3.48)

The closed-Loop model defined by equation Eq. (3.47) is useful to study the stability of grid-

connected microgrid incorporating the tertiary controller.

3.4. Stability analysis and tertiary control parameter tuning

In this section, stability analysis and effective tuning guidelines for the proposed tertiary
controller by using the obtained closed-loop model are investigated. Also, the robustness of the
designed tertiary controller is verified under system parameters variations and load disturbances

as well.

First, before starting to realize the expected analysis, it is worth noting that it is very difficult
to perform the stability analysis based on the derived closed-loop model; where the active and
reactive powers are coupled. More particularly, it is not easy to perform analyses with arbitral vast
variations of four parameters for both active and reactive controllers (kp-p, ki-p, Kp-g, and ki-q). Thus,
an approach for deriving an approximated small-signal model, easy and effective tuning
procedures are proposed. This adopted approach allows to define approximately the amount of the
controller parameters (kp-p, ki-p, kp-o, and ki.q) corresponding to the desired rate of the response

time (Ts) and limit their variations.

Based on Fig. 3.18, an approximated small-signal model can be conducted, as shown in Fig.

3.18, in which the dynamics of the power stage are assumed unity and that the active and reactive
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powers are decoupled. From this figure, the closed-loop small-signal model of the power flow

control ( AFsg -to APg*) can be expressed by:

s GP(S)S:OCP(S)Hp(S) D
A TG, ) Co o, (5) -
G5 Ce (M) |
A T 16, (5) . Ca ()H (5)

where the transfer function G, (s )L:o defines the at the steady-state (see appendix 01).

Accordingly, the characteristic equations of these transfer function after some mathematical

manipulation can be given by:

d +k%(1+GP (S)L:O kp’P )S +Gp (S)|s:0 Kip ka)Z =0

- - (3.50)
sz+k%(1+GQ (S)Lzokp@)s +G, (S)Lzokiﬂ ka)2=0

28y @y g (U,EQ

By matching these equations with the desired responses of a second-order characteristic
equation and applying the same tuning procedure proposed to determinate the secondary controller
parameters’; in chapter I1; the parameter of the tertiary controller can be expressed, as a function
of the desired response time, as follows:

ag2— % 4 ag— 20
k _ koTs p k _ koTs o
p—P Gp (s, PQ Go ().,

A i (3.51)
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Fig. 3.18. Block diagram of the closed-loop small-signal model of; (a) the active and (b) reactive

power flow control loops.
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After choosing the optimum value of the damping factor ¢ (¢ = 0.7 in our case), the roots of
the characteristic equation of the obtained model (Eq. (3.47)) are evaluated as a function of the
desired settling time (Ts). The following tests are considered:

1) Test 01: the settling time of the active power transient response, Ts-p is varied from 1s
to 3.5s, and of the reactive power control is fixed to 40s, i. e., Ts.q = 40seconds.

2) Test 02: Ts.p = 3s, while the reactive power settling time is varied from 1s to 50s.

The results given in Figs. 3.19 and 3.20, showing the location of the roots of the model’s
characteristic equation (EqQ. (3.47)) in the complex s-plane corresponding to test 01 and test 02,
respectively. The red arrows depict the poles’ increasing trend. As is seen in Fig. 3.19, a pair of
complex poles and a real pole move towards the positive real axis, when increasing Ts.p. Hence, it
makes the system less damped towards instability if Ts.p > 3.4s. In addition, one can observe that
a pair of complex poles are located in the positive real part when Ts.p < 1s, and moves toward the
negative real axis after Tsp increases. Consequently, the stability of the system is assured if Tsp
belongs to the range of 1s < Tsp < 3.4s. According to Fig. 3.20, it can be noticed that the increase
of Ts.q shifts a pair of complex poles from the positive real axis to the negative one, making the
system stable as long as Ts.q is superior to the value 35s (Tsp > 35s). As a result, when the Ts.q

increases, it makes the system response grow rapidly, and the stability margin increase.

Fig. 3.21 illustrates the transient step response of the system active power for the desired
settling time Ts.p = 3 s and Tso = 40 s. One can observe from this figure that the system responds
with a settling time Tsp = 85 s and without overshoots. In addition, it can be noticed that the
obtained settling time is not the same as the choosen ones, because the preformed analysis is based
on the extracted simplified model. It is worth noting, according to this analysis, that the ratio
between the settling time of the active power and the reactive power should be; almost; multiple
of ten, i.e. Ts.0 =10 x Tsp.
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In what is coming, the stability analysis under the tertiary controller gains, kp, and ki, variations

are adopted to select; on optimum way; the value of the controller parameters.

3.4.1. System stability evaluation to tertiary control parameter variation

In order to evaluate the system stability of the grid-connected VSC, simulation tests are
performed. In these tests, the characteristic equation roots of the obtained actual model (Eqg. (3.47))
are evaluated to controller parameter variations (kp-p, ki-p, kp-q, and ki-q), taking into consideration
their values chosen earlier. The trajectory of the roots of the closed-loop model to the controller
parameter variation is shown in Figs. 3.22 -to 3.25. According to the roots’ evaluation in Figs.
3.22 and 3.23, one can observe that a pair of complex conjugate poles move towards the unstable
region as kp-p and ki_p increase, hence, leading the grid-tied microgrid system to instability issues.
On the other hand, the poles’ movement of Fig. 3.24, show that when kp-q increases a real pole
and a conjugate complex pair, those near to the origin, shift towards the unstable region. While
from Fig. 3.25, one can see that by increasing ki.q all the poles shift towards the stable region only

the real pole moves to the unstable region, as a result, moving the system towards instability.

The transient performance of the actual closed-loop model for the chosen controller parameter
is given in Fig. 26. In this figure, the active power transient response to step response is illustrated
for kp-p = Kp-p, ki-p = 2% Kip, kp-g = 5% Kp-g, and kig = 0.5% kio. One can notice that the system
responds with a settling time of 100s and without overshoots.
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and ki-p = 1xKi.p, kp-g =3% kp-q, ki- o = 0.5%kiq, and (b) Zoom of a pole’s movement.
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Ki-q.

