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ABSTRACT

Recently, Photovoltaic energy-based systems installed have been increasing along with
the operation of microgrids. This makes distributed generation, due to weather changes,
an intermittent way of supplying power to connected loads. Previously, technological
advances and applications always considered the use of all available photovoltaic power,
which allowed a large amount of electricity to be generated for injection into the AC
mains. Hence, there was a lot of investment in this type of system to reduce the cost of
purchasing electricity from the AC mains. However, this caused some problems to appear
due to an excess of injected power compared to the demanded load, at a certain time
of the day, in addition to the lack of control over the energy supplied to the system.
Such problems involve frequency and voltage oscillations and deviations that lead to
erroneous operations and blackout scenarios. In this sense, solutions to the main problems
that must be taken into account to maintain the microgrid parameters within adequate
values are achieved through control strategies that provide intelligent characteristics to
the distributed generation units, and allow the system to compensate for voltage and
frequency deviations, as well as to reduce power losses through adequate power sharing
methods. To add the necessary power to distributed generation units, it is important
to select a suitable power electronics structure that provides active and reactive power
generation and control capabilities, allowing to perform different management tasks while
taking into account other fundamental parameters such as high efficiency and adequate
THD performance; unlike traditional power electronics inverters focused on photovoltaic
generation, where the main features are to avoid reactive power circulation with the AC

mains and to limit leakage currents.

As the microgrid systems are mainly clusters of distributed generation units operating
in a determined array, an energy management system provides the microgrid with the
capability to determine the amount and conditions of the power injected from the
distributed generation units to the connected load as well as the exchanged power with
the AC mains, while takes into account the proper constraints of each established scenario

and objectives in the system operation. Due to the variability of energy in the photovoltaic
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systems, the optimal operation of the microgrid is essential to enhance the system’s
performance. In this sense a suitable energy management system can be designed in a
hierarchical control structure to provide such capabilities to the microgrid. It can be in
a centralized or a decentralized array according to the objectives and priorities of the
system, considering the advantages and drawbacks of each one, where to obtain a global
optimal solution, centralized arrays are a best choice. In addition, these systems must
deal with unexpected sudden conditions as blackout scenarios, which forces the system to
start-up with certain considerations if the power stage and the control strategy is capable
to handle this problem. From the above a suitable black-start sequence must be defined

to allow the system to return to the initial steady-state conditions.

In this thesis some optimization methods are analyzed and employed with the local
controllers in a Hierarchical Control Structure to optimally distribute the power delivered
by distributed generation units based on photovoltaic systems, which allows obtaining the
minimal cost production together with the control strategies developed and experimentally
implemented at the primary level, and the black-start procedure for microgrid performance
in simulation is obtained. As part of the validation methods, the models used in the
simulation results consider the entire system dynamics to show the detailed response with

the operation scenarios.

Based on the above, the content of this document includes an Introduction chapter,
which describes the state of the art of the main considerations of photovoltaic-based
microgrid systems facing high penetration levels, as well as the relevant standards
related to the integration and operation of photovoltaic systems. Chapter 1 contains
the system definition and its mathematical modeling considerations and validations to
design appropriate control strategies. Chapter 2 depicts the design and implementation
of the control strategies at the primary control level, where the active and reactive
power capabilities to the grid-feedings and voltage regulation to the grid-forming are
proven. Chapter 3 analyzes optimization methods for the third control level, allowing the
optimal power sharing scenario focused on economic operation. Chapter 4 contains the
simulation results for the entire microgrid system, where the optimal operation in different
scenarios is tested, also considering reactive power compensation capabilities, after that
dynamical performance and black-start sequence are validated. Finally, the conclusions

and contributions of this work are drawn as well as the considered future work for this
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INTRODUCTION

There is a great motivation due to the use of Renewable Energy Sources (RES) for
electric energy generation, because of several advantages over fossil fuels, mainly related to
environmental aspects. It is estimated in 2021, 25 % of the total greenhouse gas emissions
came from electricity production in the US [1]. The use of Distributed Generation Systems
(DGS) based on Photovoltaic systems (PV) has increased in a relatively short time due
to its competitive operation and maintenance cost compared with others RES in the
electricity generation market. According to the International Renewable Energy Agency
(IRENA), in 2022 the global installed PV capacity reached 1,046,614 MW, where the
annual installed capacity in 2022 was 192 GW. Also the electricity production of wind
and solar PV are on course to displace an estimated 230 terawatt-hours (TWh) of fossil
fuel generation over the 2021-2023 period |2, 3].

The exponential growth observed in the installed PV capacity entails considerable
challenges regarding energy management issues, due to the high penetration levels given
by the interconnection of large amounts of DG systems and the AC mains. The main
characteristic of installed PV systems is its variable size and scalability can be in order of
hundreds of watts until hundreds of MW, when they are connected to low and medium
voltage systems in comparison with another RES such as wind turbines [4]. The interests
currently focused on the uneven distribution, have had these systems in low voltage levels,
as much as for the utilities as for the final consumers that have adopted residential
PV systems along the low voltage power system. The final consumers also have started
contributing an important amount of distributed energy in small electrical generation
systems. In general terms, the interconnected small scale PV systems do not include
grid supporting functions, which comes to complex control issues due to each subsystems
contributing all available energy to AC mains. The modification of politics and standards
in regions where there is a large amount of generated energy by this kind of systems have
become imperative, and in some cases, it has been overtaken. From the aforementioned
situation, it must be considered that the main solutions to energy management and

distribution are carried out by DG systems throughout the control systems in the power
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electronics converters that allow the AC mains interconnection, hence there are always
challenges to make it possible with the inclusion of new features in terms of interoperability

among these systems.

A decisive factor in PV usage, in addition to the well studied environmental issues, it is
also the economic impact for the use and long-term return on investment associated with
technical factors (reliability, useful life and efficiency), technological factors (semiconduc-
tors, control systems and communications) and economic factors (market competition,
costs reduction and scalability), which makes important to consider its evolution along

the time.

Global Solar perspective

According to International Renewable Energy Agency data, as for installed capacity of
renewable energies, at the end of 2022 is 3,372 GW, where 1,053 GW comes from installed
capacity in PV, as it is shown in Figure 1. In addition, in 2022 the power capacity in
renewables increased by 295 GW (+9.6%), where solar power capacity have increased 192
GW (+22%), followed by wind energy with 75 GW (+9%), as it is illustrated in Fig. 2 [3].
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Figure 1. Installed capacity. Figure 2. Renewable power capacity growth (GW).

Therefore, according to the 2022 Renewable Energy Statistics Report of IRENA, in 2020
renewable electricity generation reached 7,468 TWh, where 844 TWh correspond to solar
energy with the main contribution made by Asia, with an increase of 236 TWh (42%),
followed by Europa (19%), north America (18%), South America (11%), Eurasia (5%),
Africa (2%), Oceania (1%). It is also important to point out the increase in renewable
electricity generation observed from 2019 to 2020 was 22% and 12% for solar and wind

generation respectively [3, 5.

Regarding the regional panorama, Mexico has a daily average solar irradiation stands at
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5.5 kWh/m? [6]. The installed capacity in renewable energies was 31.683 GW in Mexico
in 2022, where the installed capacity in PV was 9.009 GW. The installed capacity PV
evolution from 2019 to 2022 is shown in Fig. 3 where it has been increased by 4.284 GW
in this period [6].
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Figure 3. PV installed capacity from 2019 to 2022 in Mexico.

It is important to mention that the solar resource forecast indicates these type of systems
will grow and work interconnected to AC mains, and depending on the region it could

lead to high penetration scenario.

1. Standards and regulations related to photovoltaic

energy systems

The increase in the use of interconnected PV systems brings with it technical issues,
voltage profiles variation, over-generation cases, harmonic contamination and so on, as a
result of the high penetration levels emerged in the last decades. Due to the aforementioned
situation, it is necessary to consider a reliable operation for the end user and the equipment
and devices connected; it is achieved through standards and regulation regarding to the
regulated operation of interconnected PV systems. These standards must be one step
ahead in terms of the great evolution of these technologies and they are studied and

modified by teams and groups of experts in photovoltaic sector.

The most representative standards concerning the installation of photovoltaic systems

interconnected to the AC mains are mentioned below.
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IEEE 1547- 2018 - Standard for Interconnection and Interoperability of
Distributed Energy Resources with Associated Electric Power Systems

Interfaces

The IEEE std 1547-2018’s is focused on interoperability aspects [7]. Among other topics

it can be remarked the following:

e Contains the definition of technical specifications to be applied throughout the world

by several facilities and institutions.

e Is focused on the technical requirements for the interconnection of Distributed

Energy Resources (DER) technologies.

e [t ranges from 10 MVA and larger Distributed Energy Sources.

IEEE 929-2000 - Recommended Practice for Utility Interface of Photovoltaic

Systems

This document contains guidance related to equipment and functions, and contemplates

the operation of Photovoltaic systems (PV) in parallel operation with AC mains [8].

e This includes personnel safety, protection for the equipment, AC mains operation

and power quality.

e Address issues such as islanded operation of PV systems, as well as anti-islanding

procedures.

e Comprises generation units under 10 kVA.

IEEE 519-2022 - Standard for Harmonic Control in Electric Power Systems

This standard address AC mains operation including linear and non-linear loads.

Establish the harmonic contents limits of current and voltage of the system [9].

e It specifies the common sources of harmonics in power systems, they can be power

electronics converters, as well as, power inverters in distributed generation.

e It applies at the PCC between the DER and the AC mains.

4
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UL 1741 Standard

This standard applies to power inverters, converters, controllers and interconnection

equipment to be used as DG sources [10].

e It contemplates the aspects covered by IEEE 1547 STD and IEEE 1547.1 STD.

e This standard also covers security aspects, and it is more specific regarding building

and operation ranges.

e The IEEE 929 standard contemplates to cover the tests considered in UL 1741

standard.

Rule 21 Interconnection

The Electric Rule 21 is a tariff approved by Public Utilities Commission in the State
of California (CPUC). This mainly describes details such as interconnection, operation
and metering requirements for generation facilities to be connected to the AC mains
utilities such as Pacific Gas and Electric Company, San Diego Gas & Electric and Southern
California Edison (PG&E, SDG&E y SCE), where CPUC has jurisdiction [11].

NFPA 70, National Electrical Code
The National Electrical Code (NEC), known as NFPA 70, establishes the rules of

electrical design contemplating safety issues regarding personnel, equipment and electrical

failures, including those related to PV systems [12].

Standards in Mexico

There are some agreements regarding to DG systems and their interconnection with AC

mains in Mexico:

e Agreement issuing the Interconnection Manual for Generation Plants with a
Capacity under 0.5 MW. This agreement is an interconnection standard issued by
SENER in 2016. This cover overcurrent protection aspects, voltage and frequency

disturbances, anti-islanding operation, reverse active power and out-of-synchronism.

e There is no interoperability standard and the certified procedures and tests are

detailed in normative documents such as [13]:

5
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o Specification for the Interconnection to the Low Voltage Electric Network of
PV systems with capacity up to 30 kW (CFE G0100-04-2008).

o General Rules of Interconnection to the National Electric System 2012 (RGISEN

by its acronym in Spanish).

o Tests on Low Voltage Inverters with Capacity up to 30 kW for Interconnected
Photovoltaic Systems (CFE U0000-30-2015).

Taking into account that there are modifications in the standards, rules and normative
due to the necessity of adapting the increase of DG and PV systems interconnected to AC
mains, the final user must apply the rules and restrictions established, where new advanced
functionalities can be added to the power electronics converters to accomplish the required
tasks, and solving the problems associated with high penetration of PV systems in AC

mains.

1.1. Grid-connected PV Inverters topologies

The most common PV inverters topologies mainly used by its good performance
regarding to high efficiency, lower cost, size and weight, are the transformerless structures.
These type of PV inverters have some problems such as leakage currents due to parasitic
capacitance, electromagnetic emissions and in some cases high-switching losses due to the
number of power electronics switches, as well as the considerations needed to operate
without galvanic isolation [14]|. Considering the corresponding standards regarding to
interconnected PV-inverters, it is necessary to make a review about which topologies
are capable to accomplish the pertaining operation requirements in an Smart Grid (SG).
According to [15], a SG can be defined as an end-to-end cyber-enabled electric power
system from fuel source to generation, transmission, distribution, and end use, that enables
RES integration, allow two-way power and information flows, enables effective demand
management and customer choice, self-healing facing disturbances as well as resilient
operation against physical and cyber-attacks. In this regard, smart microgrids are also
a solution to take advantage of RES in smart cities, where the large-scale utilization
of these local energy networks is deployed to increase the reliability of the electrical
system [16]. Therefore, the PV inverters seen from the point of view of the microgrid,
must provide ancillary services and grid support features, where theses considerations
were previously only intended for conventional generation plants. One of these features is
the Low-Voltage Ride-Through Capability (LVRT) [17]. There are some most commonly
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used transformerless topologies in single-phase PV inverters; they have certain advantages

and disadvantages and their scheme is shown in Figure 4 [18,19].
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Figure 4. Transformerless DC/AC PV converters topologies.

H5 inverter

This type of inverter was patented by SMA in 2005 and its shown in Fig. 4 (a). Among
its main features it stands out that S5 and Sy (S2) are switched at high frequency, while
S1 (S3) are switched at grid frequency; there are two possible zero voltage states, with
Ss = OF F and S (53) = ON. Another feature is that S5 prevents reactive power exchange
between L;,, and the input capacitor leading to efficiency up to 98% [19].

H6 inverter

The Fig.4 (b) shows the H6 inverter structure. The main features of this converter are

its two DC bypass switches S5 and Sg and this was developed by Ingeteam. It is possible
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to observe that this converter is made from a common H-bridge and two extra switches

in the DC-link and two extra clamp diodes, where the zero voltage state is grounded.

HB-NPC inverter

The half-bridge neutral point clamped converter is shown in Fig. 4 (c); this topology
is not full-bridge based, and its main feature is the zero voltage state when the medium
point is grounded, where S; and (S4) are high-frequency switched and Sy and (S3) are
grid-frequency switched.

HERIC inverter

The Highly Efficient and Reliable Inverter Concept (HERIC) is patented by Sunways
and it is derived from H-bridge topologies as shown in Fig.4 (d). This topology has a
bypass leg in the AC side and it is composed of two switches in back-to-back mode which

allow to decouple the AC side during free-wheeling states. Also it allows to have two zero
voltage states with S5 = ON and Sg = ON.

HS8 inverter

The H8 topology is another type of non-isolated interconnected PV inverter; this consists
of an H-bridge with four additional switches at the DC input and it is shown in Fig.
5, [17,20].

Figure 5. H8 inverter.

According to the necessity to improve the features that allow to give support from the
PV inverters to AC mains, as well as the restrictions imposed by the standards mentioned
before, it is necessary to consider the topologies that are capable to accomplish the

requirements for the PV systems when they are working in an interconnected or an islanded
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system as a microgrid. Table 3 shows the performance comparison among these topologies,
where it is possible to observe there are topologies focused in avoiding or decreasing leakage
current through the parasitic capacitance by using modulation strategies, and it is also
related with a constant and varying Common-Mode Voltage (CMV) and the number of
levels. Nevertheless, some topologies do not allow the reactive power exchange and with
this, they are not capable to accomplish with LVRT functions to give support to AC

mains [17].

Table 3. Performance comparison among transformerless PV inverter topologies.

’ PV inverter \ H-bipolar \ H-unipolar \ H5 \ H6 \ HERIC \ H8
Constant CMV 2 lev. - 2 lev. 2 & 3 lev. 2 & 3 lev. 3 lev.
Varying CMV - 3 lev. 3 lev. 3 & 5 lev. - 5
Switches,/ diodes 4/0 4/0 5/0 6/2 6/0 8/0
LVRT v v X X X v
THDy pym (PF=1) | 120.89 % 64.24 % 57.24 % | 33.52 % (5 lev.) 57.55% 25.35 % (5 lev.)
THDvypwm (PF<1) | 120.88 % 64.24 % 58.74 % | 38.32 % (5 lev.) 59.3 % 25.35% (5 lev.)

1.2. Autonomous functions of advanced PV inverters and

technical aspects

The interconnection of PV-based Distributed Generation Units (DGU) with AC mains
leads to local scenarios where the active power supplied by the PV systems exceeds the
power demanded by the load connected, hence it provides a backup to the power system, as
a result there is a low amount of power supplied from conventional sources. As a matter of
fact, there are some regions in the world where the use of RES assists with the problems
of this zone, as it can be observed according to [12], although distribution losses are
relatively neglected (around 5.7%), in the south of California these losses exceeded 10%
during peak hours, hence when there are DGU near to the local loads, the transmission
losses are reduced. As it is mentioned in the global perspective, the large amount of
interconnected PV systems has a positive forecast; however, this increase represents a
problem attempting to be regulated through international codes and defined standards,
due to the variable characteristic of the RES. In particular for PV systems, there is a high
generation level during daylight hours and there is also a lower active power demanded
by the connected load; on the other hand, there is a low capability to contribute with the
energy demanded after sunset. This above situation is illustrated in the demand curve of
the independent system of California State (Fig.6), where zone a) represents the first hours

of the day, zone b) are the mid-day hours and there is lower predictability of generation
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from renewable energy based DGUs, in particular PV systems, which causes reduction
in conventional generation plants and this lead to overgeneration risk. Finally zone c)
indicates the last hours of solar irradiation, where the conventional generation plants
experience large slopes of power generated due to the reduction of PV generation and the

increase of load demanded; this is known as Duck-curve [21,22].
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Figure 6. Demand curve in the State of California Duck-curve.

Derived from the above, it is necessary to consider some technical issues that are

mentioned below.

Frequency oscillations

The frequency in the electrical system depends on the active power balance between the
source and the load connected. There is very sensitive electrical equipment to the frequency
variations, therefore the regulations regarding electrical generation allow to operate in a
limited variation range of frequency, which in the conventional manner is regulated by the
inertia of the AC mains. Also, it is possible to provide to the PV systems with Maximum
Power Point Tracking Algorithms (MPPT) and take advantage of the whole energy that
comes from solar irradiation, but in high penetration levels scenarios this operation does

not allow well performed frequency regulation tasks [23].

10
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Overvoltage at PCC

There are overvoltage risk in scenarios where there is reverse power flow caused by high
penetration levels of PV systems and low power demanded by the load. Conventionally,
this issue is solved throughout capacitor banks and tap changers transformers but also
these solutions have slow dynamics, hence they are not able to compensate the transitory

produced by photovoltaic systems [24,25].

Harmonic contamination

The harmonic contamination is another issue related to high penetration levels, which
has been mitigated through the restrictions imposed by the standards and also the well

selected topologies and control strategies in the power electronics based DGUs [26].