3.4.2. Robustness assessment of the designed controller

To verify the robustness of the designed tertiary controller, simulation tests are carried out in
MATLAB based on the obtained closed-loop power flow model. In this simulation study, the
controller is tested against system parameter variations that are considered negligible in the

adopted purpose. The following case studies are performed:

e Case 1: when the line resistance (r;) varied in the range of 0.1x r < < 5xr
e Case 2: when the line inductance (L) varied in the range of 0.1x L; < L; <10x L,

e Case 3: the microgrid frequency (wwmg) varied in the range of 0.1% wwmc < wme < 2Xwwme.
It is worth noting that the values of 1), Li, and wwmg are set to 20092, 10mH, and 50Hz, respectively.

The roots evaluation of the closed-loop model characteristic equation when varying the
resistance (r;) and inductance (Li) of the interconnected line, as well as the microgrid operating
frequency (wwmg) is illustrated in Fig. 3.27, 3.28, and 3.29, respectively. According to these figures,
it is clearly shown that the microgrid system is stable for a specified values’ range of the considered
parameter. One can observe in Fig. 3.27, that the microgrid is stable in the range where the line
resistance r, belongs to the interval 0.7xr to 4.6xr.. Where two poles move to the positive real
side of the s-plane; i. e make the system unstable; if the values of r; are out of this range. One can
see in Fig. 3.28, when the line inductance L, values belong to the range 0.9%L, < L;, the microgrid
is still stable. Nevertheless, out of this range, the poles move to the unstable region and as a result,
the microgrid stability is questionable. From Fig. 3.29, one can notice when the value of the
operating frequency is changed in the range of 0.6xwwme < wwmg, the system is stable, and else, it
indicates unstable conditions for the system. Consequently, the obtained results confirm the

robustness of the designed controller versus a wide range of the system parameters.
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3.5.  Conclusion

Phasor dynamic modeling, analysis, and control design of the tertiary control based on the
ESOG-FLL scheme for a single-phase droop-controlled microgrid during grid-connected mode
are developed, in this chapter. The proposed modeling approach based on the dynamic phasor
concept is adopted to derive an accurate model of the active and reactive power flow between the
grid and the microgrid. Besides, the dynamic of the active and reactive power calculations, which
are included in the obtained model, are extracted by exploiting the SOGI-FLL scheme functions.
The accuracy of all the obtained models for predicting the dynamic behavior of the corresponding
block is verified. By using the obtained closed-loop model, stability analysis, and a comprehensive
tuning guideline are developed to select properly the parameters of the tertiary controller. The
obtained results corroborate that the proposed power flow modeling approach is a useful and
reliable tool for analyzes, planning, design, and control for a single-phase microgrid. Besides, it
confirms the necessity of including the power estimate dynamics in the power flow modeling.
Furthermore, the study shows that the designed controller ensures the power flow between the grid

and the microgrid's good performance regarding transient response and steady-state solution.

The simulation tests suggested for validating the proposed approach-based designed tertiary
controller are reported in the following chapter.
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This chapter presents simulations and experimental implementation that validate the
performance and the robustness of the proposed secondary and tertiary control strategies intended
for single-phase droop-controlled AC microgrid. In addition, it provides the results obtained

corresponding to performed case studies and practical tests, and discussions as well.

4.1. Introduction

In microgrids, the focus of researchers is on developing and optimizing algorithms and
hardware that improve the control system performance and making their adoption viable and
highly advantageous. To test and evaluate the efficacy of these developed approaches, simulations,
as well as real-time experiments, are generally established. In the present chapter, the test of the
performance of the proposed control strategies, in the previous chapters, through simulation study,
and real-time validation for different operating modes of single-phase VSlIs-based microgrid are
addressed. The main idea behind these simulations is to demonstrate the performance of the
designed controls in terms of voltage and frequency restoration, load sharing capabilities, grid

synchronization, and optimal power flow during island and grid-tie mode operation.

Considering the suggested control approaches, the present chapter is categorized into two
parts. The performance evaluation of the proposed secondary control for single-phase VSls
forming MG is explored in the first part, which in turn is classified into two subsections. The first
subsection provides the simulation studies based on MATLAB/Simulink environment, the
obtained results, and discussions. While, in the second subsection, the experimental setup of the
designed secondary control applied to an autonomous microgrid formed by two DGs is described.
Also, this subsection gives the results and the respective discussions.

The second part of this chapter presents the simulations of the tertiary control approach for
grid-connected MG. The designed controller is applied for the power flow control of single-phase
grid-tied VSlIs. Different case studies and tests are carried out under load disturbances and various

grid operating conditions. Moreover, the obtained results and discussions are highlighted.

4.2. Secondary control

Simulation studies and experimental tests of the secondary control layer intended for single-

phase autonomous MG are presented in this section.

4.2.1. Numerical Simulation
In the present section, a simulation study, under MATLAB/Sim Power System environment,

is carried out in order to assess the effectiveness and the robustness of the proposed secondary
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control approach. As illustrated in Fig. 4.1, the structure of a system test of an islanded microgrid
is built up. The constructed microgrid consists of two DG units with the same power rate (2.5 kW),
feeding a local inductive load (40Q2, 1mH). The secondary control parameters are selected
according to the presented tuning process so that its response is ten times slower than the primary
control. The parameters taken in the simulation study are reported in Table. 1 it is worth
mentioning that a DC component of the percentage of 5% from the voltage fundamental

component is considered in the measurement devices.
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Fig. 4.1. Implemented secondary control for a single-phase islanded MG consists of two

droop-controlled paralleled VSls.