1.3. Autonomous functions in advanced PV inverters

The varying characteristics of RES like PV systems makes the interoperability one of
the most important aspects to consider in high penetration levels scenarios [12,22, 27].
Therefore the power electronics converters working with PV systems are not only thought
to obtain the whole active power available from solar irradiation but also they must
accomplish regulation tasks considering the restrictions [23,28|. Hence the inverter must
perform focused tasks to provide support to AC mains [4,29-31]. The advanced functions
performed by PV systems leading to a reliable interoperability among DGUs, are focused
to provide voltage and frequency support to AC mains, as well as protection against

disturbances and faults. The most representative aspects are:

e Voltage regulation
This is achieved through the control strategy of the PV inverters, in order to maintain
the AC voltage levels between allowable limits, and also to compensate reactive

power necessities and power factor correction [32-34].

e Frequency regulation
The frequency ranges in which electrical systems are allowed to operate are
commonly very limited, hence frequency regulation is an important feature to
consider among the advanced functionalities in PV inverters. This function is taken

into account through frequency-watt control used in overfrequency scenarios [28§].
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2.  AC microgrids structure and control strategies

PV systems working as DGUs, together with one or more loads connected can lead
to work as a separated electrical grid, independently whether it is connected or not
with AC mains. Considering the rules and standards regarding grid-connected DGUs,
the concept of Microgrid (MG) is defined as a set of DGUs, loads and energy storage
systems that can work connected or in island mode with AC mains [35,36]. The MG can
be classified according to many criteria, one of them is considering if they work in DC
called Direct Current Microgrid (DCMG), if they work in AC can be called Alternating
Current Microgrid (ACMG) and hybrid called ACDCMG [37]. In general terms, the basic
architecture includes the distribution system, DGUs, Energy Storage Systems (ESS) and
the control system with or without communications [38]; ACMG also can be classified by
the type of bus that DGUs share among them, they can be radial bus or ring bus MG [39].
Fig. 7 illustrates an ACMG in radial array, where typically this MG may contain different
DGUs like wind turbine and PV systems, AC and DC loads, as well as electric vehicles
and ESS.
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Figure 7. AC Microgrid architecture.

From the above it is necessary to consider the control task the DGUs must accomplish

to make the MG work within the restrictions imposed. Therefore depending on these

12



AC microgrids structure and control strategies

control tasks and according to the currently scenario, the power electronics converters in
the PV systems can operate as grid-feeding, grid supporting and grid-forming converters,
what makes possible to maintain the MG working and giving support to provide ancillary
services to the whole system, this leads to a more reliable, controllable and well performed
MG [40].

2.1. Control strategies in ACMG

A well selected control strategy is essential to operate the DGUs in a MG, due to
the stochastic behavior of the renewable energies. This makes possible supply the active
power needed, as well as minimizing the power consumption, cost of energy and giving
the capability to make a smooth transition during the interconnection of the DGUs and

AC mains even though sudden disconnections [37,41].
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Figure 8. Classification of the MG control strategies.
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From the classification above, it can be pointed out that the whole system operation
needs a mixed of the control strategies to assign different tasks depending on the control
stage and the role of the DGUs within the MG. Also, it is important to consider the

performance evolution the MG have had to delimit the open problems.

3. Microgrid performance achievements

There are many aspects and parameters involved when a whole MG system is working
to maintain features like the flexibility, reliability and accessibility, therefore various MG
structures have been well studied as well as the control strategies used in high penetration
levels of PV systems scenarios [42]. The research regarding MG applications and the
technological evolution has been increasing to satisfy the necessities of the end user of
the electricity as long as the restrictions and considerations imposed by the standards
are accomplished, hence this bibliographical revision considers the improvement of the
performance and capabilities of the existent solutions by proposing a PV-based system
working with a hierarchical control structure to assess the mains issues in MG applications
taking into account the MG structure, energy available from DGUs and connected loads.
The tables 4 to 9 contain the details found in the reviewed references according to the
simulation and experimental results that they present, where the performance parameters
and the type of control strategies used in PV inverters are reported; this review is taken
from 2012 to 2022. The references analyzed show different variants and combinations of
performance parameters in the results. From the above, it is possible to observe graphically
the trend in improving these results according to the control strategies, as it can be
observed in the radar chart of the Fig. 9, where this contains the parameters of the
corresponding steady state operation of the MG system considered in each research work;
in this case it is not desirable a high value in such deviations, where AV is the voltage
deviation, AP is the active power deviation, A is the reactive power deviation, PF' is
the power factor, T'H Dy is the total harmonic distortion of the voltage and T'H Dy total
harmonic distortion of the current. As a consequence, the corresponding polygon of each
reference has better performance features if its values are close to the origin of the graph,
in exception of the power factor. It can be pointed out owing to the references report null
value for some parameters, they have a zero value in the graph to form a closed polygon,

hence it is not taken into account in the assessment to be compared.
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Figure 9. Performance parameters in steady state conditions.

From the above, the references with better performance in steady state conditions
are [43], [44], [45], and [46| and their values can be corroborated in the corresponding
Tables. It can be pointed out that it is not always possible to improve all the analyzed
parameters at the same scenario and there is a compromise when the work is focused in

one of them in the performance for the entire system operation.

The radar chart of the Figure 10 contains the performance parameters of the transient
response for the results reported in each reference, they are the overshoot percentage
PO(%) and settling time Ty, for each one of the variables associated. The references [43]

and [47] have their results closer to the origin, it indicates the best results in performance.
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Figure 10. Performance parameters in transient state conditions.

The radar chart of the Figure 11 contains the MG design parameters considered in each
research work. Tt can be observed in this case the parameters of the polygon with points
closer to the origin have more outstanding features, they can be the number of DGUs,
the power capacity and the switching frequency used. The parameter COM indicates the
use of communications where the value of 1 implies there is no communication used in

the system and 0 implies there is a communication system considered. In this case the

references with more outstanding parameters are [43], [48] and [49].

—eo— Ref 43
—a— Ref 44
—e— Ref 46
—o— Ref 48

Ref 50

Ref 53
—8— Ref 55
—o— Ref 56
—e— Ref 57
—o— Ref 59
—o— Ref 60
—e— Ref 62
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Figure 11. Design parameters of the MG.

Considering the above, the results obtained consider an MG in operation with a
hierarchical control structure, highlighting the obtained performance in the parameters,
considering the advantages of using certain control strategies and improving parameters
where they have a disadvantage, as well as considering the restrictions that must be

accomplished imposed by the standards.
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Table 4. Bibliographical analysis.

Ref. | Year | Cit. | Journal VA experimental | VA simulation 2 Ui Jo/ fsw Topology | Control Linear
strategy control
/Non-linear
c.
[50] | 2012 | 266 | IEEE 3X0.3 kVA 3X1.2 KVA 3X208 | NS 60 Hz / | FB Hier. 2 | Linear
TPE VLL/ 4.5 kHz Lev. control
3X104
VLL
EXP.
[51] | 2012 79 | IEEE 10 kVA Not included 3X230 NS 50 Hz / | FB 1 Lev. Lin. Control
TPE \% NS
[43] | 2012 64 | IEEE 2X 35 kVA Not included 3X380 | NS 50 Hz / | FB Hier. 3 | Lin. Control
TPE \% 6kHz Lev.
[52] | 2013 | 281 | IEEE GD1=60 W + 80 | NS 1X60 NS 60 Hz / | FB Hier. 2 | Lin. Control
TPE VAR, GD2=60 Vrms 12 kHz Lev.
W + 80 VAR
[53] | 2014 | 512 | IEEE 2X2.2 kW Not included 3X311 NS 50 Hz / | FB Hier. 2 | Lin. Control
TPE VLL 10 kHz Lev.
[47] | 2018 10 | IEEE 2X1 kw 1° 2x2.1 kw, 2° | 3X110 NS 60 Hz / | FB Hier. 2 | Lin. Control
TSG 3x750 VAR V;3X80 NS Lev.
\Y%
[44] | 2018 8 | Applied 0.6 y 0.4 kW 10 kW(6 y 4) | 3x230 NS 50 Hz / | FB Coord. Non-linear
Energy MR V/3X110 NS
exp
[54] | 2018 8 | IEEE 2X2 kW 3X1500 W 3X110; NS 60 Hz / | FB Hier. 2 | Lin. Control
TSG 3X110 15 kHz Lev.
\Y%
[45] | 2018 8 | Electrical | DG1-3=1.8 kw; | DG1-3=6 kVA, | 3X120 | NS 50 Hz / | FB Hier. 2 | Lin. Control
Power 1.2 kVAR DG4=3 kVA A% 4.5 kHz Lev.
and
Energy

Systems
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Table 5. Bibliographical analysis.

Ref | Year | Citat. | Journal VA experimental | VA simulation b n fo/ fsuw Topology | control Linear
Strategy | control
/Non-linear
c.

[55] | 2018 8 | IEEE- 2X18 kW | NI 3X140 | NS 50 Hz / | FB Hier. 2 | MPC

APEC Semikron(0.9 A% NS Lev.
kW-0.8 kVAr
c/u)

[46] | 2018 6 | IEEE Vde=15 V | 3X17 kW 3X325 | NS 50 Hz / | FB Hier.2 Lin. Control
TSG (P=NS) \Y% 10 kHz Lev.

[49] | 2018 5 | IEEE 3X3 kVA 2X3 kVA VSI 1X110 | NS 50 Hz | FB Hier.2 Lin. Control
TPE A% /20 kHz, Lev.

[56] | 2018 4 | IEEE 2X2.5 kW 2X5 kW 3X230 | NS 50 Hz / | 3N- Hier.2 Lin. Control
TPE VLL NS NPC Lev.

[57] | 2018 4 | IEEE 2X3 kVA 2X3 kVA 3X110 | NS 50 Hz / | FB Hier.2 Lin. Control
TSG V\ 450 10 kHz Lev.

Vo

[58] | 2019 7 | IEEE HIL 3X10 kW 3X380 | NS 50 Hz / FB Hier.2 Lin. Control
TSG VLL Lev.

[59] | 2019 4 | IEEE 2X5 kW 2X3 kW 0.4 | 3x110 NS 50Hz /5 | FB Hier.2 Lin. Control
TPE kVAR A% kHz Lev.

[60] | 2019 3 | IEEE 3X910 W NI 3X110 | NS 60Hz / | F.B. Hier. 2 | Lin. Control
TIE A% 10 kHz Lev.

[48] | 2019 4 | IEEE DGU1-4= 10 kW | 10 kW 3X200 | NS 50 Hz/ | FB Hier.2 Lin. Control
TPE A% 10 kHz Lev.

[61] | 2021 4 | TEEE Ac- | NS 3X30 kW 1X110 NS 60 FB Hier. 3 | NS
cess \4 Hz/NS Lev.

[62] | 2022 7 | IEEE NS 4X200 & 1X400 | 3-ph NS 60 FB Hier. 2 | Lin. Control
JESTPE kVA Hz/NS Lev.
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Table 6. Bibliographical analysis.

Ref | Cont. Strategy MG Struc. | Red model VA Experimen- | Perform. Parameters COMM Connected/Non | CPLTF
tal/Simulation Connected
[50] | 1° CDC switched Rad. Z 0.54 kW, 0.28 | SIM & EXP T _ssP = | LBW COMM | Islanded DSP
with a compen- kVAR / 3.52kW, | 1 s after compensation
sation loop in Q 1.4 kVAR . PO_P = 12%. There
are no PO% in current.
[51] | Adaptive strat- Rad. RL in one | i=24 A; | Stable PLL with Af = | without grid-connected DSP
egy inverter THD,—11% 10%, THDv=11%, | COMM
& 20 % of | de 20% of unbalance.
unbalance TH D;improved from 7%
to 0.8 %, FP from 0.9 to
0.98, THD;, from 8.47
% to 4.04 %, FP 0.88 to
0.97.
[43] | 1°-DQ+ Droop Rad. Z 37 kW linear, 15 | lower inrush current, | without island  mode/ DSP
2°-Voltage com- kVA NL Tss=2s. AV=25V COMM modular
pensation 3°- characteristics
Synchronization
[52] | 1° modified Rad. Zg and Zh | PQl = 60 W | P y Q distribution, | LBW COMM | island mode NS
Alpha-Beta  + for harmon- | + 40 VAR, PQ2 | THDyp. = 6.24 % NL
Virtual Imp. ics. = 60 W + 40 | Load
2°Centralized VAR and recti-
fier diode.
[53] | 1° DQ 2° C. Sec. Rad. Z RLC+ Diode: | System capable to power | LBW COMM | Island mode dSpace
Distributed NL sharing P & Q. T'ssf="7
s. It has robustness with
ty and data losing
[47] | 1° DQ 2°Droop- Rad. RL in Z 100 VAR NL/1.8 | THD,=2.88 to | LBW COMM | island mode dSpace
mod kVAR NL 1.88%/well  performed | to obtain
with  different  Zuim- | Vipee

hs and h; are reduced.
Method effectiveness
with load changes
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Table 7. Bibliographical analysis.

Ref | Cont. Strategy MG Struc. | Red model VA Experimen- | Perform. Parameters COM Connected/Non | CPLTF
tal/Simulation Connected
[44] | Passivity+ PR Rad. RL 0.7 kW/10 kW | VM-DPC better | without island mode dSpace
Lin. plug&play performance | COMM
vs DQ strat. SP; <<
(vs. 60% with
conventional), Tssr=1
cycle( 4 cycles with
DQ);Af=+- 0.1 Hzg
THD, y THD;<5%
[54] | 1° DQ "Flatness Radial RL with Z; | Lin % NL/ Lin & | suitable power sharing P | PMU-GPS; island mode dSpace
strategy" 2° in D-Q NL & Q; THD< with NL | LBW bus
Phase angle load
control /decen-
tralized
[45] | 1° Droop control Radial RL with Z; | Linear 2 kW 0.9 | AP_maz=0.14 without Island mode NS
switched  with kVAR % (0.17%), | COMM
correction AQ__max=0.04%
method (13.74%) sim;
[55] | I°'FCS- Rad. RL con Z; 1.8 kW,1.6 | 400 times faster recovery | NS Island mode dSpace
MPC/DQ + kVAR, Lin. in V y f improved dy-
CDC 2° RVI namical and steady state
Centr. performance
[46] | 1° DQ 2°WFBC Rad. Small signal | 3X720mH/3X5 Smaller AV & Af, | without Island mode dsp
full model & | Ohm higher dynamical | COMM
Z stability. Tsst ~
0.68 s SPr=0.8%
SPy=0.012%; With
Plug & play converters
SP;=0.5 % and
SPy—0.015 %,
THDy<5%.
[49] | 'DQ 2°Droop- Rad. RL accurate | Sim Z=4(2 Exp. | Reactive P. sharing vs | CAN-Bus Island mode DSP

Mod.

model of
CCPM

8.7 kVA /4.8 kVA

CDCa Qcirc £, Pcirc«7
smaller current distor-
tion
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Table 8. Bibliographical analysis.

Ref | Cont. Strategy MG Struc. | Red model VA Experimen- | Perform. Parameters COM Connected/Non | CPLTF
tal/Simulation Connected
[56] | I°'CDC & vir- Rad. 21y Zyirt sim 4.5 KW; Exp. | sim suitable dynamic | CAN-COM Island mode NS
tual impedance R,L&C performance. Power
2°Distributed sharing accurate/ Exp:
Tosr = 2cycles to
reconnect
[57] | 1°CDC DQ, Rad RL/small RL RL Sim. interconnected | Sim. ZOH | Both NS
(DG1 VCM vy signal Tssq = 0.3 s (vs 1s), | cwith tg = 5
DG2 CCM) 2° SPhazp = 10% (vs | ms/ Exp. NS
Droop 25%), SPpazqo = 23%
(vs 40%), Vpce = 0.85 pu
connected to island
mode/ Exp. connected
TQSQ = 0.55 (VS 1358),
smooth transition
58] | 1° LC DQ., Ring RL with Z; | Sag voltage; 35 | SEPFC is robust in large | NS island mode DSP
droop  control, kW on MG transient; f recovery in
limited current, t= 10 s.
SEPFC 2° PI
[59] | 1° DQ,P-U/Q-f Rad. RL con Z; Sim. 1 kW, 0.5 | Sim. AV=1%, T.sv = | without island mode NS
droop  control, kVAR 0.02 s, control param- | COMM
complex virtual eters sensitivity/ Exp.
impedance suitable power sharing P
& Q wunlike the other
strategies
[60] | I'Droop C. 2° Rad. RL with Z;, | Exp: 3X910 W APz = 3.9%(vs 5.9%) | without Island mode DSP
DLPF based Dynamic Afmae = 9.3 mHz | COMM
control phasor full load (vs 120 mHz),
model Tesp = 5.1s (vs 15.2 8);
[48] | I° DQ, Droop Rad. small signal | PQ1=13.5 kVA, | DCG has am identi- | without Both dsp
C. 2°modified P model & Z; | PQs— 0-15 | cal performance; tracks | COMM
loop kW+5kVAR P without oscillations,

TesP=1 s; it is capa-
ble to work with 0.5
rad/sq, gibing inertia &
POpazp = 20%
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Table 9. Bibliographical analysis.

Ref | Cont. Strategy MG Struc. Red model VA Experimen- | Perform. Parameters COM Connected/Non | CPLTF
tal/Simulation Connected

[61] | Hierar.& Radial Z; NS —/3X30 kW Optimal convergence without Connected Python
optimization COMM

[62] | Proportional Distributed MGs | with Z; -/4X200 1X400 | tss = 20 s in apparent | LBW bus islanded Opal-RT
DG power kVA power
sharing&
distributed
controllers

e Abbreviations for Tables 4-9:

Non-specified (NS); Not included (NI); Full-bridge (FB); Low-band-width (LBW); Linear control (LC); Non-linear Control
(NLC);Control platform (CPLTF).

e Abbreviations for journals:

Transactions on power electronics (TPE); Transactions on smart grids (TSG); Applied power electronics conference and

exposition (APEC); Transactions on industrial electronics (TIE); Journal of emerging and selected topics in power electronics
(JESTPE).
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Introduction

4. Research motivation

The main topics focused on the research of advanced functions in interconnected PV
inverters in high penetration levels of low voltage systems are an open issue due to its
continuous evolution together with the technological challenges to manage the energy
supplied to the loads in a MG; this leads to the modification of the restrictions imposed
by the standards to allow the overall operation of a MG interconnected to the AC mains.

Therefore some of these challenges to consider are mentioned bellow:

e In general terms, the solutions to the AC mains problems are addressed separately
in the literature; as a consequence a fundamental issue is the whole control strategy
operation where the inverter is capable to carry out smart functions to mitigate the

system operation problems.

e Mainly, the equipment in the market currently depends mostly on the information
obtained from the system environment, through distance communication to be
capable of operating efficiently, it has certain advantages owing to the DGUs working

in centralized control structures achieves more accurate optimal operation.

e The existing studies in the literature address the energy management problem
through forecasting solutions where the time scale use to be hourly throughout
the day, hence another opportunity area to improve is the dynamic performance
of the entire system operation by considering the transient response parameters at
smaller time scales, owing to the control levels in a hierarchical control structure

must accomplish the required tasks.

e The solutions regarding the energy management in PV inverters currently have an
opportunity to consider solving the problem through optimal solutions to improve

the system performance as long as the high penetration issues are addressed.

e The control strategies used to solve optimal scenarios have been validated only via
simulation in the literature. This is also a challenge to validate its performance with

experimental tests.

e According to the continuous changes and modifications on the restrictions considered
in the standards, there is an open issue to accomplish these requirements, mainly
related to issues as voltage and frequency deviations, reactive power compensation
as well as harmonic content in the current waveform, assessing the PV systems are

capable of operating under these considerations.
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Hypothesis

e Due to the aforementioned situation there is another motivation in the research,
which is the appropriate selection of the topology and the control strategies that

best meet the characteristics imposed to design an intelligent converter.