TABLE. 1. POWER STAGE AND CONTROL PARAMETERS

Parameter | Symbol Unit Value
Inverters power stage

Nominal voltage (RMS) E* (RMS) \Y/ 220
Nominal frequency w* /21 Hz 50
DC bus voltage Ve \/ 450
Loads RL, Lo Q, mH 40,1
Filter capacitor Cn, Cr2 MF 26
Filter inductor ri2, Lo Q, mH 05,25
DGL1 line impedance Lin mH 0.9

86



Chapter 4 Numerical Simulations and Experimental Implementation

DG1 line impedance | Liz mH 1.2
SOGI-FLL scheme
SOGI gain k - 0.7
FLL gain r st 40
Primary control
Frequency-droop gain m Wi/rad.s 0.0003
Amplitude-droop gain n VArIV 0.003
Virtual impedance Ly mH 4
Secondary control
Voltage proportional gain Kp-E - -0.45
Voltage integral gain ki- st 1.57
Frequency proportional gain Kp-f - -0.22
Frequency integral gain Ki-f st 2.67
Synchronization gain Kp-¢ st 0.76
Communication delay time T ms 0.5

The following case studies are considered:

e Case 1: This case aims to evaluate the performance of the frequency and amplitude
restoration control in the presence of frequent load changes. To this end, the microgrid begins
with the no-load operating condition, and next, DG units (1 and 2) start to feed a common
inductive load at t = 1 s, while only the primary control is running. At t = 2 s, the frequency
and amplitude restoration control are activated, then a load change is realized, by
disconnecting and reconnecting a resistive load (40 Q) from/to the microgridatt=5sand t
= 7.5, respectively.

e Case 2: This case study aims to test the proposed restoration controller performance under
the DG disconnection operating condition. For this purpose, a sudden disconnection of the
inverter 2 from the microgrid is programmed att =5 s, and only inverter #1 remains to supply
the common load, where the same scenarios; as the first case by starting with no-load and

next enabling the primary and secondary controls with an inductive load; are considered.

e Case 3: This case study analyses the performance of the synchronization controller. So,
this controller is enabled at t =5 s, to synchronize the microgrid with the main utility grid (50
Hz and 220V).

Fig. 4.2 shows the transient responses of the frequency, amplitude, and active and reactive
powers, of DG1, DG2, and the microgrid (or common load bus (CLB)), for the first case study. It
can be observed that at no-load operating condition, the frequency and the amplitude of each DG
unit and the CLB are at their nominal values. Then, when a load is suddenly connected; while the
primary control is running; they drooped with the same amounts in order to share the active and

reactive powers of the load, which is also demonstrated. When the restoration process is enabled
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(at t = 2 s), the frequency and amplitude static deviations produced by the droop control are
removed. Notice that the frequency and voltage inside the microgrid are seamlessly restored to the
nominal values, i.e., 50 Hz and 311V. Also, as it is shown, the proposed secondary controller
ensures a smooth frequency and voltage recovery when a load change suddenly occurs (att=5s
and 7.5 s), and the active and reactive powers-sharing is still guaranteed. We note that the proposed
controller provides good transient responses in respect to the desired predefined performance;

settling time around 1 s and without overshoots.

The obtained results demonstrating the performance of the proposed restoration control for
case 2 are given in Fig. 4.3. It can be seen that when the DG2 is disconnected from the microgrid
(at t = 5 s), the designed controllers restore successfully the frequency and amplitude of the
microgrid, formed only by DG1, to their nominal values. Note that the settling time of the frequency
and voltage transient responses is about 1 s. In addition, it can be seen that the DG2 variables are
set to the nominal values. It is worth mentioning that the small difference between the voltage

amplitude of DG1 and the nominal value is due to the voltage amplitude of the line impedance.

Fig. 4.4 illustrates the obtained results for case 3. It can be observed that, when the
synchronization process is enabled (at t = 5 s), the phase angle difference between the microgrid
and the main utility grid moves toward zero. Also, the frequency and amplitude of the DG units and
CLB are fixed to the grid set points. While the active power remains constant during the
synchronization process. We notice that the settling time of the synchronization transient response
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88



Chapter 4

Frequency (Hz)

Amplitude (V)

Phase error (deg)

Frequency (Hz)

Numerical Simulations and Experimental Implementation

— DGI
50 S 4000 — DG?
o i— g PR _
| — DGI = eI
f — DG? ~
499t thedd [ CLB & 2000
8 [ - | s
o
i ' e
(5]
49.8 Z 0
o
1 2 3 4 5 6 7 8 9 10
Time (sec.)
300
— DGI
< 200 — DG2
b CLB
= 100
[«5)
2 L |
o 0
(5]
2 _100 |
95 &
[
: -_ —
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Time (sec.) Time (sec.)
Fig. 4.3. Obtained results in response to case 2.
315{
SEL — DGl
< — DG2
L3057 CLB
E |
2 300 ¢ |
g "
205 ==
2 4 B 8 10 12 14 290 : ' : . . '
Time (sec) 2 4 6 8 10 12 14
Time (sec.)
50.1 — per 20007 s
— DGz 5 4000 - — DG?
CLB CLB
50 ¢ - 2 wemesd 5 3000}
r. =
' / O 2000} gastd
i (5]
499 e 2 10001
| o
| <o
498 i i i i i i i : I : : I I I
2 4 6 8 10 12 14
2 4 6 8 10 12 14 Ti
Time (sec.) ime (sec.)

Fig. 4.4. Obtained results in response to case 3.

4.2.2. Experimental Results

In order to verify the theoretical analysis as well as evaluate the performance of the proposed

secondary control approach, an experimental setup, as shown in Fig. 4.5, is built and tested in the
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lab. This experimental setup is similar to the structure presented in Fig. 4.1, where two single-phase
full-bridge VSIs with LC filter are connected in parallel, forming an islanded microgrid with a
power rate of 0.1 kW. The primary control of each DG unit and the designed secondary control are
implemented in a separate ARM Cortex microcontroller (STM32F407). RS232 (URAT) protocol
is used to communicate between these microcontrollers for the aim of sending the produced control
signals by the secondary controller toward the DGs local controllers. In addition, measurement
sensors are used to provide the required voltages and currents to the ARM Cortex microcontrollers
via signal conditioning circuits. For more details, the algorithms of the primary and secondary
control, given in the upper part of Fig. 4.5, are implemented in MATLAB/Simulink based
STM32F4 Embedded Target and, then, the generated code using Embedded Coder is loaded into
the STM32F4 board. The sampling frequencies of the primary and secondary controls are set to 10
kHz and 1 kHz, respectively. The power stage and the control parameters taken in this experiment

are summarized in Table. 2.