5. Hypothesis

Optimal operation of an AC microgrid can be achieved by the proper selection and
design of a supervisory control system at the tertiary level of a hierarchical control
structure that operates as an energy management system, where it is not necessary to
include the details of system modeling at the tertiary level, but only at the primary and
secondary levels of this strategy. Similarly, it is possible to consider inverter structures
with appropriate characteristics to operate a purely PV-based microgrid system without
energy storage, connected to the AC mains and working with grid-forming and grid-
feeding converters. In this way, advanced functionalities such as voltage and frequency
regulation, non-unity power factor operation, and restoration capabilities can be provided
to distributed generation units to cope with high PV penetration problems such as voltage

and frequency deviations, reverse active power, and black-start scenarios.

6. Research justification

As it is mentioned above, high penetration issues related to the use of RES as DGU in
interconnected MG continue being an open problem owing to the necessity of supplying
power closer to the connected loads as well as applying more suitable solutions to improve
the energy management through the electric power system, where optimal solutions take
place in a variety of scenarios according to the end user and the focus and interests of
each system. Hence the proposed energy management system in this thesis is designed
to solve the MG requirements through grid-feeding and grid forming structures, and to
accomplish the standards exigencies regarding to extended functions of PV inverters facing
voltage and frequency deviations, reverse active power scenario, optimal power sharing and

black-start operation.
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7. Objectives

7.1. Overall objective

To design and validate the suitable control strategies in the corresponding levels of
a hierarchical control structure, as well as the optimization strategy in the energy
management system, to operate the AC microgrid working with grid-feeding and grid
forming converters in an optimal power sharing scenario. In this way, high penetration
problems, such as voltage and frequency deviations, reverse active power and black-start
scenarios, can be solved through PV systems operating together autonomously, providing
extended functionalities and power system supporting functions, such as voltage and

frequency regulation, non-unity power factor operation, and restoration capabilities.

7.2. Particular objectives

e To select a suitable MG structure to allow using energy management strategies and

providing extended functionalities to the PV inverters.

e To obtain the mathematical model of the system components to allow establishing
a suitable control strategy with energy management purposes through a hierarchical

structure in the MG connected to AC mains.

e To design the selected control strategy in the primary and secondary levels and

validate through simulation results, allowing further experimental tests.

e To define power electronics prototypes to allow validating the control strategy

operation experimentally.

e To evaluate different optimization algorithms suitable to solve the economic dispatch

problem in an optimal power sharing scenario.

e To validate in simulation the optimal power sharing scenario through the hierarchical
control structure working with the entire MG system, as well as the optimization

and voltage deviation scenarios.

e 'To assess the performance of the MG system facing a black-start scenario.
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8.

Methodology

The development of this research work implies particular activities to carry out in order

to complete the thesis document. Each activity is described bellow:

10.

. The first stage is oriented to develop a bibliographical review, as well as the state of

the art that allow placing the work in the context of what have been made before

and to define the achievement of this research work.

. To design and implement the control strategies selected to operate at the first level

of the hierarchical control structure.

. To test and compare optimization algorithms applied to solve economic dispatch

scenario for the AC microgrid system.

. To validate the optimization algorithm suitable for operating in the tertiary level

of the hierarchical control, and sending the optimal references to the secondary and

primary level.

. To include the system dynamics in the solution of the selected optimization

algorithm, and assess its accuracy.

. To assess the algorithm and grid-feedings performance in a power sharing scenario

and compensating voltage deviations.

. To develop a start-up procedure to assess the microgrid system performance facing

a black-start scenario.

. To carry out a complementary research stay in Aalborg University (AAU) to

participate as PhD Guest and get involved in different activities of the Center for
Research on Microgrids (CROM), with the purpose of extending the knowledge
related to power systems and microgrids topics in which AAU has extensive

experience.

. To present the research results, demonstrating the validity or limitation of the

hypothesis.

To report the results and the conclusions obtained by writing of the thesis document

as well as publishing the journal paper.
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9. Thesis scheduling

This thesis work includes an Introduction with the state of the art of the main
considerations of the photovoltaic-based microgrid systems facing high penetration levels
as well as the relevant standards regarding photovoltaic systems integration and operation.
Chapter 1 contains the system definition and its mathematical modeling considerations
and validations to design appropriate control strategies. Chapter 2 depicts the design and
implementation of the control strategies at the primary control level, where the active and
reactive power capabilities to the grid-feedings and voltage regulation to the grid-forming
are proven. Chapter 3 analyzes optimization methods for the third control level, allowing
the optimal power sharing scenario focused in economical operation. Chapter 4 contains
the simulation results for the entire microgrid system, where the optimal operation in
different scenarios is tested, also considering reactive power compensation capabilities, and
dynamical performance and black-start sequence are validated. Finally the conclusions and
contributions of this work are drawn as well as the considered future work for the research

work.
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CHAPTER

AC MICROGRID SYSTEM MODELING

Nowadays, the PV-based distributed generation units (DGU) working in a MG are
considered among the solutions to address the high penetration issues in low voltage
systems; they can be voltage and frequency variations, non-suitable active and reactive
power distribution, connected and island mode operation, as well as the challenges imposed
by the standards that must be met in terms of power quality according to the region that
they are installed. In this sense the control strategies play an important role, where the
power electronics converters are able to perform the necessary control tasks and depending
on the specific objective they can work in different time scales [7,15,63]. In this chapter
the Alternating Current Microgrid (ACMG) system considered in this research work is
established, as well as the power electronics converter working together with the PV
system in each DGU. After that the control strategy is defined, it is designed through

using a mathematical model suitable to accomplish the control tasks required.

1.1.  AC microgrid system problem formulation

The MG as an active entity working together with the power system must deal with the
technical challenges brought with the growing addition of DGU in low voltage distribution
network. Hence, the structure must consider a suitable configuration that allows its
operation and also solving the problems in the main possible scenarios. As it is mentioned
in the Introduction, the main characteristics of the MG Renewable Energy-based structure
to be considered can be listed as follows [12,64, 65]:

e Renewable Energy-based Distributed Generation Units (RE-based DGU).
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Chapter 1. AC microgrid system modeling

e Small Energy Storage Systems (ESS).
e Critical and noncritical loads.

e [slanded and connected modes capabilities.

From the above, the considered system consists in a radial architecture with three PV-
based grid-feeding and one grid-forming converter connected to AC mains through the
Point of Common Coupling (PCC), as it can be seen in Fig. 1.1. The green side is the
MG and the red side corresponds to the AC mains [66, 67|, to provide to the MG a
reference voltage and allow the system active and reactive power exchange, as well as a
smooth connection with AC mains, a Back-to-Back (BTB) converter is used, where others
advantages of using this type of converter structure in MG have been proven; they can be
as below [68-70].

Providing total frequency isolation between AC mains and the MG.

Sharing a desired amount of active and reactive power between AC mains and the
MG.

The variations in voltage and frequency in AC mains can be avoided in MG side.

e Allowing disconnection and connection properly sequenced after a blackout scenario
|62, 71].
[ “Grid forming — |
| converter |
g (eTE=ma=maass=s 1
Grid PCC . UVSCI 'y, VSC21 I
rid PCC G LRl Koo j’i ac) d L Re e RO Ly,
@ () A L
Swp o) E AC lDC 1 Pw waml R |Pr
<% 1 Back-to-Back \ O, T I Z
T L
AC mains Microgrid power stage

PV array

PV array PV array
Grid feeding Grid feeding Grid feeding
converter 1 converter 2 converter 3

Figure 1.1. AC MG with three PV energy-based grid-feeding converters in radia array.
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1.1. AC microgrid system problem formulation

The VSC5 in the BTB converter acts as grid-forming, where the control objectives are
to regulate the amplitude and frequency of the AC voltage in the MG, through voltage
and frequency references in an abc reference frame control strategy, or v4 and v, references
in a dq0 reference frame control strategy. [40,72,73|. It makes possible the PV-based grid-
feedings are capable of supplying the required active and reactive power demanded by the
load connected and the MG. Furthermore this system does not consider an ESS according
to the necessity of operation cost reduction [74,75], as well as to explode the PV systems
capabilities without energy storage in a MG [36,76]. In this sense, the BTB always must
provide a backup of energy from the AC mains, in case it is needed, consequently the island
mode is not considered for this purpose. The line impedance between converters is also
considered, owing to the influence in the LCL filters, and the whole MG performance |77].
It is defined by Eq.(1.1). The impedance:

Z,= R+ jw,Ly, (1.1)

where w,, is the angular frequency of the MG voltage.

Once the MG system to study is defined, in order to design and validate an appropriate
control strategy, a suitable mathematical model has to be developed, where the level of
detail takes an important role to obtain the dynamic response suitable to depict the whole
interaction among the main components of the MG that can lead to instability [78,79].
According to the previous review of PV inverters topologies in the Introduction, a Single-
phase Full-bridge (SPFB) converter structure is considered, where this type of topology
allows to supply active and reactive power with its PCC to accomplish the standard
restrictions and load requirements, as well as ancillary services when is needed. The
corresponding schematic of a PV energy-based single-phase grid-feeding converter with

its main components is shown in Fig. 1.2, [40].

Boost converter single-phase inverter
ipyr [ _—— —— — ipcy ’_ —— TR, L, Ve R, L, PCC
DC I = | nc
| VDo 7 C[)(l
DC ] AC
' I
Yer—— ymprPrT abg Control [«——
. - ) Vig
Ip1 a’qe Strategy | ,‘_f‘g

Figure 1.2. Schematic diagram of the PV Energy-based grid-feeding converter.

The boost converter regulates the DC Bus voltage Vpe commonly through the use of
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Chapter 1. AC microgrid system modeling

an MPPT algorithm to send all the power available at certain time of the day; this power
is sent with the grid-feeding converter and its control system which is capable to regulate
the active and reactive power supplied to the PCC [80]. This system also considers an
output LCL filter with higher harmonic attenuation than an L filter, and includes benefits
such as size, cost and lower weight [81]. R, are the parasitic resistance of the inductors
(£2), L1 are the inductances (H), Ry is the parasitic resistance of the capacitor and C
is the capacitance (F). Cpc is the capacitance of the DC bus (F), ipy is the PV current
(A), 74 is the DC current demanded by the grid-feeding converter (A), Vg is the DC bus
voltage (V), and v, is the MG voltage (V).

1.2. Modeling of the photovoltaic panel

The output power of the whole grid-feeding system depends on the power available at
certain daily hours and solar irradiation, hence to depict properly the non-linear features
of voltage and current electric variables in the PV panel, the mathematical model taken
into account is a 3D-look up table-based PV model that collects temperature, irradiation
and output voltage, which also contains a two-dimensional data collection represented by
Eq.(1.3), where the rows are the solutions of the typical i-v curve given by Eq.(1.2) for
each given voltage value at constant temperature, and each column is the solution for
each irradiation value G; (kW/m?) for the same value of temperature [82-84]. Hence, the
current is computed for the set of voltage values V; = {0, V1, V4, ..., Vi } and solar irradiation
values G; = {G1, Gy, ..., G}, where there is an associated 2D-look up table with the form
of Equation (1.3) for a constant temperature value, and the results are depicted in the

surface of Figure 1.3.

i = Ly(G,T) — I(T) <67nwv,fvf§fm — 1) _Y ;Rsl, (1.2)
P
Z(‘/lle) Z(‘/laGQ) Z(‘/lle)
Z(‘//ﬁGl) Z(VkaGQ) Z(‘/kHGl)

Table 1.1 contains the parameter of the PV panel model ERDM 250 P/6 [85] and its

non-linear characteristics are illustrated in the Fig. 1.3.

32



1.2. Modeling of the photovoltaic panel

Table 1.1. PV model parameters ERDM 250 P/6.

| Parameter | Value | Parameter | Value |

8.34 A
25 °C

8.86 A
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Figure 1.3. Surface of the PV model for ERDM 250 P /6 panel and T = 25°C.

Consequently to include the PV model in simulation, each solution is stored in a 3D-look

. Ty }. Figure 1.4 illustrates the

25°C to T'= 65°C.

up table for different temperature values T; = {7}, Tx, ..

corresponding surfaces for temperatures from T’

I-V curves for ERDM250 panel from 25°C to 65°C
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65°C.

Figure 1.4. Surfaces PV model for ERDM 250 P/6 panel from T = 25°C to T
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Chapter 1. AC microgrid system modeling

1.2.1. Maximum power point operation

The Maximum Power Point (MPP) is an important parameter to take advantage of the
full power available given by the PV panel in determined daily hour, hence a Maximum
Power Point Tracking (MPPT) algorithm is considered to keep the PV panel parameters
updated in the control system during the entire system operation. In this regard an
Incremental Conductance (IC) algorithm is implemented because its suitable performance
facing input parameters variations in comparison with the Perturbation and Observation
algorithm [86,87]. The Fig. 1.5 illustrates the corresponding flowchart of the IC algorithm,

where the output is the voltage reference V..

9.
haa
‘@ @

N |——
— —
-

Figure 1.5. Flowchart of the IC-MPPT algorithm.

1.3. AC microgrid power converters configurations

To guarantee the entire system operation and a well designed control strategy, it is
important the mathematical model is capable to perform the dynamics of the system with
an adequate representation, to solve the control objectives previously established, such as

voltage regulation, and active and reactive power regulation.

1.3.1. Modeling of the grid-feeding converter
The Figure 1.6 shows the schematic diagram of the MG system highlighting the grid-

feeding structure to study in this work; as it can be seen the model considers a Boost
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1.3. AC microgrid power converters configurations

converter to maintain regulated the DC bus at the output and supply power to the SPFB
converters which has the control tasks of regulate the active and reactive power injected
to the MG.

Grid feeding converter

=
-

Boost converter single-phase inverter &

I
/ | e
S [ e [ Ry Ly v Ly PCC
=1 nc [ = DC ol Fane
// I m| ‘ - --u,,(l l’ Lrl/ l R Iz v,
______ / | D( | AC || TCr
[~ Grid forming | / — — — o= = —
| converter | // }_______d_ ___________
[ LT DL rEm——————— ' /
Grid «~ .1 VSCIp,. VSC2: I / /
rid PCC Vo T, Rt ~pr T" Tl ln Bu e R Yy, R
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converter I |/ i converter2 1 converter3 1}

Figure 1.6. AC MG system with PV energy-based SPFB grid-feeding converters in radial array.

The full-bridge PV inverters connected to the MG in the Fig. 1.6 are modeled under the

following considerations, taking as reference the Fig. 1.7 [72,88|:

The power switches are considered in the ideal case with parasitic elements neglected.

S; = 1 means the switch is closed and S, = 0 the switch is open.

The switches in a branch are complementary, i.e. S| = 5_3, Sy = S,.

The capacitance of C'p¢ is large enough to decouple Boost converter and Full-bridge

converter.

The Table 1.2 contains the switching values for the Boost converter, where the Eq. (1.4)
and (1.5) are obtained with mp = (1—Sp) as the switching function of the Boost converter
and mp {0, 1}.
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Chapter 1. AC microgrid system modeling

Boost Full-bridge Single-

converter phase inverter
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Figure 1.7. PV Energy-based grid-feeding converter.

Table 1.2. Switching states for the Boost converter.

[ S| Dp | vss | in |
0 1 | Vbe | iLB
1 0 0 0

VsB — (1 — SB)Upc, (1.4)

ip = (1— Sp)iLs. (1.5)

The mathematical model for the SPFB inverter is obtained also taking the switching
states contained in the Table 1.3.

Table 1.3. Switching states for the SPFB inverter.

’ S1 ‘ Sa ‘ Upwm ‘ Linw ‘
0 0 0 0
0 1 —UDC —il
1 0 VDC 21
1 1 0

Eq. (1.6) and (1.7) are derived from the Table 1.3, and the switching function is defined

as Myn, = 51 — S and is considered with a Sinusoidal Pulse Width Modulation strategy
(SPWM) [89].
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1.3. AC microgrid power converters configurations

VUpwm = (Sl - 52>UD07 (16)
ip = (S) — Sy)i1. (1.7)

The dynamical model for this converter is obtained by applying Voltage Kirchhoff Laws
(VKL) to the LCL filter in the schematic of the Fig.1.7, deriving the following equation
for the MG side of the converter:

y
Ryiy + Lzﬁ Vg — Vo — Rf(iy — in) = 0, (1.8)

and taking Current Kirchhoff Law (CKL) in the capacitor node:

iy = gy — iy (1.9)

By applying VKL to the Full-bridge converter side in the LCL filter of the Fig.1.7, the
Eq.1.8 is given by:

y
£+vcf+Rf(i1 —i3) — Upuom = 0, (1.10)

and the corresponding current equations in the node of the capacitor Cpc are given by:

Ryt + 1y

ip = icpe — iy (1.11)

The equation derived with VKL at the electric circuit in the PV panel is:

dirp
dt

LB + Vs — Upy = 0. (112)

By replacing the switching functions mp and my,, in the equations (1.4)-(1.7), as well
as by replacing the resulting expressions in the equations (1.8)-(1.12), the switched model

for this converter is given by [80]:
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Chapter 1. AC microgrid system modeling

di
Ll% = —(Rl + Rf)’il — Ucy + Rf’LQ + MinvVDC,
dio _ .
LQE = Rfll — (RQ + Rf)lg + Vof — Vyg,
diLB
dt
dvcf

dt
dvpc

dt

Lp = —mpUpc + Vpv, (1.13)

Cy

:7:1_2.27

Coe

= MplLB — Minyli-

Averaged model of the grid-feeding converter

The assumptions to be considered to derive the averaged model from the switching

model are the following:

e The switching frequencies f, are much higher than AC mains frequency (fs, >>

fq)-

e The switches are considered ideal elements in the electric circuit.

Taking the Fourier series representation for m = my,, given by the Eq.(1.14), with M
as the amplitude and 6 the phase angle of the fundamental harmonic and M; and 6 the
amplitude and phase angle for the k — th harmonic [90].

m = Msin(t+ 0) +ZMKsm(kwt—|—9k). (1.14)
k=2

Taking into account the switching frequency is much higher to consider the inductors as
high impedance, the harmonic components in the current related to f,w can be neglected,

hence the switching function with v as modulation signal, can be represented as:

m =~ u. (1.15)

The modulation function for the Boost converter with d as the duty cycle is [88]:

mp ~ (1 —d). (1.16)
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1.3. AC microgrid power converters configurations

Therefore the averaged model for the SPFB grid-feeding converter is given by:

Ll— = —(Rl + Rf)il — Voy + RfZQ + UVpc,

LQE = Rfil — (RQ + Rf)ig + Vo f — VUpg,
di
Lp ;LLLB = —(1 —d)vpc +vpy, (1.17)

dv . .
Cf djf =11 — 12,
d
Choc ZI;C = (1 —d)iLp — Minvis.

Averaged model of the grid-feeding converter in dg synchronous reference

frame

The averaged mathematical model in the dq synchronous reference frame is considered
to depict the dynamics of the system as DC variables, what makes possible to develop a
dg-based control strategy to facilitate the control task of tracking variables to be handled
as a regulation task of DC variables, as well as to express active and reactive power

variables in terms of dg current and voltage variables [88,91,92].

The mathematical model in the dq reference frame of a single-phase electric system
requires to apply a single-phase dg transformation technique 91|, where the dg com-
ponents are obtained from the AC current and voltage variables through the mapping
transformation of the Eq. 1.18.

Vaq = TVgi, (1.18)

where VRj is the vector of the real and imaginary components in an orthogonal reference

frame of the single-phase variables and 7" and its inverse matrix are defined by:

T — sinf  —cosf (1.19)
cos)  sinb 7 .

T-1 sinf  cosf (1.20)
| —cosh sind |’ '
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Chapter 1. AC microgrid system modeling

where § = wt, and the averaged model for the grid-feeding converter considered in this

work in dg components is defined by the following set of equations (1.21), [80]:

di¢ . : ‘
le_tl = — (Rl + Rf) chl + Rflg - Ug’f + udvDC + WLﬂ%
dif q q  q q d
Ll% = — (Rl + Rf) (31 -+ RfZQ — 'Ucf +u Upc — WLIZD
d’lg .d -d d d iq
LQ% = Rfll — (R2 + Rf) 19 + Ucf — ng + WLQZQa
did , . .
Ly = Ryif — (Ry+ Ry) i + vy, — vy — wlaif, (1.21)
dvd
C djf =% —id + wCpvg,,
dvl
Cf djf = Z(f — Zg — waUgf,
dUDC . 1 . .
CDC i = (1 — d)’lLB — 5 (Udltli + Uq’l({,)
where
° vzg, vlgs Ugf and v‘éf are the MG voltage dg components in the synchronous reference
frame (V).

o 4, 41 iy il are the current dgq components.

o 1%y, L1, Ry, Ly , Cy y Ry are the passive elements of the LCL filter.
e w is the AC angular frequency.
e vpc is the voltage on the capacitor Cpe.

e u? and u? are modulation functions in dg components.

1.3.2. Modeling of the grid-forming converter

The Figure 1.8 shows the schematic diagram of the MG system highlighting the grid-
forming structure; in this case the V. SC} in the BTB converter must regulate the DC bus
allowing the V.SC5 to regulate the AC bus in the MG side to provide a reference voltage

to the grid-feeding structures.
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BTB converter
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Figure 1.8. Back-to-Back converter working as grid-forming in the PV energy-based AC MG system.

The Figure 1.9 shows the BTB converter working as grid-forming in the MG, where it is
considering a SPFB converter in V.SC' 5 of the BTB, and taking the assumptions made for
the grid-feeding model, the mathematical model in dq reference frame of the grid-forming

converter is given by the set of equations (1.22).

BITB converter

e VSC,
DC1
= DC
VD R €Dc
_ AC
_ I_ —_— — — == —_l
bc VD(,'*Qg* abg
dq l l dg

— Ve L o

DO |l DO | Nabef—

Control | Control | |dq ‘—‘;ﬂx
2

g

Figure 1.9. Schematic diagram of BTB converter working as grid-forming converter.
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dil
Lgd_: = —Rgig + v;l + wy Lgig — u;iUDC,
dig d d
ng = —Ryiy + v} — wyLyig — ulvpe,
dif d d d q
Llﬁ = — (R + Ry) 1§ + Ryiy — vg, + uvpe + wpugLai],
dii q q q q d
ng = — (R1 + Rf) 1+ szg - UC’f + u'vpe — wunglla
did .d d o d d a 1.22
L2% = Ryiy — (Ry + Ry) 15 + UGy ~ Vg T WagLiata, (1.22)
did " g g q d
Ly = Ryit = (Ro o+ Rp) i3 + Vg, — Vg — wpgLats,
dvd,
. .d
Cy dtf = iy — i + wu Crvg,,
dv,
. . d
Cy dtf =] — i — WugCrvg,
dv 1 ‘ .
Coc ™00 = = (ulit+ ugig + it + it
where:
° %17 vl are the voltage dg components in the synchronous reference frame.
o 1%y, L1, Ry, Ly , Ct y Ry are the passive elements of the LCL filter.

wgy and w,,, are the AC angular frequency for AC mains and MG side of the BTB

converter.

° “Z and u] are modulation function in dg components for V.SC}.

1.3.3. Line impedance parameters in microgrids

The MG performance is directly affected by the impedance line parameters due to its
behavior at different frequency values and harmonics interactions; hence as it is mentioned
in the problem formulation, the line parameters are taken into account in order to include
its dynamics in the mathematical model, and how it affects the performance of the entire
system operation and in this sense avoid instability issues by means of a suitable design
of the control strategy [77,93].
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1.3. AC microgrid power converters configurations

The distribution line is considered in sinusoidal steady state [94]. Thus the series
impedance and shunt admittance per meter are given by equations (1.23) and (1.24),
where the lowercase letters indicate distributed parameters, and uppercase letters are

used to describe lumped parameters.

z =1+ jwL. (1.23)

y =g+ jwC. (1.24)

Figure 1.10 shows a transmission line differential section of length dx [94]. Hence, the
typical second order differential equations that describes a section of line length dx with

series impedance zdz and shunt admittance ydx is given by equation (1.25).

d*V 9
T yzV =~V (1.25)
where v £ | /yz is the propagation constant, and it is expected imaginary solution for

equation (1.25). The solution of the differential equation is given by equation (1.26).

Vi = Vacosh(yl) + ZeIrsinh(vyx) (1.26)

where the characteristic impedance of the line is defined by Zo = /z/y [94, 95]

!
1 — —
I, I+dl |
7, @ Idi” |

Figure 1.10. Transmission line differential section.

To obtain results closer to real cases related to line voltage deviations, the considered line
impedance corresponds to a lumped parameters model of the Eq. (1.27), for a short line
with sections of length [ (m) with a determined cross sectional area AWG, where resistive
and inductive parameters are computed for a single-phase circuit and the conductance is
neglected [96,97].
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Chapter 1. AC microgrid system modeling

Zl = Rl + jwuLl. (127)

To compute R; and L; the characteristic impedance Z¢ (£2) is given by Eq.(1.28); it is

a real number if losses are completely neglected [95].

The high-frequency impedance Zyr is defined by the Eq.(1.29), where « is part of the

imaginary component in Zyp, 0. is the conductor conductivity.

v pd2
Zyr = — 1.29
e 2nro, ( m ) ( )
It is also needed to compute the self inductance per phase defined by Eq.(1.30).
po, 2h; pH
Ly =— —), 1.30
2 " T ( m ) ( )
where h; is the height (m) and r; the geometric mean radius.
The impedance Z; is obtained by the following expression.

Table 1.4 contains the corresponding parameters for the conductor of the line. The
computed values are contained in Table 1.5, and their corresponding computation are

reported in Appendix A.
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1.4. Mathematical models validation

Table 1.4. Parameters of the conductor.

Parameter ‘ Value ‘ Parameter Value ‘
Direct current resistance Rpc | 1.2721073 2 /m Permittivity e ”31607;9 N(f;
Ground conductivity oy 1/100 S/m Permeability u 4rr10~7 N/A?
Conductor radius r 4112102 m | Conductor conductivity o, W

Table 1.5. Parameters of the MG line impedance.

’ Parameter ‘ Value ‘ Parameter Value
AW G 6 l 600 m
R, 762 mf2 | X, 372 m{?
L 987 uH | Cross-sectional area | 26818 cmil

1.4.

Mathematical models validation

The validation of the mathematical models obtained is made carrying out a comparison

between detailed switched models and mathematical models through simulation results in

open loop; for this purpose the software Matlab Simulink in co-simulation with PLECS

are used to implement the converters that work in the MG system proposed in Fig. 1.11,

where the advantages of Simulink to solve the differential equations of the dynamic models

are also taken into account to subsequently solve the control strategies while implementing

the detailed models of the power stage in PLECS.

Grid forming
. converter

Grid
PCC % T

¢ Ry DC
S AC

' DC.
1C  Ln R

L] A

FHape

AC mains Microgr

P
BTB 0,

id power stage

PV array

Grid feeding
converter 1

PV array

Grid feeding
converter 2

PV array

Grid feeding
converter 3

Figure 1.11. AC MG with three PV energy-based grid-feeding converters in radial array.

Table 1.6 contains the nominal parameters considered to validate de mathematical

models.
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Table 1.6. MG System Parameters.

| Parameter | Value | Parameter | Value |

Voo 250 V 7 60 Hz
VAC 127 Vrms fsw 12.5 kHz

P 400 W R, 142 m{?

Q +0 VAr Ry 1.11 m{?
. 7.55 uF I 3.03 mi
R, 267 m{2 Lo 1.11 mH
R, 142 m(? I, 3.03 mil
C; 6.88 iF 2 762 1j372 mf2
Lo 3.38 mH Vg 127 Vs
ma 0.7 0 0 rad

The BTB structure performing as grid-forming considers both V SC} to regulate the
DC bus Vpe and V.SC;y to regulate the MG voltage V4, consequently the corresponding
equations to the grid-feeding converter are also considered as well as this structure has
been well studied [80].

Fig.1.12 illustrates the validation of the averaged model; the voltage and current
variables are depicted in an interval from ¢ = 0 s to t = 1.5 s. The blue trace corresponds
to the averaged model and the red trace to the detailed switched model indicated with the
sub-indexes a and d respectively, and they are matched with those sub-indexes in Fig. 1.9.
It also shows a zoom of At = 0.05 s, when the variables achieve steady state conditions.
As it can be seen, the transient state has a similar behavior, the discrepancy is due to
the harmonics neglected in the averaged model, generating small differences before steady

state conditions.

Figure 1.13 illustrates the DC bus voltage Vpc and the MG voltage V), measured in the
same conditions that the currents. It is possible to observe the 120 Hz ripple reflected in
the DC bus behavior produced by mapping the 60 Hz component to Vpe.

The validation of the averaged dq model is shown in Figure 1.14. In this case it is
taken a period of time At = 0.2s in order to observe the steady state conditions of
the characteristic DC variables of the dgq reference frame, where it can be observed the
dq averaged model achieves the values of the dq variables of the detailed model in the

simulation.
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1.4. Mathematical models validation

Figure 1.12. Comparison between the detailed and averaged models of grid-forming.
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Figure 1.13. Comparison between the detailed and averaged models of grid-forming.

47



Chapter 1. AC microgrid system modeling

2.6
! —12da
_ -28F —i2dd
<C :
Z 3L ‘ ‘ ‘ g | ‘ , v
g -32r : : : 7
5 B
34T \ \ | 1 | | | i i |
12 1.22 1.24 1.26 1.28 13 1.32 1.34 1.36 1.38 1.4
300 !
290 : : : . : S . : o —Vpca
?, 070 ) PSS T S i S IR RN A | ST S — Vbea
3 270 AARAAAAAANAAANAAANNRAAANNAANAN
g 260 . ' . / d
§ 25(;) - . . ) . . . . . . - . . . .
240 , ; : R
| | | | | | | | |
12 1.22 1.24 1.26 1.28 13 1.32 1.34 1.36 1.38 1.4
-160 , 5
— 3 : — Y ugda
> -170 | ‘. : : : . = : ‘ — Vi
% -190F - - - - - o . - - B o - - =
” a00f : : : ‘ : -
\ \ v 1 i i \ \ \
12 1.22 1.24 1.26 1.28 13 1.32 1.34 1.36 1.38 1.4

Time (s)

Figure 1.14. Comparison between the detailed and dq averaged models of grid-forming.

1.4.1. Discussion

As it can be observed, the averaged model and the averaged dg model have a discrepancy
with the detailed switched model and the detailed model in dgq variables because the
harmonic content at the switching frequency is neglected, which is mainly reflected in the
transient response, where the lack of harmonic content avoid the ripple in the averaged
model while having a lower value before reaching the steady state condition. It is also
possible to observe that the steady state condition of the dg model in Figure 1.14 is equal
to the steady state response of the switched model on its lowest value due to the neglected

harmonic components.
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CHAPTER

PHOTOVOLTAIC INVERTER CONTROL
STRATEGIES IN A MICROGRID AND THEIR
IMPLEMENTATION

To carry out the parallel operation of DGU in a MG, the control tasks that the
PV inverters must accomplish have to be considered in order to maintain the system
parameters between suitable values, improving the system stability and appropriate power
sharing operation among the DGU [59]. In this Chapter the control strategy for the MG
system is established. The main functions considered to perform by the DGU proposed are
the grid-feeding and the grid-forming converter, where the grid-feeding mainly must supply
active and reactive power to the energized electric system and the grid-forming is able to

work independently in island mode giving the voltage reference for the grid-feedings [40)].

One method to solve the main issues regarding MG operation is the Hierarchical Control
Structure (HCS), due to the different tasks to be accomplished require being executed in
significantly different time scales [63]. The most common HCS mainly consist of three
levels [41,98|:

e The first level performs regulation tasks through the PV inverter. They can be
voltage and frequency regulation as well as active and reactive power regulation.
In this level is possible to give the capabilities of grid-feeding-grid forming or grid-
supporting converter, where different control strategies have been well proven and

validated; they can be linear control-based [40,73] or non-linear control-based [80,99].
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Chapter 2. Photovoltaic inverter control strategies in a microgrid and their implementation

e The secondary level solves the damping and deviation issues of the primary level
[53,100,101].

e The tertiary level makes sure the MG parameters imposed by the rules and standards
are achieved, as well as optimal operation, energy trading, system disconnection and
restoration, where the needed references sent to the first level are defined properly

according to the established purpose of this level [63,98].

The above is illustrated in Figure 2.1, where it is possible to obhserve the bandwidth
decreases as the control level increases, hence the control strategies at higher levels operate

with higher time scales.

Optimal
operation in
grid-connected
- '\\\ mode and
islanded mode

——> Tertiary control Ii Compensating

e . N
_~~ Hierarchical
7 N
1 control levels ‘

the voltage and
»  Secondary control - frequency

5 ; o - . deviation
= = > Primary control .
= = = Reference signals
13 £ i
] : i
£ Z
/& 5

El—e Microgrid 22

=z ' |E o Gridfeeding

& . . < ® Grid-forming

Lo Main grid < o Grid-supporting

Figure 2.1. Hierarchical Control Structure.

To design and develop the control strategies in their corresponding control level of the
HCS, the nominal parameters of the system considered in the Figure B.1 of the Appendix
B are used, and they are contained in the Table B.1.

2.1. Primary and secondary control levels

The suitable dynamical performance obtained by the HCS depends on the control
strategies selected and implemented in each control level, where primary level (also called
the local controller) together with the secondary level have an important role to maintain

the voltage and frequency levels between allowable boundaries [63]. The literature reports
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different control strategies, where linear controllers as Decoupled Current Control (DCC)
has limited performance working outside its operation point where the plant has been
linearized, as well as disturbances sensibility and parametric variations dependency [102];
those limitations can be solved with non-linear control techniques as the Passivity Based
Controller (PBC) [103] and Sliding Modes Controller [104], among others control strategies

that have been well studied with power electronics converters.

Its is important to highlight that the control strategies at each level can be validated
separately, due to the bandwidth of lower levels have faster response, hence the fastest
control strategies are capable of receiving the references from the upper levels as constant

values or smooth variation variables |105].

2.1.1. Decoupled current control with cascade loops

The DCC strategy with cascade loops is commonly developed in the synchronous
reference frame dgq and implemented to control multiple power electronics converters and
its applications [40,72]; it presents robustness due to the PI controllers used in the inner

and outer loops, where a suitable regulation of the variables is achieved.

2.1.1.1. DCC Design of grid-feeding converter

To design the DCC structure applied to the grid-feeding converter, the mathematical
model in dq variables is considered, where the coupling terms in the state equations can be
managed by the DCC. These terms can be seen in the set of Egs. (1.21) of the mathematical
model for the grid-feeding obtained in Chapter 1, where the capacitor current in LCL
filter is neglected for control purposes, avoiding current sensors in the implementation,

improving the system reliability; hence with ¢; ~ 75 the equations are:

di¢ , .
le—; = —Ryif — vffg + uvpe + Wyg L1y,
dii . d 2.1
LIE = —Ryiq — U;ng +ulvpe — wyuglaiy, (2.1)
dvpc . 1, 4 .
Che 7 :ZDc—i(udz‘quuqz(l’).

Figure 2.2 illustrates the grid-feeding structure, where the DCC strategy in dq variables is
applied to the SPFB converter (DC-AC converter) and due to the necessity to accomplish
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certain restrictions by the standards, the Boost converter is not thought to work in MPP
scenario, hence its duty cycle is such as the reference ¢}, is related with the power
required by the SPFB converter according to the reference P*. The control objectives for

this converter are:

e To regulate the DC bus Vpe with the Boost converter through the reference i},,.

e To regulate the active and reactive power flow P and @) injected to the MG with
the DC-AC converter.

Boost converter  single-phase inverter
) — — —pcy |_ — TRy Ly ver Ry L, PCC

DC DC i
| Vpc ;=Cn(l | iy l
DC | AC | ’
e S
e i*[)('l abg, | DQ ‘7(~Y
+

dq Control ,M

ipcy

Figure 2.2. Schematic diagram of the PV Energy-based grid-feeding converter.

The DCC strategy makes the following considerations:

e The DC bus is regulated to its reference value injecting ipcq to the inverter.

e The bandwidth of the inner loops operates at least one decade lower than the

switching frequency of the PV inverter.

e The bandwidth of the outer loops operates at least one decade lower than the

bandwidth of the inner loops.

From the Eqgs.(2.1), given the dg modulation index u? and u? as the control variables, the

following control law is proposed to decouple the equations of the mathematical model [72]:

0l
Rl d ug

d 1
L Wug
L1 ! 1 Ll

+ Uy,

(2.2)

1 [Py
wd = |:L1 Llwugzl + 519] + Us,
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2.1. Primary and secondary control levels

where V. is the reference value of DC bus voltage and U, with ze{1,2} are the output

of PI controllers to regulate its corresponding variable.

Figure 2.3 illustrates the block diagram of the DCC, where w,, is the MG frequency
measured by a PLL structure and once u¢ and u¢ are obtained, the transform dq to af is

used to obtain the modulation index u,, which is compared with the carrier signal in the
SPWM technique.