TABLE. 2. EXPERIMENTAL PARAMETERS

Parameter Symbol Unit Value
Inverters power stage
Nominal voltage (RMS) E* (RMS) \% 30
Nominal frequency @* /21 Hz 50
DC bus voltage Vic \% 60
Loads Ru Q 8
Filter Capacitor Cr, Cr pF 16, 18
DG1 Filter inductor ry, L Q, mH 0.3,2.7
DG2 Filter inductor r2, Le Q, mH 0.5,2.6
DGL1 line impedance Lin mH 0.8
DG2 line impedance Li2 mH 0.5
SOGI-FLL scheme
SOGI gain k - 0.7
FLL gain r st 40
Primary control
Frequency-droop gain m W/rad.s 0.003
Amplitude-droop gain n VAr/V 0.03
Virtual impedance Ly mH 2
Secondary control
Voltage proportional gain Kp-E - -0.69
Voltage integral gain ki-e st 0.49
Frequency proportional gain Kp-f - -0.71
Frequency integral gain Ki-f st 0.58
Synchronization gain Kp-¢ st 0.35
Communication delay time T ms 1
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Fig. 4.5. Block diagram of the experimental setup based on ARM Cortex uCs.

It is worth noting that the same cases as the simulation study are considered in the experimental
test. However, these tests are carried out at different times and load values. In addition, the obtained
results are extracted from ARM microcontrollers and plotted using MATLAB to provide better

quality.

In the first experiment, before the secondary control for frequency and voltage restoration is
enabled at t = 15 s, only the primary control was running. Next, att =25 s and t = 35 s, a resistive
load of 8 Q is suddenly disconnected and reconnected from/to the MG. Fig. 4.6 shows how the
restoration control regulated the frequency and voltage deviation inside the DGs in response to this
experiment test. From these figures, it can be seen that frequency and amplitude of both DGs voltage
and at the CLB are seamlessly restored to their nominal values when the secondary control is
enabled (att = 15s), and after, load change as well (at t = 25 s and 35 s). Besides, it can be remarked
that the settling time of frequency and amplitude transient response is around 5 s. Notice that the

active and reactive powers-sharing between the DG units is still can be observed.

In the second experiment, after activating the secondary control at t = 15 s, the DG2 unit is
suddenly disconnected from the MG at t = 26 s. Scopes of Fig. 4.7 show that the secondary
controller is able to regulate successfully the frequency and amplitude to their rated values with the
desired transient response (a settling time of 5 s and without overshoot). In the third experiment,
the synchronization algorithm is introduced to synchronize the MG to the grid at t = 25 s, after
enabling the secondary control at t = 15 s. Fig. 4.8 depicts the waveforms of the main grid and the
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MG voltages and their zooms for each scenario. It demonstrated that these voltages are accurately
synchronized when the synchronization control is activated. In addition, it can be observed in Fig.
4.9, that the phase angle difference between the main grid and MG is matched to zero after a settling
time of 10 s. Moreover, as shown, the voltage frequency and the amplitude of the CLB and the main
grid are also matched. It is worth mentioning that the notches appearing in the figures of the

experimental results are due to the power supply fluctuations.
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4.3. Numerical Implementation of the Tertiary Control

The study in this section covers the power flow control of a VSI in grid-connected operation
mode. The main function of the proposed controller is to control optimally the real and reactive
power exchange (import/export) between a VSI and the utility grid (at the PCC). Numerical results

and discussions are also provided in this section.

To demonstrate the effectiveness and the robustness of the proposed tertiary control approach,
the system depicted in Fig. 4.10 is simulated using MATLAB/Simulink/Sim power system. The
simulated test system consists of a DG feeding a local load and connected to the main grid thought
line impedance and a power flow control based-hierarchical control. The DG includes a DC source,
H-bridge inverter, and an LC filter unit and has its own local primary controller. A centralized
secondary controller is also considered in this hierarchical control, which receives control input
from the tertiary control layer. The proposed tertiary control layer is introduced to ensure optimal
power flow of a single-phase droop-operated VSI towards the main grid while supplying the local
load. Hence, the power flow controller is expected to control the VSI for feeding the local load
and, (a) the injection of the power excess to the main grid if the VSl is able to fulfill the load power
demand, or (b) to absorb (export) the needed power form the main grid if the VSI cannot deliver

the demand power by the local load.
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Fig. 4.10. Scheme of a grid-connected single-phase VSI-based MG system feeding a local load,

with the proposed tertiary control-based hierarchical control.
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It is worth noting that due to the large simulation time (minutes); that cannot be implemented
in MATLAB, sim power system environment; the sampling rate of each control level is reduced.
Therefore, the sampling frequencies of the primary control, secondary and tertiary control are set
to 1 kHz, 10 kHz, and 20 kHz, respectively. Also, the control parameter values of the compensators
are adjusted according to the new desired settling time of the transient responses. The simulation
parameters are given in Table. 3. Note that the value of the DC offset in the measurement devices
Is not negligible and is set to 5% from the fundamental voltage component.