Grid-feeding DCC strategy

Ug

dq /| u®
aff
6
Uy T “e

Figure 2.3. Control block diagram of the DCC strategy applied to the grid-feeding.

The PI controllers in the inner and outer loops are defined by:

Uy = kpi (1% — i) + ki / (1% —i%)dt, (2.3)

Uy = koa (i — i%) + ki / (i — i), (2.4)

where k,; is the proportional gain, k;; is the integral gain, ¢** and i7" are desired value of

the currents.

By replacing (2.3) and (2.4) in the set of Eqgs. (2.2), it results in the linear mathematical
model given by the Egs. (2.5) and (2.6).

d .
Ez‘f = U, (2.5)
d
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Therefore the corresponding transfer functions of each closed loop control given by
Equations (2.5) and (2.6) are:

id(S) (]{ZplS + ]{311>
pr— pr— 2-
Gis) i@ (s) 2+ kys+ kit (2.7)

and to obtain the transfer functions of the active and reactive power loops, it is used their

definition in terms of the dq variables [72]:

£ — kppUZgS + kipvzg (2 8)
P (kppvgly +2) 5+ Kipvfy
Q = kpqugs + kiqug (2 9)

@ (—kpqvffg + 2) 5 — kiqvﬁg’
where k,,, k;, are the gains of the active power loop PI controller and k,,, ki, the gains of
the reactive power loop PI controller. These closed-loop transfer functions avoid the zero
effect due to the location of the pole is at the same frequency of the zero, which can be

proven with the selected values.

Tuning of the PI controllers

The bandwidth decoupling criteria is used to give the dynamical features desired to the
control loops [73,102]; this guarantees the inner loops dynamics being faster than the outer
loops dynamics. Also by applying Routh-Hurwitz criteria to the transfer functions of the
Egs. (2.7)-(2.9), to guarantee system stability the poles of the system must lie within the

left-half of the s-plane; this condition is achieved with the following considerations:

kpr > 0,kip > 0,kpp > 0, ki, > 0, kpy > 0, ki >0, (2.10)

where there are different methods to obtain maximum upper limits of the proportional and
integral gains, which are not addressed in this work owing to its is beyond the established

purposes.

To accomplish the necessary condition for bandwidth decoupling, the bandwidth of the

2fsw

10> kHz, one decade lower than switching frequency.

inner loop is proposed f; <
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2.1. Primary and secondary control levels

Table 2.1. Nominal MG System Parameters.

| Parameter | Value | Parameter | Value |
Voo 250 V 7 60 Hz
Vi | 127 Voo Fou 12.5 kHz
S 1000 VA R, 142 m{?
Ly 3.03 mH Rs 1.11 m{?
o 6.88 ;F L, .11 mH
R, 142 m02 L, 3.03 mil

The proposed proportional and integral gains of the inner and outer loops are contained
in the Table 2.2; Table 2.1 lists the parameters considered for this purpose. Figure 2.4
represents the block diagram of the active power closed loop that generates the current
reference i%* to the inner loops of the DCC strategy, and the Figure 2.5 represents the
block diagram of the reactive power closed loop that generates the current reference "
Since the droop control schemes are designed to give grid-supporting capabilities, they are

not considered for the grid-feeding structure [40,48,106].

P

. i B
kpp+ kfp l1d ",ug‘ __P
+ S 2

Figure 2.4. Block diagram of the active power closed loop.

kot k i ! 0

a
. -y
Pq "{ 7 HE I

s 2

+1Q
:

Figure 2.5. Block diagram of the reactive power closed loop.

Table 2.2. DCC Grid-feeding converter parameters.

DCC grid-feeding
Parameter | Value | Parameter | Value
o 550 Fodor ] 0.0065
Fr 700 Fipksg | 0.0009

The Bode diagram of the Figure 2.6 depicts the frequency response of the inner and
outer loops, highlighting the bandwidth decoupling at - 3 dB of magnitude; it is possible to

observe the cutoff frequencies accomplish the necessary condition of bandwidth decoupling.
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Bode Diagram

0
5@ Outer loop Inner loop
5 -l bandwidth bandwidth
< (0.104 Hz, -3 dB) (87.53 Hz -3 dB)
'ED -2 \\ \\\
<
=

1
98]
[}

107 107 107! 10 10! 107 10°
Frequency (Hz)

Figure 2.6. Bode diagram of the closed loop transfer functions.

2.1.1.2. DCC design of the grid-forming converter

The Figure 2.7 illustrates the BTB converter connected to AC mains, where both V.SC}
and V.SC; have a SPFB structure in which DCC strategy is applied; the V SCy works

as grid forming converter as it is previously described. The control objectives are listed
bellow.

Control objectives for the V' SC,

e To regulate the DC bus Vpe.

e To regulate the reactive power flow () between AC mains and the MG.

Control objectives for the VV.SC,

e To give an AC voltage amplitude and frequency references with V,, to the grid-
feeding converters in the MG by tracking of v®4 references.

The block diagram of the DCC strategy for the V.SC; of the BTB converter is illustrated
in Figure 2.8, where the corresponding outer loops regulate the DC bus vpc and the
reactive power (), measured at PCC with AC mains.

In this case, the transfer function for the inner loop is:

o6



2.1. Primary and secondary control levels

BTB converter

VD REDc
DC i
______ — |
be 3 M,‘* Qg‘k abc,
dq dq

— Vg L L
DO el DO e
Control [T )(g’ Control <—d'q <_]}W
: 2

Figure 2.7. Schematic diagram of BTB converter working as grid-forming converter.

VSC; DCC strategy
d
Ve
Lg
L
- PI PI T
Ve = ,-gd _ DC
Vbpc . d 1 Ug
L > (l)g
dq /| u®
I’ [0} aff -
" D¢
1%
uy
= - L
PI PI *+ =
0*_ ,‘g‘]* V*DC
0

_ Z.Z’q(s) _ (Kpgs + kig) _
i () 8% kpgs + kg

(2.11)

Figure 2.9 represents the block diagram of the vpc closed loop that allows to send the
current reference i%* to the inner loop of the DCC strategy [72]. The transfer function is
given by (2.12).

ipc

y : P d* 5 d byl
‘i)( kpz/cJr k/z/c lg Ve : 1 Ve
— > o

- 2vpe CpeS

Figure 2.9. Block diagram of the vpc closed loop.

d d
UpC kpdcvgs + kidcvg

- , 2.12
vhe  2Cpevhes? + kpdcvgs + /{:,-dcvg ( )
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where k4., kiqe are the proportional and integral gains.

Tuning of the PI controllers

The corresponding block diagram to regulate the reactive power exchanged with AC
mains is similar to the reactive power control in the grid-feeding structure. In this case

the proportional and integral gains for the reactive power control in the V. SC; are kg

and kiqg-

The proposed proportional and integral gains of the inner and outer loops are contained
in the Table 2.3.

Table 2.3. DCC Grid-forming converter parameters.

DCC VSC; grid-forming
Parameter \ Value \ Parameter \ Value

g 830 kig 10
kpdc 0.25 kidc 1.5
Kpag 0.0095 Kiag 1.4

The Bode diagram of the Figure 2.10 shows the resulting bandwidth of the inner loop for

the i;’ current and the outer loop for the vpe voltage, accomplishing with the decoupled
bandwidth criteria.

Bode Diagram

10 , - S
—Gyy
8 —Gnd|
6 L -
= 4
=
g2y g
2
&
g, \ \ |
A _ b
6 L (6 Hz, -3dB) , i
3 (131 Hz, -3 dB)
-10 Hi i P L
3 -2 -1 0 2 3
10 10 10 10 10 10

Frequency (Hz)

Figure 2.10. Bode diagram of the closed loop transfer functions of ig and Vpce.
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2.1. Primary and secondary control levels

The Bode diagram of the Figure 2.11 shows the resulted bandwidth of the inner loop for

i¢ current and the outer loop to regulate reactive power @y, where the lower bandwidth
is due to the controllers must regulate constant variables in dgq .

5 Bode Diagram

7(?12
—Gy

Magnitude (dB)
\i j

5L (115 Hz, -3 dB)

-10 i Pl Poiiiiii P i Pl

107 107 107" 10" 10 10 10
Frequency (Hz)

Figure 2.11. Bode diagram of the closed loop transfer functions of if and Q.

The procedure of tuning the control loops to regulate dq voltages in the MG is done
considering their corresponding outer loops as it can be seen in Figure 2.12, where the

references vffz and vf? are taken from AC mains in dg variables.

VSC, DCC strategy (Grid-forming)

Ug

dq /| u

aff

Figure 2.12. Control block diagram of the DCC strategy applied to the grid-forming.

The Figure 2.13 depicts the Bode diagram of the inner and outer loops transfer functions,

accomplishing decoupled bandwidth criteria, by considering proportional and integral
gains contained in Table 2.4.
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Table 2.4. DCC V.SC5 Grid-forming converter parameters.

DCC VSO, grid-forming
Parameter \ Value \ Parameter \ Value

Kpug 260 Kipg 445
kpva,g 0.25 kivaq 1.9
Bode Diagram
5 ! T ! § ——
G
7GV¢|(
O \ |
o
=
3 / N\
S 5L (-3dB, 0.305 Hz) (-3 dB, 44.2 Hz) 1
g
-10 e N B R IS ‘
-2 -1 0 1 )
10 10 10 10 16

Frequency (Hz)
Figure 2.13. Bode diagram of the closed loop transfer functions for v4 , controllers.

2.1.2. Passivity based controllers for the grid-feeding converter

The Passivity Based Control (PBC) is a non-linear control strategy that looks for
stabilize the system by energy balance using the properties of the systems that can be
represented by Euler-Lagrange (EL) equations, where the main control objective is to

achieve stabilization by passivation by using a storage function [44,107].

To develop a well-designed PBC applied through the interconnection structure, it is
important to make the assumptions such that the switching frequencies and sampling
are sufficiently fast to approximate the average behavior by a smooth system [107], it is
accomplished also in the system modeling considerations. From this mathematical model
structure in the PBC, the model previously developed is considered in the following port-
Hamiltonian form [73]:

Mz 4+ Rz + Jz = ¢, (2.13)

where M is the matrix with the energy storage elements with the restriction M > 0, R

is the damping matrix with the parasitic resistances and R = RT > 0; J results in an
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2.1. Primary and secondary control levels

skew-symmetric matrix with the interconnection structure with J = —J%, and ¢ is the

non controlled inputs vector [44].

By considering the mathematical model of the SPFB grid-feeding converter with LCL

filter, the matrices in the interconnection structure are defined as follows:

Ly 0 0 0 0 0 O
0 Ly 0 0 0 0 0
0 0 Ly 0 0 0 0
M=|0 0 0 L, 0 0 0 |, (2.14)
00 0 0 C; 0 0
00 0 0 0 Cf 0
0 0 0 0 0 0 Cpe |
[ R, 0 00 0]
00 R 0 0 000
0 0 Ry 000
R=|0 0 0 R, 000/, (2.15)
0 0 0 0 000
00 0 0 00O
L 0 0 0 0 00 0]
[0 —-wL; 0 0 1 0 —ut
wL, 0 0 0 0 —ud
0 0 0 —wly -1 0 0
J = 0 0 wly 0 0 -1 0o |, (2.16)
-1 0 1 0 0 —wC; 0
0o -1 1 wC 0 0
L u? u 0 0 0 0 ]
T
c= 00 Viw Viw 0 0 i | (2.17)
T
v i vy ol Vi | (2.18)
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To derive the control strategy, a suitable steady state in the system of the Eq.(2.13) is
given by any z* e R" that validates [108]:

MX* + RX* +JX* + Rae = ¢, (2.19)

where X* is the vector with the reference variables, R, is the selected damping, e =
T

(z* — x) is the error vector defined by z* = [ i Al oagt g oEy ol Vi } . This

control strategy is given by the equations (2.20) and (2.21), and it is obtained from those

Equations in the steady state system (2.19) which contains u® and u?, where k; and ky

are the corresponding gains of the selected damping [103,108].

ul = [legl* + Ry — WLyl + v+ ky (18— @g)] , (2.20)
dc
1 .

w = o [le"{* + Ryl + wLyid + o, + ky (18 — ig)} . (2.21)
dc

The Table 2.5 contains the values for k; and k5 in the matrix damping.

Table 2.5. PBC Grid-feeding converter parameters.

PBC grid-feeding
Parameter | Value | Parameter | Value
| k1 3 ks | 15 |

2.2. Simulation results

The simulation results and the validation of the control strategies applied to the
inverters’ detailed models are implemented via PSIM V9.1, in order to validate each
control law in a C-code block, with the purpose of implement the same code in the
control platform. The multiple scenarios are proposed to verify a suitable performance
of the system in transient and steady state conditions; after that experimental results
are obtained using a SPFB prototype. The grid-feeding and grid-forming converters are
tested in multiple scenarios, where their rated capacity is assessed considering the following

assumptions.
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2.2. Simulation results

e The grid-feeding converters are supplied with an ideal DC source, as well as an
ideal AC source with fixed value is considered with the purpose of assessing the

performance of the control strategies avoiding any other system variation.

e It is considered a 22 series resistor with the ideal DC source, to assess the
performance of the control strategy with a non regulated voltage source neglecting

harmonics content injected by the boost converter.

e The power is injected to AC through the PCC.

2.2.1. Performance of grid-feeding converter supplying active
power to the PCC

Figure 2.14 and Table 2.6 contain the nominal parameters of the grid-feeding structure

to validate the control strategies.

Boost converter  single-phase inverter
ipp [ —— —— 7 ipci [—— & Ly veg Ry L, PCC
.

i“pey abe DO %
+ qu Control e

— i)

ipci

Figure 2.14. Schematic diagram of the PV Energy-based grid-feeding converter.
Table 2.6. Nominal MG System Parameters.

| Parameter | Value | Parameter | Value |

Voo 250 V 7 60 Tz
Vg 127 Vs Fow 12.5 k7
S 1000 VA R 142 mf?
Ly 3.03 mH Ry 111 mQ
C; 6.88 I Lo 1.11 mH
R, 142 mf? L, 3.03 mH

To assess the active power supply capability of the grid-feeding converter at unity power
factor, it is asked to inject the active power reference P* = 700 W and reactive power
reference of Q* = 0 VAr with DCC and PBC strategies in the local control level. The
grid-feeding power is injected to v, taking into account this source has smooth variations
leading to a fixed value of the MG voltage, to decouple de grid-feeding dynamics during

the individual assessment of each control strategy.
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Figure 2.15 depicts the transient response when at the time ¢ = 0.05 s the grid-feeding
starts to receive the active power reference P* = 700 W, where the measured signals are
the output current iy in Fig. 2.15 a), the output current in synchronous reference frame
iqq in Fig. 2.15 b) and the absolute error of the active and reactive power errp and errg
as corresponds.

I

AN«
8 : ” e

0 ~ b
e
0 0.1 0.2 0.3 0.4 0.5

Time (s)

Figure 2.15. Transient response of the grid-feeding injecting 700 W to the grid with DCC strategy.

The Figure 2.16 depicts the transient response and the steady state conditions when
the grid-feeding injects 700 W to AC mains with PBC strategy. It is possible to observe
the PBC strategy is faster than the DCC to achieve the reference in steady state in these
conditions, but PBC maintains an steady state error as it can be seen in Fig. 2.16 ¢) due to
the DCC is capable to avoid this error taking advantage of the tracking capabilities of the
PI structure. The Table 2.7 contains the settling time values for both control strategies,

where the error signals in PBC in this scenario are due to vpe is not regulated.

Table 2.7. Settling time for the grid-feeding injecting active power.

] Parameter ‘ Value ‘ Parameter ‘ Value ‘

| tsspcc | 330ms | typpe | 22 ms |

It is important to mention that the settling times shown in the different scenarios can be
improved with the selection of the proportional and integral gains of the DCC strategy, but
there is a compromise when the frequency response during tuning procedure has resonances
at certain frequency values of its Bode plot, which it is not suitable for experimental

purposes.
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Figure 2.16. Transient response of the grid-feeding injecting 700 W to the grid with PBC strategy.

2.2.2. Performance of grid-feeding converter supplying active
and reactive power to the PCC

This test assess the injection of active and reactive power capability of the grid-feeding
converter with both control strategies. The Figure 2.17 depicts the transient response and
the steady state conditions when the grid-feeding injects 700 W and 700 VAr to AC mains
with DCC strategy and the Fig. 2.18 with PBC strategy; it is possible to observe PBC

strategy is faster similar to the case when the grid-feeding injects only active power to the

PCC.

The Table 2.8 contains the settling time values for both control strategies for this case.

Table 2.8. Settling time for the grid-feeding injecting active and reactive power.

’ Parameter ‘ Value ‘ Parameter ‘ Value ‘

’ tssDCC ‘ 459 ms ‘ tssPBC ‘ 13 ms ‘

2.2.3. Performance of Grid-feeding converter supplying active
and consuming reactive power to the PCC

The injection capability of active power when the grid-feeding is consuming reactive
power as inductive load is assessed as part of the extended functions, where the settling

times of the transient response for both control strategies are contained in Table 2.9.
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Figure 2.17. Transient response of the grid-feeding injecting 700 W and 700 VAr to the grid with DCC
strategy.
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Figure 2.18. Transient response of the grid-feeding injecting 700 W and 700 VAr to the grid with PBC
strategy.

Table 2.9. Settling time for the grid-feeding injecting active and reactive power.

‘ Parameter ‘ Value ‘ Parameter ‘ Value ‘

‘ tssDCC ‘ 490 ms ‘ tssPBC ‘ 9.6 ms ‘
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Figure 2.19. Transient response of the grid-feeding injecting 700 W and -700 VAr to the grid with DCC
strategy.
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Figure 2.20. Transient response of the grid-feeding injecting 700 W and -700 VAr to the grid with PBC
strategy.

2.2.4. Discussion

The tests previously carried out with DCC and PBC strategies shows correctly the active
and reactive power regulation and injection capabilities for both control strategies. It is
important to mention that PBC structure considered as a first approximation involves a
steady state error which can affect the performance of the next control levels in the HCS

structure, therefore it is another considered solution in the next sections. According to
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the tuning procedure it is possible to observe that there are not considerable overshoots

during the transient response.

2.2.5. Performance of grid-forming converter regulating
microgrid voltage v,,

The grid-forming converter is controlled in closed loop to work as a voltage source
with a desired amplitude and frequency and it is able to operate in islanding mode. To
compare and validate the controller in simulation and experimentally, the test carried out
takes into account the regulation of v,, which is implemented to the V'SC5 of the BTB
converter, where the references v#% are related to the nominal value of the MG voltage

and 0 < 0,, < 27 is a periodic signal.

Figure 2.21 and Table 2.10 contain the nominal parameters of the grid-forming structure

to validate the control strategies.

_ _ BlBcomerter
VSC
| pc
" ~Cpc
AC
— 1 — — — —1= —l
g" abc
dq
<—Y5~' L vm
O p0 | Nabef—y~
Control 4_(1 Control [ |dg <—‘]{ug

Figure 2.21. Schematic diagram of BTB converter working as grid-forming converter.

Table 2.10. Nominal MG System Parameters.

| Parameter | Value | Parameter | Value |
Voo 250 V 7 60 Tz
Vac 127 Vo For 12.5 kHz
P 700 W R, 142 m(?
0 £700 VAT Ry 111 m0?
Vo 127 Vs L, 3.03 mH
Cy 6.88 uF Loy 1.11 mH
R, 142 m{? L, 3.03 mil

Figure 2.22 shows the transient response of the grid-forming converter with DCC

strategy implemented to achieve the references v? = 179 and v? = 0 which are equivalent
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2.3. Experimental results

to vy = 127 Vs It is also supplying power to a resistive load Ry = 16.13 {2 consuming
P, = 1000 W. Although it is possible to observe that these tests have a slower response
compared to the grid-feeding simulation results, owing to the low-bandwidth response
made by the outer loops controllers after the suitable gains have been selected, this is
desirable that this response be smooth avoiding high percentage overshoots when the
MG voltage faces sudden disturbances, hence it is important to mention the controller is
capable to achieve steady state conditions. It also allows to the grid-forming a suitable

start-up to establish the voltage reference in the MG.

200
100

-100
-200

Time (s)

Figure 2.22. Grid-forming achieving steady state conditions to regulate the reference of v,, with DCC
strategy.

2.3. Experimental results

The experimental validation of the control strategies is carried out with a SPFB
converter working as grid-feeding converter connected to AC mains, as it is shown in
the Figure 2.23, where the control strategy is implemented in a digital signal processor
TMS320F28379D and for demonstration purposes the SPFB is supplied through a rectified
and non-regulated DC bus vpe and to connect it with AC mains an LCL filter with the
parameters of the simulation is used. The capability of active and reactive power injection
as well as their transient response are assessed with different scenarios where the total

harmonic distortion of the current is also reported.

The signals measured are reported as follows: Ch1 is the AC mains voltage, Ch2 is the
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output current io, Ch3 is vpe and the channel Math represents the active power calculation
with Chl and Ch2. The settling time T, of each test is measured taking into account the
transient response of i variable, when it achieves steady state conditions, and this signal
is taken out from the DAC in the control platform TMS320F28379D.

AC source
Vg

Single phase full-bridge
converter

Figure 2.23. Experimental prototype of the Single-Phase Grid-feeding converter.

2.3.1. Grid-feeding converter injecting active power to AC mains

Table 2.11 contains the nominal values considered to inject active power at unity power

factor.

Table 2.11. Nominal parameters.

P 1@ S [ fws [Vy  [Vbe |
[700 W [ 0 VAr [ 700 VA [ 5.38 A | 130 V | 250 V |

The Figure 2.24 shows the transient response of the output current when there is a
reference change in the active power P* from 0 to 700 W with the DCC strategy as
well as the Figure 2.25 shows the results obtained with PBC strategy. The settling time
is measured taking as reference the signal of the current ¢ from the DAC in the DSP
platform in a second scope and its value is depicted in each Figure shown, where the
settling time of DCC is 16 ms slower than PBC strategy. In both results the overshot

percentage is negligible.
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Ch1 RMS
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Figure 2.24. Experimental results of the Grid-feeding converter injecting active power with DCC.
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Figure 2.25. Experimental results of the Grid-feeding converter injecting active power with PBC.

2.3.2. Grid-feeding converter injecting active power to AC

mains and consuming reactive power

The Table 2.12 contains the nominal values considered to inject active power and
consuming reactive power with inductive load behavior.
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Table 2.12. Nominal parameters.

(P [@  [S [lwms [Ve [Vbe |
| 700 W | -700 VAr [ 990 VA | 7.61 A [ 130 V [ 250 V|

The Figure 2.26 shows the transient response of the output current when there is a
reference change in the active power P* from 0 to 700 W and from 0 to - 700 VAr in the
reactive power (Q* with the DCC strategy, as well as the Figure 2.27 shows the results
obtained with PBC strategy. It can be observed that in this case the settling time with
DCC strategy is 10.8 ms slower than PBC strategy.

Tek Deten.| [ i) : ]

Ch1 RMS

130 v
[ Ch2 RMS
' 5.49 A

Chil 250V [8iE] 10.0A¢ P20.0ms A Cha f 1.80V
ch3[ 50.0V
Mat. [ 2.00kW 20.0ms |i1/30.00 %

Figure 2.26. Experimental results of the Grid-feeding converter injecting active power and inductive load
behavior with DCC.

2.3.3. Grid-feeding converter injecting active and reactive power
to AC mains

The Table 2.13 contains the nominal values considered to inject active power and reactive

power with capacitive load behavior.

Table 2.13. Nominal parameters.

[ & (S [Lme [Vy [Vbc |
| 700 W | +700 VAr | 990 VA [ 7.61 A [ 130 V | 250 V|

The Figure 2.28 shows the transient response of the output current when there is a

reference change in the active power P* from 0 to 700 W and from 0 to + 700 VAr in
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Figure 2.27. Experimental results of the Grid-feeding converter injecting active power and inductive load

behavior with PBC.

the reactive power Q* with the DCC strategy, as well as the Figure 2.29 shows the results

obtained with PBC strategy. It can be observed that in this case the settling time with

DCC strategy is 6.4 ms slower than PBC strategy.
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Figure 2.28. Experimental results of the Grid-feeding converter injecting active power and capacitive load

behavior with DCC.
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Figure 2.29. Experimental results of the Grid-feeding converter injecting active power and capacitive load
behavior with PBC.

2.3.4. Power quality performance

The performance of the control strategies is also assessed with the Total Harmonic
Distortion (THD) measurement of the output current in different scenarios of load

consumption, where the values are contained in Table 2.14.

Table 2.14. THD measurements.

S(VA) [P (W) | Q (VAT) | Iyms (A) | V, (V) | THD; (%) | THD; (%)
DCC PBC
700 700 0 5.38 130 6.8 7.39
990 700 700 7.61 130 5.11 6.23
990 700 -700 7.61 130 6.43 5.59
300 300 0 2.3 130 16.1 15.78
124 300 300 3.26 130 11.77 14.56
124 300 | 300 3.26 130 13.31 13.03
200 200 0 1.53 130 21.7 20.57
282 200 200 2.16 130 16.72 21.13
282 200 -200 2.16 130 19.28 17.88

It is possible to observe that in terms of T'H Dy, the results obtained are similar at
nominal values in both control strategies, where the distortion increases as long as the
power reference decreases due to the load demanded does not affect directly the harmonic

components of the current. Another factor to this phenomenon is related to the current
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sensor performance when the current measurement is lower, due to the radiated and

conducted noise impacts in the size of the signal measured.

2.3.5. Grid-forming converter regulating AC voltage of the
microgrid

The Figure 2.30 depicts the transient response of the grid-forming when it is asked to
regulate de voltage references v»?* with a frequency f,, = 60 Hz to establish an AC bus
in the MG v, = 127V,,,,,. DCC strategy is used for this purpose and as it was previously
mentioned, it is possible to observe the control strategy gives the capability to the grid-
forming to correctly regulate the voltages references in a start-up scenario. Due to the
above mentioned the large settling time is not a continuous operation when the MG is

normally working.
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Figure 2.30. Transient response of the grid-forming with DCC strategy.

2.3.6. Discussion

The control strategies implemented at the primary level of the hierarchical control
structure provided regulation of the necessary parameters accomplishing voltage and
frequency regulation in case the converter performs grid-forming tasks or active and

reactive power regulation in case the converter performs grid-feeding tasks, hence this
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control stage results capable to receive the references generated by the next control stage,

and achieved the load requirements of the system.

Passivity-based controller applied to the grid-feeding structure obtained a suitable
performance in the transient response, where mainly the settling time observed in
simulation is considerably faster than decoupled current control in these particular
conditions owing to the corresponding gains are selected for implementation purposes,
where it is also observed experimentally that the settling time is 25% faster than DCC
control. The total harmonic distortion of the current at rated load given by each control
strategy at the primary level does not have a big difference between each other at the
tested scenarios, hence the known drawbacks as parameter dependency of decoupled
current control could be considered for the selection of the control strategy in contrast

with passivity based controller.

The above tests are carried out to particularly consider the response of each control
strategy in these conditions to be applied in both grid-feeding and grid-forming converters,
taking into account the known advantages of PBC such as the global stability of the system

and its robustness with parametric uncertainty [109,110].
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CHAPTER

ANALYSIS AND SYNTHESIS OF THE
OPTIMAL MICROGRID OPERATION

The suitable operation of a MG system involves accomplishing certain restrictions while
the problem of satisfying and supply the power required by the loads is solved, where
optimization procedures improves the achievement of such results considering the given
conditions. In general terms the main goal of taking decisions in the optimization either
minimize the effort required or to maximize the desired benefit; hence the optimization is
defined as the procedure to find the maximum or minimum value of the problem expressed

in function of decision variables [111].

In terms of MG operation, the optimal solutions are given to improve the system
performance in different aspects; some of the reported results optimized solve issues
regarding to sizing elements or parameters of the system, where some research works report
optimization of portfolio, allocation, and dispatch of RE-based DGU using Mixed Integer
Linear Programming methods to avoid transformer overloads [112]. Others solutions
improve controllers performance through suitable design, where multi-objective proposals
with hybrid ESS and wind turbines are used to set control values and reducing operation
cost [74], as well as several studies report Particle Swarm Optimization (PSO) technique
which is used to obtain the values of droop coefficients in [113], improving system
efficiency and power quality performance, maintaining voltage THD within constraints,
as well as losses minimizing. Energy management and optimal dispatch is another solution,
such as the concept of trading among MG with shared ESS has been proven as one method

to improve the renewable energy consumption [75].
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Chapter 3. Analysis and synthesis of the optimal microgrid operation

In this research work the optimal solutions algorithms are explored as an energy
management method to improve the energy usage in order to attack interoperability
issues, minimize losses, cost and non required interactions as high penetration issues,
such as voltage and frequency variations, as well as growth system reliability through the

controlled power delivery to the load and regulating the power exchanged with AC mains.

As it is previously mentioned, the third level in the HCS is mainly in charge of carrying
out the optimal operation of the MG in grid-connected mode and islanded mode, as it is

shown in Figure 3.1, in which is the focus of this chapter.

— =~

Optimal \
operation in
grid-connected \

PN

PN mode and
~ isle
/// Hierarchical \\\ \ islanded mode /
T control levels T N /
(mmmmmm———— >
> Tertiary control Compensating

the voltage and

> Secondary control - frequency

5 deviation
» Primary control

v

—e Microgrid

I‘ Main grid

Reference signals

Bandwidth

o Grid-feeding
o Grid-forming
o Grid-supporting

Feedback signals

AC-link

Figure 3.1. Hierarchical Control Structure.

3.1. Optimization of the economic operation problem

The formulation of energy management optimal problem considers a power sharing
solution [114]; it is established an N-parallel connected grid-feedings as DGU system in
radial array with the load as it is shown in Fig. 3.2. The electric load Pj, is connected to

the AC mains and the power delivered by each DGU is injected to supply the load.

The cost rate F; in dollars per hour ($/h) is defined by Eq.(3.1), and it is the input of the
connected DGU, also it is in function of the capital cost K ($/h) and the operating cost
h(P) as a function of the output production amount P; (W), being this the electrical
power generated, and both are related by the cost per unit of generated energy C),
(3/Wh) [115,116]. Although this representation is not directly related to PV plants, as
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Grid-forming
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Figure 3.2. N DGUs injecting power to a single load Pry,.

£ R

first approximation it meets the objective of giving a cost in function of the required power
for each DGU connected to the MG, and as it is related to a real dispatch problem, the
solution procedure can be adapted to other cost functions, furthermore the solution of
the MG electrical system is carried out separately from the optimization problem and it

considers PV panels as RES.
Fi(P) = K; + h(F). (3.1)

The sub-index ¢ is the ¢+ — th DGU; the power supplied to the MG by each DGU is
measured at the PCC of each one. In this case the power losses are not considered. Due to
the excess of power injected from the PV systems to AC mains involves high penetration
levels, the MG scenario considers to deliver only the power demanded by the connected
load.

The objective function of the optimization problem is the total generation cost of the
system represented as:

N
Fr=F+F+..+Fy=>Y F(P) (3.2)

i=1

To satisfy the load demanded, the main constraint of this system is that the DGUs must

inject only the active power enough to supply the electric load, that is:

N
¢=P,—)» P=0. (3.3)
=1
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Chapter 3. Analysis and synthesis of the optimal microgrid operation

Therefore, the optimization problem is to minimize the objective function given by (3.2)
and defined as: N
Min (FT =Fi+F+..+Fy=>)_ Fi(Pi)> : (3.4)
i=1

subject to:

N
> p=r. (3.5)
i=1

3.2. Optimization by gradient method

The reduced Gradient Method is considered to incorporate the previous constraint to
the optimization problem, where the power losses in the line impedance are neglected, and

the following Lagrange Function is used [115,116]:
L = Fr+ Ao, (3.6)

where A ($/Wh) is known as Lagrange multiplier. To find an extreme value of Eq. (3.6), the
necessary condition is achieved when it sets the first derivative of the Lagrange function
with respect each independent variable equal to 0 and it is represented as follows:

0L dF(P)

o= —ap =0 (3.7)

To apply the Eq.(3.7) criteria to the DGUs connected to the MG system as grid-feeding

converters, Eq.(3.6) becomes:

L(Fy, Fayy Fy, \) = > Fi(P) + MNP, — Y P). (3.8)

i=1 =1

The cost rates of each DGU in the MG system are chosen as typically second-degree
cost functions [116], given by:

F\(P) = K| + O\ P, + C, P2, (3.9)
Fy(Py) = Ky + C3P, + C4 P2, (3.10)

where Py are the active power generated of each DGU.

'''''
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3.2. Optimization by gradient method

Thus the set of equations derived from apply Eq.(3.7) to Eq.(3.8) is given by:
C1+CyPp— A =0,
C3+4+ CyPy — A =0,
Con-1+ ConPy — A =0,

3.12
3.13
3.14
3.15

N N N /N
— S e

and Eq.(3.3) results:
Pi+Pyt+..+Py=P,. (3.16)

To find the active power references that are considered as inputs at the local controllers of
the grid-feedings, the set of linear equations (3.12)-(3.16) with unknown variables (P2 n

and \) is solved through conventional methods.

The set of functions as first approximation for the cost rate of each DGU in the MG
system defined in chapter 1, where N=3 DGUs and the equations are defined by:

Fy(P)) = 561 + 7.92P, + 0.001562P2 $/h, (3.17)
Fy(Py) = 310 + 7.85P, + 0.00194P2 $/h, (3.18)
F3(P3) = 78 4+ 7.97P5 + 0.00482P5 $/h, (3.19)

where P; is the output active power of DGUs, and the coefficients are considered
theoretically from academic equations with the purpose of establishing a common
quadratic function between the generation cost and the amount of power generated, that
reflects the increase of cost as long as the demanded load increase. Being that the capital
cost K ($/h) and the operating cost h(P) as a function of P; (W),and both are related
by the cost per unit generated energy C, ($/Wh), as mentioned in Eq.(3.1) [115,116]. Tt
is important to mention that the coefficients are selected as example with the purpose of
including the cost rate functions in the solution of the optimization problem, owing to the
need of developing the procedure to carry out the optimal operation, where the particular

case for the cost rate functions related to PV systems is not addressed.

By considering the DGUs in the MG system previously defined, where N = 3 and
i = {1,2,3}, the first constraint is to accomplish the objective of satisfy the total power
demanded by a connected load Pp, to the MG with the output power of the DGUs at the
minimum cost possible. This is taken from Eq. (3.16) and defined for P, = 850 W as:

Py + Py + Py = 850 W. (3.20)
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Chapter 3. Analysis and synthesis of the optimal microgrid operation

The solution for obtaining the optimal values for (3.2) and constrains (3.3) is shown in
Table 3.1, where Lagrange multiplier is part of the solution with A = 9.148$/Wh.

Table 3.1. Optimal Power Sharing solution.

Parameter | Value | Parameter | Value |

Py 393.2 W Py 334.6 W
Py 122.2 W Fr 8,194

3.3. Optimization by linear programming method

Linear Programming Method (LP) is well known by its ability to manage constraints,
such as equality constraints and inequality constraints, owing to the Gradient Method
requires for combining iterative procedures to find the value of the Lagrange multipliers
A that allows convergence to the optimal solution into the feasible region, which makes it
complex to solve owing to the necessity to observe not allowed operating zones [116,117].
LP is capable to solve linear problems or non-linear problems through linearization
procedures. By considering the set of equations for the cost rate quadratic functions,
to apply LP method it is necessary to linearize the system of equations using a linear

equivalent representation, as shown in Figure 3.3 [116,118].

Ff(Pf)‘

min
P;

Figure 3.3. Non-linear function piecewise approximation.
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The new added variables are related to a new slope S;1, Si2 until S;;, where S;; < Sjp <

Siz < Si;. Hence, each cost function obtains the form of equation (3.21).

Fy(P) = Fy(P™™) + SiPa + SinPio + SisPis + ... + Si; Py, (3.21)

where

0 < Py < PP for j=1,2,3,..., M, (3.22)

and each slope is computed as
Fz‘(Pin) - Fi(Pij)
(Pij+1) — (Fy)

Therefore, the optimization by LP method for economic dispatch problem is defined as

(3.23)

Sij —

follows:
N M
Min(Y J(F(P™") + Y S Py)), (3.24)
i=1 j=1
subject to:
N
Y P=rp, (3.25)
i=1
0< Py <P Yi=1,.,N, and j =1,..., M, (3.26)
and finally
M
P;=P""+)Y P;Vi=1..N. (3.27)
j=1

To apply LP method in the MG system, the cost functions of the DGUs are the set of
equations (3.28)-(3.30) used in Gradient Method, where ie{1,2, 3}.
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Fy(P)) = 561 + 7.92P, + 0.001562P% $/h, (3.28)
Fy(Py) = 310 + 7.85P; + 0.00194P; $/h, (3.29)
Fy(Ps) = 78 + 7.97P; + 0.00482P5 $/h. (3.30)

In order to test different maximum active power availabilities of each DGU connected in
the MG, the following active power limits for the grid-feedings are defined as restrictions
of the optimization problem, where a minimum value is considered due to the need of
maintaining the three grid-feedings operating, in which the cost rate functions are included

in the optimization problem to contribute on the load satisfying.

150 < P, < 600,
100 < P, < 400, (3.31)
50 < P3 < 200.