The performance of the proposed control strategy is examined throughout the numerical tests
given below based on suggested operation scenarios. Indeed, the first operation scenario is
considered for all the tests, except the last one. Att =0 s, the microgrid starts operating in island
mode feeding a resistive local load of 8 Q (2 kW), then at t = 0.5 s, the transition process from
islanded to grid-tied mode operation is performed, and when the switch (SW1) is closed, the MG
is reconnected to the main grid. After this scenario, the next scenarios for the VSI-based MG
operating in grid-connected mode are carried out according to the considered tests presented as

follows:

e Intest 1, a step-change in the active power reference of the DG unit (VSI) from 5 kW to 6
kKWissetatt=1s.

e Intest 2, the grid frequency is varied from 50 Hz to 50.2 Hz at t = 0.75 s and back to 50 Hz
att=1.1s.

e Intest 3, a symmetrical grid voltage sag of 0.1 p. u (from the grid fundamental amplitude),
for 7.5 cycles (formt=0.85stot = 1), is set.

e In test 4: the performance of the proposed controller are examined in the event of load
changes. Thus, a resistive load of 8 Q (1 kw) is suddenly added to the local load att =1 s.

e Intest 5: exporting power from the utility grid is considered. Therefore, at = 0 s the MG is
operating in grid-connected with a local load of 16 Q (4 kw), then at t = 0.4 a resistive load of
16 Q (4 kw) is suddenly added to the local load, after at t = 0.8, the the added load is

disconnected.
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TABLE. 3. POWER STAGE AND POWER FLOW CONTROL PARAMETERS

Parameter | Symbol Unit Value
Inverters power stage
Nominal voltage (RMS) E* (RMS) \/ 220
Nominal frequency w* /21 Hz 50
DC bus voltage Ve \Y 450
Loads RL Q 8
Filter capacitor Ct MF 26
Filter inductor rs, L Q, mH 05,25
Line impedance Li mH 0.9
Grid impedance Lg, Ig mH, Q 0.1,0.001
Grid side load Ryrid Q 10
SOGI-FLL scheme
SOGI gain k - 0.7
FLL gain r 51 40
Power flow control
P proportional gain Kp-E - -0.45
P integral gain ki-e st 1.57
Q proportional gain Kp-f - -0.22
Q integral gain Ki-t st 2.67

The obtained results are given in the figures below, they depict the waveforms of the active
and reactive powers generated by the VSI side and injected to the main grid, the frequency and
amplitude of the VSI, the grid, and at the PCC voltages, and the grid side voltage and current, and
the inverter side output voltage and current and their zooms in response to each test.

Figs. 4.11 and 4.12 display the results in response to active power reference change. Based on

these figures the following observations can be made:

+ During the islanded operating mode, t = 0 to t = 0.5, the VVSI provides the active and reactive
powers; of 2 kW, 0 kVar; demanded by the local load (Fig. 4.11 (a) and (b), respectively).
While the real and reactive power of the grid side are equal to zero (Fig. 4.11 (c) and (d)). In
addition, the frequency and the amplitude of the inverter output voltage are drooped and
restored to their nominal values (slight oscillations can be observed due to the droop action),
meanwhile, the grid frequency and amplitude are set to 50 Hz and 1 p, u (220 V). Further, Fig.
4.11 (a) and (b) illustrate that the amount of the VSI current is adjusted corresponding to the
local load demand, and the grid current is equal to zero, whereas, the VSI tracks the voltage
references produced by the droop controller.

+ Att=0.5, the grid switch (SW1) closes resulting in a seamless transition of the MG-based
VSI from islanded to grid-connected mode, in which the inverter voltage and frequency

synchronize to their new references received from the tertiary control.
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+ When the MG begins working in a grid-connected mode, as shown in Fig. 4.11 (a) and (b),
the proposed tertiary controller forces the inverter VVSI to flow successfully the desired values
of the active and reactive power provided by the center manager, which set to 5 kW and 0
kVar. A part of the active power, 2 kW, supplies the local load, while the excess of the active
power, of 3 kW as demonstrated in Fig. 4.11 (c), is injected into the utility grid. Fig. 4.11. (e)
and (d), illustrate that the frequency and voltage are matched exactly to the grid frequency
and voltage (50 Hz, 1 p. u, i.e. 220 V (RMS)) during the grid-connected mode. According to
Fig. 4.12 (a), the VSl side current increases relatively to the new active power reference, while
the voltage synchronizes to the grid voltage. In Fig. 4.12 (b), the current amount of the grid
side arises, this is injected to the main grid.

+ When changing the active power reference at t = 1 s, the proposed controller forces the active
and reactive powers to successfully flow the new desired values with a good transient response
(6 kW) as shown in Fig. 4.11 (a). Consequently, the grid side active power (power excess) is
increased, Fig. 4.11 (c), because the required power of the local load is constant (2 kW). Also,
the reactive power remains constant with a slight transient when varying the active power.
From Fig. 4.11 (e) and (f), the frequency of the VSI tracks the frequency of the main grid
during this period, while the voltage amplitude of the VSI and the grid side remain constants.
The current of the VSI and the utility grid, shown in Fig. 4.12 (a) and (b), are increased
according to the active power growth, whereas, the voltage of the VSI and the grid are
synchronized and kept with their values constant without any oscillations or transients.
Further, the proposed power controller ensures the injection of a proper sinusoidal current into
the grid, as illustrated in Fig. 4.12 (c). Moreover, Fig. 4.12 (c) demonstrates that the grid
current and voltage are in-phase which guarantees a unity power factor.
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Fig. 4.11. Simulation results acquired with the designed controller in response to test 1.
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Fig. 4.12. Responses of the voltage and current in test 1; (a) inverter side, (b) grid side, and (c)

Zoom.

The results in Figs. 4.13 and 4.14, show the performance of the proposed tertiary control in

response to the grid frequency variations. The same discussions are considered for the islanded

and after the transition mode operation until t = 0.75 s. From Fig. 4.13 (a) to (d), one can see that

the proposed control fixes the active and reactive power of the VSI to their desired values, and the

grid powers, also, remain constant, even when the grid frequency is variedatt=0.75sand t = 1.1

s, in which just slight transients can be observed. The transient response presented in Fig. 4.13 (c),

illustrates that the frequency of the VSI and at the PCC match with the grid frequency, while in

Fig. 4.13 (b), one can notice that the voltage amplitudes do not change during all the rest of the

simulation time. Also, the current and voltage of the VSI side and the grid side, shown in Fig.