The optimization problem defined for LP method is:

Min (C'z), (3.32)
subject to
Ax < b, (3.33)
x>0, (3.34)
reR", (3.35)

where z is an n-dimensional vector, C* is the vector with the cost coefficients of the
objective function, A is the matrix of constraints coefficients, b is the vector with the
corresponding terms of the right side of the equations given by the constraints. By defining
the optimization problem for the MG system previously established in chapter 1, with
N = 3 DGUs, the set of segments used for the piecewise function is defined for M = 3
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3.3. Optimization by linear programming method

because there is no significant difference as the number of segments increases, according
to [116]. Hence, from the set of equations (3.28)-(3.30) and by replacing the definition
given by equation (3.21), the resulting cost function of the optimization problem is:
Fr(P) =1.7841 + 8.468P;; + 8.7786 P15 + 9.404 P;3, (3.36)
+1.1144 4 8.432 P51 + 8.91733Pas + 9.304 Py3,
+0.4885 + 8.694 P31 + 9.176 P35 + 9.656 Ps3.

By considering the linear equivalent representation, where the vector z is as bellow.

T
T = Pll P12 P13 P21 P22 P23 P31 P32 P33 : (337)

Hence, the restrictions in the set of equations (3.31) become in the following equivalent

set of restrictions:

Py <150; =P <05 Pip < 150; —Pip <0; Pz <150; —Py3 <0, (3.38)
Py <100; —Po; <0; Py <100; —Pop <0; Po3 <100; —Po3 <0, (3.39)
P31 <50; —P31 <0; P3p <50; —P3p <0; P33 <50; —FPa3 <0. (3.40)

By applying the equation (3.25) to equation (3.27), results in the following expression

for the equality restriction in equation (3.20).

Py + Pio + Pig 4 Py + Pog + Pag + P31 + Psa + P33 = 550. (3.41)

Matrix AeR™™ and vector be R™ are defined by equations (3.43), where result in m = 19
y n = 9; the last row of A and the last element of b correspond to the constraint of equation

(3.41), and defining in terms of each value P,; according to equations (3.38)-(3.40).

To assess the capability of the algorithm to solve the optimization problem with
constraints of active power, the MATLAB-Simulink function linprog is used, which solves
linear programming problems by finding the minimum for the defined equations (3.32)-
(3.33) specified as follows [119].

A-x<hb,
min f7x such that { Aeq -z = beg, (3.42)
b <z <ub.

85



Chapter 3. Analysis and synthesis of the optimal microgrid operation

where A and b have been previously defined, [b and ub are the upper and lower boundaries
of the restrictions, and Aeq and beq are given by empty matrices because there are only

inequality constraints.

The solution is listed in the Table 3.2, where the optimal values are within the feasible

region established by the constraints [116].
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Table 3.2. Optimal solution for the three grid-feedings MG system.

Parameter | Value | Parameter ‘ Value ‘

P 450 W | P 250 W
Ps 150 W | Fr 8,217 $/h

It can be observed that the solution obtained by using LP method corresponds to integer
values due to the simplex method used in MATLAB, where the algorithm looks for the
optimum value at the edges of the feasible region [116,119].
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3.4. Particle swarm optimization

Due to the optimal design problems mainly deal with a mix of discrete and continuous
variables, as long as discontinuous and nonconvex spaces, genetic algorithms as PSO
are within the methods with more flexible applications as multi-objective optimization,
stochastic programming and combinatorial optimization problems, presenting a low
computational cost and they are suitable to find the optimal solution with lower error
percentage [120,121]. The PSO method allows to improve the algorithm performance in
terms of memory and velocity, due to the solution process involves iterations with simple
operations, and as another outstanding advantage is the need of the final value of the
objective function to apply the algorithm, hence it is not essential a specific type of cost
function. Its solution method searches for optimal point within a set of candidate solutions
with random locations in an n-dimensional space, as long as the limits and tolerance

selected are achieved and the process converge to the optimum solution.

Table 3.3 lists the main advantages and weaknesses of using the PSO algorithm for

obtaining the optimal solution applied to energy management optimization [61,111,121].

Table 3.3. PSO characteristics and applications.

Advantages
e Does not require function derivatives
e Require only the function value and not system details
e Handles mixed continuous and discrete variables problems
e Low computational burden owing its basic
mathematical operations
e Multi-objective optimization
e Combinatorial optimization problems
e Accurate and fast convergence
e Parameters relatively easy for tuning
Disadvantages
e Algorithm developed for a specific problem
e Depending on the problem
may be trapping into local optimal
e Tends to wander and slow down as it
approaches an optimum

3.4.1. PSO algorithm

The design of the solution method of the optimization problem is carried out through the
basic rules and components of the PSO algorithm, where there are established definitions
as follows [120,122]:
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Particle, p;(i)

It is an m-dimensional vector representing the candidate solution and its optimal

parameters, where the position of the jth particle in the ith iteration is described as
XJ(L) = {ill'j’l(ll), ,UEJ’m(Z)]

Population, pop(i)
It is the set of particles in the ith iteration, described by pop(i) = [X1(4), ..., X, ()],

where the swarm is the random moving particles that converge to the best position.

Particle velocity, V(i)

It represents the m-dimensional vector of the rate of change in the particles,
Vi(i) = [vja (@), -, vjm (9)]-

Historical best value, pycq i)

It contains the coordinates of jth particle in the current iteration with the highest value
of the objective function, (denoted as fitness in genetic algorithms) f (p;()) in all previous

iterations.

Global best value, G

It contains the highest value of the objective function in all the previous iterations by

any of the IV, particles at the 7., location.

Epoch

It represents the necessary or selected iterations of the algorithm to converge to
Gbest (ibest) .

The Figure 3.4 shows the algorithm PSO flowchart, where the procedure to achieve the

optimal solution is described as follows.

1. First a random population is selected according to the lowest and highest value of
the active power available for each DGU, thus the velocity and position are also randomly

selected.
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Figure 3.4. PSO algorithm flowchart.

2. Compute the corresponding fitness value Fr to each initial particle, where the
constraints are added to the fitness function adding penalty for violating any constraint
as it can be seen in equation (3.44) [120,123]. For this purpose, k represents the DGU.

N N

N
Fr(i) =Y Fu(Pu(i)) + A (O)_ Pa(i) = P)* + A2 Y (Ver(i) = Viowim ), (3.44)
k=1 k=1 k=1
where /A, 5 are constants adjusted to change the contribution of the penalty terms, Py, is
the load connected to satisfy in the MG, Vpy is the corresponding peak nodal voltage of
the k —th DGU and Vpy;, represents the permitted limit for the voltage deviation at the
MG nodes.

3. Update the velocity according to the inertia V;(i — 1) (previous velocity), cognitive
factors (attraction to the historical best pbest(i)), social factors (attractions to the global
best Gpest ). It is defined by:
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Vi(i) = Vi(i = 1) + erry[Prest,y — X;(0 — )] +
o2 Grest — X(i — 1)]; (3.45)
i=1,2,..N

where ¢; and ¢y are the cognitive and social factors, and rq, ro are randomly selected with
rke [0, 1].

4. Update the position of the jth particle at the ith iteration. That is:

X,(0) = X;(i — 1) + V; (3.46)
j=1,2,..N.

5. Compute the fitness value at the new position f (p;(¢)).

6. Update the historical best having an established value as first reference as the

minimum allowable value K (7).

7. Update the global best having an established value as first reference as the minimum

allowable value L(i).

8. Finally return the global best of Fr according to the stopping criteria established.
The Figure 3.5 shows a graphical description of the influence factors over the current
particle that tends to achieve the global best and at the same time it tends to achieve the

optimum [124].

Table 3.4 lists the PSO parameters to obtain the optimum point of operation for the MG
system by using the cost functions considered before, where Np and Ep are the number
of particles and epochs considered respectively, and P,,,, is the maximum allowable value

to each k — th component of the particles, hence P 25(7) < Pz

It is important to mention that the cognitive and social factor ¢; and ¢y can take a
variety of values, although they are suggested to lie between [0,2], they represent the
acceleration coefficients related to the best particles pyeq ;) influence and global best value

Ghest influence in the velocity updating [121,124,125]. In this case the selected value shown
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Figure 3.5. Particle Swarm Optimization.
Table 3.4. PSO solution with P; = Pjycf.

Parameter | Value Parameter | Value

Np 500 Ep 500

C1,2 0.001 /11 10

1,2 rand(1) | Ag 0,10*

Py, 850 W | Phaz 1000 W

Note: */A, takes the value of 10 when

voltage deviations are considered.

in Table 3.4 takes into account that the influence in the velocity is less than 1% of its

value for a slow step of the particles updating, because it allows convergence and not to

overstep to the last optimum value, avoiding wandering as it approaches the solution; ry

and ry are randomly changing at each step of the algorithm solution.

To assess the capability of PSO to solve the optimization problem, it is considered the

DGU as ideal systems P, = P* and there is no voltage deviations taking Ay = 0, where

the corresponding MATLAB code is reported in Appendix C.

91



Chapter 3. Analysis and synthesis of the optimal microgrid operation

Figure 3.6 shows the initialization of the random population Np = 500 with their

corresponding limits.

1000
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Figure 3.6. Particles population initialization.

Fig. 3.7 shows the particles position at the end of the epochs, where the optimal solution

is P, =396 W, P, =326 Wy Py =126 W.

1000

500 (396, 326, 126)

P (W)

1000

P (W) P; (w)

Figure 3.7. Final position of the particles with the global best as optimal point.

Fig. 3.8 shows the evolution of the fitness value through the algorithm iterations, and
Table 3.5 lists the error percentages of the fitness value and the achieved value for the
load constraint with the penalty factor included in the fitness function, where the reference

values to compare the solution were obtained from the gradient method in Section 3.3.

The number of epochs Np is defined according to the stop criteria, which establishes

the parameters to consider for obtaining the optimal solution. In this case the number of

92



3.4. Particle swarm optimization
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Figure 3.8. Fitness value evolution.

epochs that allows to approach the analytical solution given by the gradient method with

suitable accuracy is Np = 500, as shown in Table 3.5.

Table 3.5. PSO solution with P; = Pj.cy.

Parameter Value Parameter Value
Np 500 Ep 500
errpr 0.0184 % | errg, 0.0038 %
Fr 8,192 $/h | P, 849.67 W
Fr(theoretical) | 8,194 §/h | Pr(theoretical) | 850 W

Table 3.6 shows an accuracy assessment for 10 tests of the PSO algorithm for this system,
and it contains the percentage error of the fitness function and the load constraint for the

DGUs, as well as Figure 3.9 depicts the evolution of the algorithm solution for each test.

Table 3.6. Accuracy assessment of PSO algorithm.

Test | %errpr %erry,

1 0.0184 % | 0.0038 %
2 0.0190% 0.0614 %
3 0.0094% 0.0534 %
4 0.0124% 0.0326 %
5) 0.0012% 0.0470 %
6 0.0009% 0.0541 %
7 0.0196% 0.0646 %
8 0.0153% 0.0577 %
9 0.0091% 0.0851 %
10 0.0093% 0.0882 %
Ave. | 0.01156% | 0.0548%
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Figure 3.9. Accuracy assessment of PSO algorithm.

3.4.2. Discussion

It can be observed that the percentage error achieved by the PSO algorithm is less than
0.02% for the fitness function and less than 0.06% for the load supplied by the DGUs,
which is suitable for including the MG system dynamics in the latter solution, and it also
has a suitable handling of the constraints considered for linear and non-linear systems
since it does not need information directly from the fitness function but its evaluated
value at each location of the particles. There is also a compromise with the selection of
the social and cognitive factor, as well as the penalty factor in order to achieve the final
value without obtaining oscillating responses when these values are selected too large to
make the particles have large movements along the search space, as it can be observed at
the beginning of Fig. 3.9, where the randomly selected particles result in different initial

state of the algorithm.

As for the implementation of the PSO algorithm in Matlab, the resulted execution time
without considering the system dynamics is ¢, = 3.059 s, which is considered suitable
for experimental applications owing to the control platform considered for this purpose is

a dSPACE DS1103, where its real-time execution performed in preliminary tests results
in t., = 4.26667 s.
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CHAPTER

SIMULATION RESULTS FOR THE
MICROGRID SYSTEM

These simulation results contemplate the dynamic performance of the entire MG system,
mainly the capability of manage different scenarios of the HCS is addressed for supplying
the amount of power necessary to satisfy the load connected, and maintain the parameters
between suitable values. It is considered the HCS is implemented according to the control
levels previously developed. Figure 4.1 shows the HCS applied in a centralized array,
where among the advantages of this structure are the stability is not affected directly
by the DGU impedance, the power sharing measurements can generate the reference
from the calculation of the total load, and also compensates by itself the current error
of each inverter in the MG. Among the disadvantages are the necessity of communications
together with high bandwidth bus, as well as less system reliability in contrast with the
distributed controller, and in some schemes there is no possibility of disabling a part of
the system [52,54,126].

4.1. Optimal power sharing scenario

Power sharing issue in a MG is related with the effectiveness of control function to
maintain regulated operation; for this purpose, in order to assess the dynamic and steady
state performance of the HCS, the solution for the Optimal Power Sharing (OPS) problem
is applied through co-simulation with the power stage of the MG (grid-feedings and
grid-forming converters) implemented in PLECS and the control strategy is computed

in Simulink.
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Figure 4.1. AC MG with three PV energy-based DGU in radial array and the HCS.

Figure 4.2 shows a MG system with four DGUs connected; the P(Q control and the

generation of the current references operate with the passivity based control (PBC)

strategy of the Section 2.1.2 in the primary and secondary level, and the optimal solution

is calculated in the upper control layer, where the DGUs working as the grid-feedings

inject the active power according to their optimal references to supply the load connected
Ry, =104 (P, = 1550 W) and the inductive load L, = 171 mH (Q; = 250 VAr) is

supplied according to the different scenarios.

AC mains

Figure 4.2. AC MG with three PV energy-based DGU with resistive and inductive loads.
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4.2. Simulation results for the optimal power sharing scenario

4.2. Simulation results for the optimal power sharing

scenario

Table 4.1 lists the optimal references of the solution for the optimization problem by
considering four grid-feedings in the MG with the cost functions of the equations (4.1)-
(4.4) as well as a connected load to satisfy P, = 1550 W. The purpose is to highlight the
issue of nodal voltage deviations in the power lines when the load connected is receiving
the active power from the grid-feedings facing different scenarios. In this case the value

for the line impedance Z; = 0.001 + j1.88 m{2 is preliminary selected.

Table 4.1. Optimal solution for a MG with four grid-feedings.

Parameter | Value | Parameter | Value |

Pones 305.4 W | Pigey | 1467 W
Pires 4687 W | Pimes | 5392 W
Py 1550 W Q. 250 VAr

Fy(Py) =561 +7.92P; +0.001562P} $/h, (4.1)
Fy(Py) = 310 + 7.85P, + 0.00194P7 $/h, (4.2)
Fy(P3) = 78 + 7.97Ps + 0.00482P5 $/h, (4.3)
Fy(Py) = 120 + 8.5P, + 0.00164 P} $/h. (4.4)

4.2.1. Microgrid performance with optimal operation and unity
power factor

In this scenario it is considered the grid-feedings are delivering the same amount of
active power P34 = 387 W to the load connected, as it can be observed in Figure 4.3
a). At the time ¢ = 0.55 s the optimal references for the OPS scenario are sent to the local
controllers of each DGU, and to operate at unity power factor at the PCC of each grid-
feeding converter the reactive power references are (1234 = 0 VAr, as it can be observed
in Figure 4.3 b).

Figure 4.4 shows the measured values for the peak voltage at the PCC of each DGU,

which the voltage deviation among the grid-feedings is due to the line impedance and the
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Figure 4.3. Transient response in the active and reactive power applying Optimal Power Sharing method.

corresponding current in this scenario, where the reactive power to satisfy ¢ = 250 VAr

is supplied directly from AC mains through the grid-forming in the BTB converter.

It is important to mention that the transient response does not present larger overshoot

percentage with the change of the power reference

4.2.2. Microgrid performance with optimal operation and
reactive power compensation

The voltage deviation previously observed is caused by the line impedance and the
circulating current among the DGUs in the MG to satisfy the power demanded by the
resistive and inductive load connected. To decrease this deviation, the closest DGU to the
inductive load is asked to inject the necessary reactive power to satisfy (7, = 250 VAr and

decrease the circulating current in the MG.

Figure 4.5 shows the transient response in the active and reactive power when at the
time ¢ = 0.55 s the grid-feeding 4 is asked to inject Q5 = 250 VAr, where it is possible to
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Figure 4.4. Transient response in the AC peak voltage values applying Optimal Power Sharing method.

observe the improvement in the tracking performance to inject the active power by each
grid-feeding according to their optimal references owing to the local control depends on the
voltage and current references at their PCC in the MG. Figure 4.5 b) shows grid-feeding
4 injecting the reactive power (4 = Q1 where the rest of the DGUs are working at unity

power factor.

Figure 4.6 shows the improvement in the voltage deviation where the reactive power is
compensated by the nearest DGU, where the voltage reference in the MG is Vjeqr = 180
V which corresponds to V,, = 127 V.

Table 4.2 lists the nodal voltages where it is possible to observe the voltage deviation of
the nodes 1-4 compared with the rated value of V,,, without reactive power compensation is
greater than the voltage deviation when the grid-feeding 4 converter near to the inductive
load @y, is injecting 250 VAr to the MG. Also, in the first case the main grid is supporting

this reactive power increasing the losses in the system.

The previous cases demonstrate the capability of the MG system with HCS structure to
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Figure 4.5. Transient response in the active and reactive power with reactive power compensation.

Table 4.2. RMS Nodal voltages values of the MG.

Power sharing without Power sharing with
reactive power compensation reactive power compensation
Parameter | Value % Error | Parameter | Value | % Error
Vigrid 127V - == Vigrid 127 V - — =
%1 12253 V 3.51% |41 123.03 V 3.12%
Vs 118.11 V ™% Vs 122.35 V 3.66%
Vs 114.49 V 7.48% V3 122.46 V 3.57%
Vi 111.26 V | 12.39% Vi 122.84 V 3.27T%

maintain a suitable performance during its operation while the load connected is satisfied
as well as the extended functions of PV inverters improve the capability to maintain the

voltage levels near to the rated values.
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Figure 4.6. Transient response in the AC peak voltage values with reactive power compensation.

4.3. Simulation results for the microgrid dynamical

performance and black-start scenario

The dynamical performance of the microgrid is assessed by considering the black-start
capability of the MG and the optimal power sharing scenario, where the corresponding
voltage deviations are caused by taking into account the line parameters previously
designed for a proposed realistic line impedance. The parameters considered are listed
in the Table B.1 of the Appendix B.