4.14, remain unchanged, just a slight transient, during the grid-connected mode and under

frequency variations. Furthermore, one can see that the current injected into the grid has a pure

sinusoidal form and in phase with the voltage, hence, a unity power factor is expected.
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Fig. 4.13. The obtained results in response to grid frequency step change (test 2).
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Fig. 4.14. Responses of the voltage and current in test 2; (a) inverter side, (b) grid side.

The transient responses of the proposed control strategy for grid voltage dip are shown in Figs.

4.15 and 4.16. When the grid voltage sag appears att = 0.8 s, it affects the voltage and the current,

of the VSl and the grid, as can be seen in Figs. 4.15 (b) and 4.16, hence, the injected active power

into the grid side increases, while the active and reactive power of the VSI are fixed by the

controller to their references, as shown Fig. 4.15 (a), (b) and (c). Whereas, the grid reactive power

remain constants with sight transients during voltage sag. From Fig. 4.15 (e), it is can be noticed

that the VSI frequency and at the PCC match the grid frequency, where transient in these

frequencies is observed under voltage sag. The voltage amplitude transient response of Fig. 4.15

(F), shows that the amplitudes of the inverter and at the PCC track the dripped grid amplitude.

According to Fig. 4.16, it can be remarked that the voltage of the VSI and the grid are slopped

with the same amounts during the voltage sag. Also, it can be seen that the inverter and grid

currents increase to generate the expected active power by the inverter and to injected the expected

grid power, meanwhile, they keep their sinusoidal forms, as depicted in Fig. 4.16 (c). Furthermore,

when the voltage sag is eliminated at t = 1 s, the system is back to operate in normal conditions.
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Fig. 4.15. The obtained results in response to grid voltage sag (test 3).
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Fig. 4.16. Responses of the voltage and current in test 3; (a) inverter side, (b) grid side, and (c)

zoom.

Fig. 4.17 and 4.18 show the performance of the proposed control during load variations.
Under this scenario, the proposed controller controls the VSI to operate at its active and reactive
powers desired values, as illustrated in Fig. 4.17 (a) and (b). According to Fig. 4.17 (c), it can be
observed that the active power of the utility grid decreased with an amount of 1 kW, which is the
power consumed by the added load. In addition, from Fig. 4.17 (d), one can be noticed that the
grid reactive power remains constant, with slight oscillations. Based on Fig. 4.17 (e) and (f), it is
can be observed that the VSI frequency and amplitude of the VSI are set to the frequency and
amplitude of the grid, in which they remain constant, except slight transients, can be noted in the
frequencies. Fig. 4.18 (a) and (b) demonstrate that the output VVSI current and voltage, as well as
the voltage grid, are remaining constants during the loading condition, while the injected current,

with a pure sinusoidal form, into the main grid is reduced due to the added load.
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It is worth noting that the grid current and voltage are synchronized, therefore, the unity power

factor is ensured.

The results in Fig. 4.19 and 4.20, depict the performance of the proposed power flow control
when the load demand exceeds the power produced by the inverter side, and the required power is
imported from the main grid. Att = 0.4 s, a load of 4kW is added, the inverter is not sufficient to
fulfill the load demand, and the needed power is absorbed from the main grid, and after removing
the load, it is back to the normal operation, as illustrated in Fig. 4.19 (c). According to this figure,
one can see that a negative active power of - 3kW is obtained on the grid side. Also, we note that
the designed controller fixe the active and reactive powers produced by the inverter to their the
desired references, as shown in Fig. 4.19 (a) and (b). Furthermore, in Fig. 4.19 (d), the grid
reactive power remains constant, with slight oscillations, during this operating condition. The
responses given in Fig. 4.19 (e), demonstrate that the inverter and PCC frequenicies are matched
with the grid frequency, during adding and removing the load. Form this figure, we noticed, also,
that the amplitudes of the inverter, at the PCC, and the grid are matched and remain unchanged

during the loading operating conditions.

From Fig. 4.20 (a) and (b), it can be observed that the voltage and current of the VSI side and
the grid side voltage remain unchanged, while the grid current increases and balances in opposite
phase with the grid voltage when a load is added, as it can be seen in Fig. 4.20 (c). After the load
is removed at t = 0.8 s, the current returns to its first value and is in-phase with the grid voltage
(see Fig. 4.20 (c)), which means that VSI injects current into the grid.
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4.4. Conclusion

In this chapter, the implementation of the proposed secondary control and tertiary control of
single-phase droop-controlled VSls-interfaced MG during islanded and grid-connected mode
operation was addressed. First, the performance of the suggested secondary control strategy has
been examined through simulation case studies and experimental tests. The simulation results and
discussions on the outcomes of the proposed secondary control for the MG frequency and
amplitude restoration as well as the synchronization with the grid were provided. Besides, the
practical results of the secondary control approach for single-phase VSls-based islanded MG were
illustrated and discussed. The results have proved the robustness of the designed secondary control
in effectively recovering the frequency and amplitude nominal values with good transient and
steady-state responses, even under different load conditions. Secondly, the proposed tertiary
control performance for the power flow of single-phase grid-connected VSIs, operated as grid-
forming units, towards the main grid was presented in this chapter. The simulation case studies
were conducted using the MATLAB/Simulink software framework. The obtained results of the
power flow control of VSIs operating in grid supporting mode were provided and discussed. They
have demonstrated the effectiveness of the designed controller on providing a system that can
respond to changes in load demand and distributed generation output in an effective manner and

optimal power flow.

All in all, the presented implementation in this chapter has successfully validated the
effectiveness of the proposed secondary and tertiary control schemes. In addition, it confirmed the
developed modeling approach and reveals that the expected transient responses are achieved based
on the suggested tuning guideline given in the previous chapters.
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Conclusions and Future Works

Modeling, analyzing, and designing secondary control and tertiary control schemes intended
for a single-phase MG during the islanding and the grid-connection operation was the main
objective of the present thesis. The summary and the contributions of the MG control strategies
adopted in each chapter are presented in the following.

In chapter 1, a complete overview of the microgrid context was presented, considering
background, definition and research interest, different MG configurations, advantages, and
architectures, as well as motivation. The hierarchical control of AC microgrid, including primary,
secondary, and tertiary control levels were described. The control problem statement of the present
thesis was discussed. Literature reviews of the considered secondary and tertiary control strategies
and corresponding problems for AC MGs were presented, also, in this chapter. Finaly, the thesis's

main contributions, outcomes, and organization were presented.

In chapter 2, a secondary control scheme based on the ESOGI-FLL method for single-phase
parallel-connected VSls-interfaced autonomous AC microgrid was first designed. The ESOGI-
FLL method, which has the ability to reject totally the DC componet and its effect, was introduced
to ensure accurate estimation the MG voltage amplitude and frequency. Second, a new modeling
approach of the designed secondary frequency and amplitude restoration control loops-based MG
was proposed. In this approach, the dynamics of ESOGI-FLL were considered, in which the
transfer function of the FLL was involved in the frequency restoration model. While applying the
dynamic phasor concept, a model that describes the dynamics of the SOGI amplitude estimate was
derived, and simplified, and, then, was introduced in the voltage amplitude restoration modeling.
The accuracy of the derived models of the ESOGI-FLL frequency and amplitude estimates were
confirmed using numerical tests. The results demonstrated that the frequency and the simplified
amplitude models can predict accurately the average dynamic behavior of the ESOGI-FLL.
Stability analysis based on the obtained models of the MG system incorporating restoration control
loops was addressed. Also, systematic tunning guidelines to properly select the restoration control
parameters were provided. Finally, the modeling and control design of the synchronization control

loop was presented.

The objective of the control proposal, presented in this chapter, is to effectively restore
voltages and frequencies of the DGs to their nominal values and optimally manage the power
generation among the different DG units, also, offer proper synchronization with the main grid,
when the grid-connection mode is expected.
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The focus of the third chapter was on designing and modeling a tertiary control scheme
equipped with an ESOGI-FLL-based power calculation strategy for a single-phase grid-connected
MG. The main aim of this designed control scheme is to ensure efficient and optimal management
of the MG power exchange with the main grid. In this scheme, the power calculation based on
ESOGI-FLL was involved to provide a precise estimation of the average active and reactive
powers. The dynamic phasor modeling of the power flow for a grid-connected VSI-interfaced MG,
taking into consideration the dynamics of the ESOGI-FLL-based power calculation was proposed.
First, the model of a single-phase VSI connected to the main grid via a line impedance was derived.
Second, the model describing the dynamics of the SOGI-FLL-based active and reactive power
calculation was extracted and simplified. Third, the open-loop small-signal model of the power
flow including the dynamics of the power calculation in state-space was obtained. The accuracy
of all obtained models was proved through simulation and HIL tests, and it was discussed that
these models are able to predict accurately the system dynamics. The closed-loop small-signal
model of the whole MG system incorporating the tertiary control, in state space, was constructed.
Stability analysis and effective tunning approaches for selecting the active and reactive controllers’
parameters were provided. In addition, the evaluation of the system stability to variations of the
controllers’ parameters, as well as the robustness assessment of the designed controllers to system

parameters variations were carried out.

In chapter 4, the performance of the proposed secondary control and tertiary control schemes-
based hierarchical control were tested. In the first part, simulations and experimental
implementation of the designed secondary control layer were conducted to verify its effectiveness
and robustness. In this part, the considered microgrid testbed for the simulation case was described,
it corresponds to an islanded MG which consists of two single-phase parallel-connected VSIs feed
a common load. A series of simulations for three case studies with different disturbances were
reported and their results were provided and discussed. Next, an experimental setup, similar to the
simulation one, for the implementation of the designed secondary based on ARM Cortex uC
(STM32F4-Discovery) was presented. The same tests as in the simulation study were considered,
and the obtained results and discussions were presented. In the second part, a performed simulation
of the designed tertiary control layer for single-phase droop-controlled VSI connected to the main
grid was explained. Simulation tests under different grid disturbances were conducted and the

corresponding results were given and discussed.

Based on the results’ discussions, one can conclude that:

e The designed secondary control achieve voltage amplitude and frequency restoration to
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nominal values with the desired transient responses in terms of response time and without
overshoot, as well as has improved the reactive power-sharing.

The effectiveness and the robustness of the designed secondary control are confirmed in
ensuring efficient and stable operation of the autonomous MG under different operating
conditions and even in the presence of the DC component.

The experimental tests validate the secondary control proposal in keeping the frequency
and voltage amplitude close to their nominal values under various disturbances.

The synchronization algorithm ensures a seamless transition from islanding mode to grid-
connected mode.

The tertiary can manage optimally the active and reactive exchange between the droop-
controlled VSI-based MG and the main grid.

The proper tracking of the frequency and amplitude of the voltage grid is guaranteed with
excellent transient and steady-state performance.

Stable operation of the grid-connected MG is assured under different grid voltage

disturbances which contains the DC component and load changes.

In the future much work will be done by:

Applying the same design and modeling approaches of the secondary control, for the
distributed secondary control for frequency and amplitude restoration intended for single-
phase MGs.

Implementing the designed tertiary control scheme-based hierarchical control in hardware

by using ARM cortex uC, for single-phase VSIs connected to the main grid.
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Appendices

Appendix A: Gains of the power flow open-loop model

at steady-state

Based on the linearized model of the active and reactive power flow, Eq.(3.41) in chapter 3,

given by:
AP _ G, G,| ky ky,l|l Ae (3.39)
AQ -G, G, |k, Kk, |l AE
Considering power flow decoupling, the equation above yield:
AP _ G, xk,, +G, xk,, 0 Ao (App.A.1)
AQ 0 G, xk,, +G, xk,, || AE

Accordingly, the expression of the gains at steady-state can be obtained as follows:
{GP | s-0=01 xky; +G, xkK,,

App.A.2
Go | s0= G, xky, +G; xky, (App.A2)

where G1, G2; which expected as a function of the system nominal values; are given by Eq.(3.40)
in chapter 3, while the expression of the parameters ki1, kiz2, ka1, k22 can be obtained based on
Eq.(3.20) as following:

k,, =3/, E, cos(p,)

ky, =3/, sin(p,)

K, =-3/ ,E, sin(g,)

Ky, =3/, cos(,)
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Appendix B: Model of the secondary control for
STM32F4 Target in MATLAB/Simulink

This appendix presents a guideline for the implementation on MATLAB/Simulink and by
using Waijung Blockset of the secondary control algorithm for the STM32F4 platform. The
description for each configuration of the STM32F407 modules integrated into the designed model
iIs also provided in this appendix. The designed model is built to be implemented in STM32F407
board for real-time control application intended for a single-phase islanded microgrid.

It is worth noting that Waijung is a Simulink Blockset that is used to generate the C code from

MATLAB/Simulink simulation models for specified microcontrollers.

Fig. App.B.1 shows the diagram of the developed model of the secondary control for the
STM32F4 Embedded Target in MATLAB/Simulink. As can be seen, this model consists of; i) the
embedded target block, ii) the block of the secondary control algorithm developed based on
MATLAB function code generation, iii) two analog to digital converters, and iv) two

communication modules (UART).

Waijung: 15.04a
Compiler: GNU ARM
MCU: STM32F4171G Module: USART1_Setup Module: UART5_Setup
Auto Compile Download: ON Baud (Bps): 4000000 Baud (Bps): 4000000
Full Chip Erase: OFF DMA Buffer: 512/512 DMA Buffer: 512/512
Auto run app: ON Tx/Rx Pin: A9/A10 Tx/Rx Pin: C12/D2
Execution Profiler: None
Base Ts (sec): 0.01
=
Target Setup UART Setup #2 UART Setup #1
Runing conditions Control actions toward primary
Start restoration control O control _ _ _ _
Out1 » Fun R . |
single  p1ogule: USART1_Tx |
At ! Packet: Binary |
. Start synchronization control s dw_res Transfer: Non-Blocking |
P Fun_Syn single Ts (sec): 0.001 |
|
UART Tx #1 |
ADC Module: 1 W_MG —» w_MG £ |
Output Data Type: Single AN13 —®V_MG_In V_MG_out —»V_MG SCMG |
P single  pogule: UARTS_Tx |
4\ E Mcl—»E MG Packet: Binary .
FOMG INVA - - 4 res Transfer: Non-Blocking |
ADC Module: 2 - |- single T (s60): 0.001 |
Output Data Type: Single ~ AN9 —Vg_in Vg_out —MV g ) ! |
CyTs (sec): -1 Phi —| Phi | UART Tx #2 .
L Communication Protocol '

imati Secondary Control
sigma\soondiﬂoning Paramater estimation ry

Fig. App.B.1. Model of the secondary control algorithm deployed for STM32F407 target.
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e STM32F4 peripheral configuration:
1- Target setup:
As shown in Fig. App.B.2, two main things should take care of:
a- Choose the target according to the your available board (in our case: STM32F407G);
b- Selection of the compiler; (MDK)

[*a) £2
stm32f4_target_setup (mask) (link) A

Use this block to setup STM32F4 Target in a Simulink model.

The sample time of this block is the system base sampletime. It is
automatically computed based on sampletime of every block in the system
model and is used to configure Systick Counter of the target.

Board:
1. FIO2: STM32F4171G (LQFP176)

Parameters

[ compiter | MOK-ARM |+
| MCU | STM32F407VG (LQFP100) |.
Clock Configuration  HSEOSC-8MHz >

[ show memory configuration

[4 Enable Auto Compile and Download

Full Chip Erase before Download

Programmer/Debugger ST-Link »

4] show/Edit Control Strings (Recommended for advanced users only) ‘i

oK Cancel Help Apply

Fig. App.B.2. The STM32F407 Target configuration block.

2- Communication peripheral (URAT setup):
From Fig. App.B.3, the thing that should be made for the configuration of the URAT module are:

a- Choose the baud rate (Bps) of the bandwith of transmission.
b- Select the URAT module, and the outputs of the URAT corresponding to the pins of
in the STM32F407G board.
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[
stm32f4_usart (mask) ol
Default STM32F4DISCOVERY + aMG F4 Connect 2 + aMG
USB Converter N2 settings use
USART3, Tx DB, Rx D9 and USE Serial Converter A.

Parameters

| UART Module |1 - |
Baud rate (bps)
| 4000000 E
Data bits |8 -
Parity |No -
Stop bit |1 -
Tx Pin |A9 =
Rx Pin |A10 hd
Hardware flow control |None -

W
OK Cancel Help Apply

Fig.App.B.3. A dialog box of the communication peripheral.
3- ADC modules:
In this block, the physical ADC, and the type of the manipulated data should be specified, as
well as the inputs of the ADC modules (according to the chosen timer) corresponding to the
STM32F4 board (see Fig.App.B.4).

[=]
stm32f4_regular_adc (mask) (link) A
This block implements Regular Analog to Digital Converter (ADC) Module.

Regardless of the specified data type, the output values are always RAW
ADC data between 0 to 4095.

To convert to voltage, multiply the output values with Vref/40095.

Parameters
ADC Module |1 hd
Output Data Type | Single hd

ADC Prescaler: 6 (HCLK: 168MHz, fADC: 28MHz, ADC :1.9MSps) |Auto ~
[ Read ANO (Pin: AD)
[J Read AN1 (Pin: A1)
[ Read an2 (Pin: A2)
[ Read AN3 (Pin: A3)
[ Read AN4 (Pin: A4)
Read ANS (Pin: AS)

L

< >

OK Camcel Help Apply

Fig.App.B.4. A dialog box of the ADC block.

In order to load the generated C code in the STM32F4 board, press the bottom “build” illustrated
in the MATLAB tools bar.
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