To avoid the inherent steady state error of the classical PBC strategy developed in
Chapter 2, a PI-PBC cascade structure is considered, as it can be seen in Figure 4.7,
the current references of the PBC strategy are generated from the output of the PI
controller as a secondary control in the HCS structure. The tracking capabilities of the
PI allow the improvement of the dynamic performance of the grid-feedings converter,
where this structure has been proven in power filter applications [127]. The corresponding

proportional and integral gains are Kppp = 0.95 Kpppe = 32.2.
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4.3.1. Optimal power sharing scenario with PSO
The PSO algorithm developed for the MG system in Chapter 3 is included at the third

level of the HCS with the system dynamics to compensate the voltage deviations, for this
purpose the fitness function considers the penalty factor for the voltage deviation as the

equation (4.5)

N

Fr(i) =Y Fu(Pe(i)) + MO Puli) = P)* + A2 (Ver(d) = Veum)?, (4.5)

where in this case Vpy;,, considers the allowable limit of peak voltage for AV < 5%, k
corresponds to the & — th DGU, N is the number of DGUs, and ¢ is the corresponding
iteration of the PSO algorithm, as stated in Chapter 3. Hence the problem formulation is

as bellow:

=2

Min (Z Fo(Pe(i)) + M Pili) = Po)* + A2 Y (Vpr(i) — vplimy) , (4.6)

k=1 k=1 k=1

subject to

N
> Py=P,=850W, (4.7)
k=1
170 < Vppim < 190 V. (4.8)

Table 4.3 lists the parameters given for this analysis; it is possible to observe that the

error percentages are less than 1%, as well as Figure 4.8 shows the evolution of the fitness
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4.3. Simulation results for the microgrid dynamical performance and black-start scenario

function which allows convergence with suitable performance when the dynamics in the
system is considered within the algorithm solution and there is penalty for the constraints

in the problem.

Table 4.3. PSO solution with the system dynamics.

Parameter Value Parameter Value
Np 70 Ep 80

errpr 0.98 % erry, 0.43 %
Fr 8,274 §/h | Pr 846.31 W
Frp(theoretical) | 8,194 $/h | Pr(theoretical) | 850 W
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Figure 4.8. Fitness value evolution including the system dynamics.

The system performance is assessed and the DGUs are asked to inject the corresponding
active power for the OPS scenario, owing to the steady state error has been improved
with the consideration of the PI-PBC cascade structure in the control strategy, and the
line impedance affects the performance of the optimization algorithm. Figure 4.9 shows
the transient response of the active power regulation when the references change from
Ply3 = 283 W to the optimal references at the time ¢ = 1.5 s, where the added PI
controller to the control strategy does not affect with large overshoot percentage, which

is negligible.

Figure 4.10 shows the voltage deviation considering the connected load close to the third
grid-feeding of the MG, which the largest deviation corresponds to the farthest node of
the load v, and the Table 4.4 lists both cases, where the worst scenario corresponds to
the case where the system regulates the optimal references which is less than 3%. This
highlights the compromise of operating in minimum operation cost and maintaining no

violated constraints in the solution.
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Figure 4.10. Voltage deviations with MG voltage as reference Vig pear = 180V

Table 4.4. Voltage deviations with MG voltage as reference Vi peat: = 180 V.

Parameter | Value (t < 1.5s) | Value (t > 1.55s)
erry 0.016% 0.055%

errya 0.990% 1.700%
errys 1.590% 2.920%

Once the test in the worst scenario for the voltage deviation has been carried out, three
different cases for the location of the load connected are assessed as it is shown in the

Figure 4.11, which each case considers only one load connected Pp4, Prg or Prc.

After solving the three cases Table 4.5 lists the fitness and load constraint values, and

as it can be observed the error percentages for both parameters result in err < 1%.

104



4.3. Simulation results for the microgrid dynamical performance and black-start scenario

==
| Ly R, !V‘ug R, néi, v, R, ,!:-L v, R L Vs
W " v W
P, 1 Pl L l - l Py | l P
\ ug ) | L4 LC
| O rC /u| | Py 3L ISERE | Ps| 3 L3
| | Ry 4 | o Ry | |0—‘ R | Rip | 05 Rs| Ric
‘ S 2 I S PR |
S _ L _ 1
+ Grid forming Grid feeding Grid feeding Grid feeding
converter converter 1 converter 2 converter 3

Figure 4.11. MG with three grid-feeding converters and multiple load scenarios.

Table 4.5. PSO solutions for different load positions.

Parameter Value Parameter Value

Fr(theoretical) | 8,194 §/h | Pr(theoretical) | 850 W

Fra 8226 $/h | Pra 850.06 W

Frp 8,200 $/h | Prp 848.70 W

Fro 82118$/h | Pro 850.11 W
4.3.2. Discussion

Although these scenarios consider a resistive load connected to the MG and the effect
of including non-linear loads is not addressed, as first approach it is possible to solve the
MG operation facing non-linear loads, by means of compensating the distortion power
through the nearest grid-feeding converter to this load as a part of the ancillary services
performed by power electronics converters, due to the need of reducing voltage deviations
as it is observed in this scenario with different load locations [128,129]. It is important
to mention that in this scenario the reactive power considered to be injected by the grid-
feedings is not included in the optimization algorithm, hence one the distortion power is

compensated, the solution of the optimal power sharing is not affected.

4.3.3.

The black-start (BS) capability of the MG takes part of the additional and ancillary
services in the electric power market, which through the black-start units (BSU) supply

Microgrid black-start dynamic performance

power after a system blackout, where the time for restoration as well as overshoot
percentage during the transient response are critical parameters to avoid system damage
[130,131]. For this purpose BSU have to be previously defined to give support to the MG
system, where RES-based DGUs have been proven and analyzed from the point of view
of electrical power systems in the system restoration, but the detailed dynamic of this

resources is neglected with the BS sequence definition [71,132].

These simulation results assess the BS capability of PV energy based DGUs in the MG
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Chapter 4. Simulation results for the microgrid system

after a fault has been released and the start-up procedure is carried out, where PV systems
have been proven as support in large-scale power systems [133|. The proposed black-start
sequence considers the proper connection of each converter and DGU to restore the steady

state operation of the entire system, through previously making the following assumptions:

e All the associated switches to DGUS and loads shown in Figure 4.12 are open.

e [t is assumed the time of the day allows PV panels receive irradiance enough to give

the grid-feedings the capability for supplying power to the MG.
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Figure 4.12. Switches location in black-start scenario.

After the above considerations the black-start sequence is as bellow:

1. The control system states are initialized to zero, avoiding large initial errors by

empty measurements.
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4.3. Simulation results for the microgrid dynamical performance and black-start scenario

2. As the grid-feedings operate when there is a fixed AC bus voltage at the PCC, first
the BTB converter must regulate its vpe bus through V.SC) to after that allow
V. SC; regulating v,,,.

3. After v,, has reached steady state conditions, the main MG switch ¢, and the grid-
feeding switches .4, are closed with the indicated time shown in Figure 4.12 to
charge the passive elements of the LCL filters in the MG giving smooth connection
for the DGUs.

4. The corresponding switches related with the charge of the capacitors in the PV
systems are closed only while the charge is in process in order to limit the inrush
current, and after that they are opened, where t,,c disable Rc and Ry, is opened
once the initial energy that circulates from the boost converter to the SPFB converter

has been dissipated.

5. Once the inrush current has been dissipated, the power references change from 0 to
Py, 5 at time tp, and after that the resistive load Ry, is connected to the MG at

time tg.

6. Finally, the PSO algorithm allows the MG system to have a minimum operating

cost according to the optimization objectives, hence Pyy 3 = Py

According to the above considerations, the following steps describe the BS sequence

with specific times and the measured variables and parameters shown in the Figures.

e 0 <t<0.15s: From 0 to 0.15 s vpe in the BTB converter is regulated achieving
steady-state conditions, as shown in Fig. 4.13 (a). The control signals in Fig. 4.13 (b),(d)
and (e) show that only the DC bus control strategy is working, but the AC MG control

and grid-feeding control are still not working.

o t = 0.15 s: After vpc, achieves steady state conditions. V. SCy of the BTB is asked to
form v, of the MG at ¢; = 0.15 s, this voltage signal tracks a reference measured from the
AC mains voltage, therefore it has the same amplitude and frequency. Fig. 4.13 (c¢) shows
the DQ MG voltage achieving steady-state conditions after the time when it is turned on,

as well as the suitable performance as it is tracking the D@ signals of voltage.

o ¢ = (.25 s: Once the AC MG bus achieves steady-state conditions, the switch that links
the grid-forming with grid-feeding nodes is closed at to = 0.25 s. The switches connected
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Figure 4.13. Control signals in black-start sequence.

in the LCL filter of each grid-feeding have a resistor in parallel operation to allow charging
of the capacitor without large overshoots caused by the inrush current. Fig. 4.14 shows the
active power measurements for the active power of the grid-feedings and their references

Py, 5 as correspond and v, is the MG voltage measured.

e t = 0.3 s: After the switch in ¢, is closed, the switches of the grid-feedings are closed
t fecdz With ze{1, 2,3}, starting with the first converter with ¢s..q1 = 0.3 s, where only the
switch in series connection with Lo is closed, for later to close the one in series with L, at
a time 0.2 s later, (i.e. t3 = 0.5 s). Figs. 4.14 shows the active power measurement of each
grid-feeding, where it can be observed the active power of the first converter in Fig. 4.14
(a) presents a small overshoot when the second switch is closed in t3 = 0.5 s; after that,
a third switch is closed at ty,c = 0.6 s, it is in the capacitor of boost converter, to put

in short circuit its series resistor R, where the maximum overshoot is about P = 320 W
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Figure 4.14. Active power and voltage measurements during black-tart sequence.

caused by the discharge of the boost converter capacitor, which can be supported by the
system through Rg;sch, it also allows to dissipate the current given by the boost converter
to the MG during the grid-feeding interconnection and its switch is open at tggisen1 = 0.8

S.

e t=1.7 s: The three active power references are sent to the control strategy
simultaneously at tp = 1.7 s (see Figs. 4.14 and 4.15), and the grid-feedings response
can be seen in Fig. 4.14 (a) to Fig. 4.14 (c), where the local control strategy allows the
achievement of steady-state conditions at the power reference. The signal P,  of Fig. 4.15

shows how the AC mains receives the active power given by the grid-feedings.

e t = 2.3 s: The load considered in the optimization problem P, = 850 W is connected
to the MG. Fig. 4.15 shows that the system is capable of supplying power to the load
without large overshoots to after that, at time tpso = 3 s the active power references are
changed to the corresponding value with the PSO algorithm solution. It can be observed
that the system is capable of operating in an optimal power-sharing scenario. Fig. 4.14

(d) shows the AC nodal voltage in the MG, where there are no large duration deviations
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during the transients according to the main MG operation standards.
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Figure 4.15. Active power measurements during black-start sequence.

As it can be seen in Figure 4.15, there is an active power value P,, < 50 W when the
switch in 0.25 s is closed, owing the passive elements of the system. Finally, it is important
to mention that the system does not present large frequency deviation, as observed in
the frequency measurement given by the PLL structure working in the control strategy,
as shown in Fig. 4.13 (f). The largest overshoot is due to the initialization of the PLL

variables in the control algorithm which is neglected.

4.3.4. Discussion

From the simulation results obtained, although the solution to the issue of reverse active

power to AC mains is not highlighted explicitly, it is addressed when the main operation
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of the DGUs is limited to supply only the load connected to the MG and avoiding active

power exchange with AC mains, as long as it is not a desired operation.

The analysis of the dynamical performance of the MG shows the proposed MG system
and the control strategy with HCS achieves steady state conditions and the minimum
operation cost, and it is also capable to obtain a suitable performance in voltage and

current measurements during black-start scenario under the proposed start-up sequence.
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CONCLUSIONS

The development of this thesis has contemplated the research work carried out regarding
the energy management strategies in AC microgrids with photovoltaic systems as the main
energy source. Power electronics converters play an important role in the implementation
of the hierarchical control structure to address the main issues related to high penetration
levels of this kind of systems into the AC mains, where it is possible to consider the
requirements established in the standards, such as voltage and frequency regulation, non-
unity power factor operation, and restoration capabilities, to provide the appropriate

solution through optimization methods addressing economic operation.

According to the analysis and synthesis of the topics carried out through this document,

the following conclusions are obtained:

e The microgrid system working with the proposed hierarchical control structure
achieves steady-state conditions with suitable performance in the transient response
and the minimum operation cost, where there are not considerable percentage
overshoots with PO; = 2.1%, POy4. = 10% and POy,, = 21.6%, as well as the

proper performance observed in the black-start scenario of the start-up procedure.

e High penetration of photovoltaic systems issues can be solved through the suitable
selection of the control strategies, as well as the considered microgrid structure,
where the main solutions observed in this research work are voltage and frequency
regulation with the tracking capability of the considered control strategies, which
allows to regulate voltage and frequency deviations when the optimization strategy

sends the suitable references to the local control.

e From the simulation results obtained, although the solution to the issue of reverse
active power to AC mains is not highlighted explicitly, it is addressed when the
main operation of the DGUs is limited to supply only the load connected to the MG
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and avoiding active power exchange with AC mains, as long as it is not a desired

operation.

e Regarding the requirements considered in the concerned standards of photovoltaic
systems operating in microgrids, the single-phase full-bridge inverter has the
necessary features to perform the tasks which allow active and reactive power
exchange at the point of common coupling, in contrast to the commonly used
topologies that are thought to send all the available energy according to the
irradiation conditions. Among such requirements are: non-unity power factor
operation, voltage and frequency regulation as well as suitable THDy and THD;

performance, and restoration support.

e The control strategies implemented at the primary level of the hierarchical control
structure provided regulation of the necessary parameters accomplishing voltage and
frequency regulation in case the converter performs grid-forming tasks or active and
reactive power regulation in case the converter performs grid-feeding tasks, hence
this control stage results capable to receive the references generated by the next

control stage, and achieved the load requirements of the system.

Further conclusions

e Passivity-based controller applied to the grid-feeding structure obtained a suitable
performance in the transient response, where mainly the settling time observed in
simulation is considerably faster than decoupled current control, and it is observed

experimentally the settling time is 25% faster than DCC control.

e The total harmonic distortion of the current at rated load given by each control
strategy at the primary level does not have a big difference between them at the
tested scenarios, hence the known drawbacks as parameter dependency of decoupled
current control could be considered for the selection of the control strategy in

contrast with passivity based controller.

e The mathematical model considered to describe the non-linear behavior of the
photovoltaic panel is suitable to provide the response of the renewable energy source
that supply the grid-feeding topology, where it is possible to observe the transient
response features in the current, when it faces the black-start scenario, and in this
sense take the necessary actions to reduce such effect to the microgrid through the

corresponding switches sequence considered for this purpose.
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e The use of the MPPT algorithm is used to obtain the reference of the maximum
constraint for the available limit of active power for each photovoltaic array, thus
this does not affect the dynamic of the system but the feasible region of the optimal

solution.

e The extended functionalities of the grid-feeding converters in the microgrid to
accomplish the new requirements of interconnected photovoltaic systems improve
the power quality when supplying the load demanded, and compensating voltage
and frequency deviation through active and reactive power regulation capabilities,
as it can be seen in the optimal operation with reactive power compensation scenario
of the Section 4, where the hierarchical control structure demonstrates achieving the

MG operation requirements.

e Particle swarm optimization algorithm allows an accurate convergence to the optimal
solution, and it handles the considered constraints appropriately to maintain the
solution within the feasible region, where the average value of the percentage error
given by the tests carried out is %errpr = 0.01146% when it approximates the
reference value obtained analytically by gradient method, as well as %err; =
0.05479% for the load constraint. In contrast, LP method allows suitable accuracy
with the drawback of linearizing the cost function lead to high computational burden

due to the increase of rows and columns of the main matrix to be solved.

e As for the implementation of the PSO algorithm in Matlab, the resulted execution
time without considering the system dynamics is tg;,, = 3.059 s, which is considered
suitable for experimental applications owing to the control platform considered
for this purpose is a dSPACE DS1103, where its real-time execution performed
in preliminary tests results in t.,, = 4.26667 s. Otherwise, including the system
dynamics it is not suitable for real-time implementation under these conditions, and

would be an area of opportunity in future work to explore this solution.

e The considered cost functions have a basic structure of the economic dispatch
problem, where it is important to mention that particle swarm optimization
algorithm needs the final value of the fitness functions, hence the generation cost
can be established by different criteria and considerations according to the problem
to be solved, and other factors can be added to the cost rate functions of each DGU;
then the procedure to the optimal solution has been achieved and designed for the

MG system, which is not affected directly by modifying such factors.
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e The commitment to consider a variety of different constraints through penalty factors
as a part of the objective function may be related with the violation of some limits,
hence according to the proposed scenario it is possible to supply a part of the
demanded load from the AC mains, in order to maintain such parameters within
the required limits, pointing out the scenario where the voltage deviation is close to

the limits in Section 4.

Contributions

The contributions for this work can be established as follows:

e The average mathematical model in the dq synchronous reference frame for the
distributed generation unit considering photovoltaic panels as renewable energy
sources as well as the Back-to-Back converter with LCL filter at the microgrid side,
to analyze and design their corresponding control strategies, where the PV dynamics

is considered unlike the results reported in other works.

e The experimental implementation and comparison of the control strategies in the
primary level of the hierarchical control structure for the grid-forming and grid-
feeding converters, to contribute with the development of the experimental control
platform of the microgrid, where the BTB converter has not been fully explored as

grid-forming capabilities in low voltage and small power scale systems.

e A proposed AC microgrid system in radial array to analyze the active and reactive
power exchange with the AC mains as well as the effect of supply the load from a

purely photovoltaic microgrid, where ESS are considered in other works.

e The proposed centralized energy management system through a hierarchical control
structure to solve the optimal operation of the microgrid from the point of view
of economical operation by considering the restriction of satisfying only the load
connected to the MG, and also solving high penetration issues, instead of having
overgeneration and power exchange to the AC mains as others researches have

approached.

e The development of the particle swarm optimization algorithm adapted to the

microgrid system proposed.
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Open issues and future work

Open issues and future work

The following issues are considered to continue the development of research regarding

the addressed topics in this work:

To design and implement the necessary control structures to provide grid-supporting

characteristics to the distributed generation units considered in the microgrid.

Provide smart features as the capability to decide if the converter works as grid-
forming or grid-feeding depending on the conditions at each scenario to obtain a

more flexible system and expand the possibilities of issues faced.

To explore hybrid optimization methods to define binary decision variables into
the problem definition to choose which generation units are working at determined

scenario of connected load and irradiation conditions.

To define a multi-objective optimization scenario to establish the priority of the
constraints to be accomplished according to different scenarios of available energy
and demanded load, such as load, power losses and parameters constraints, as well

as power exchange with the AC mains.

To explore novel optimization methods and their flexibility to adapt the problem

and the procedure to obtain the optimal solution.

A deeper analysis and suitable design of the control strategies at the primary
level can contribute with the improvement of the entire dynamical response of the
hierarchical control structure, due to the benefits of PBC is not contemplated at the
grid-forming local control of this system, being able of decreasing the percentage
overshoots and settling time of the transient response when it works as a full
controlled PBC MG system.

Due to the analyzed scenarios in this work only consider resistive load, a variety of
studies can be carried out considering different connected loads and locations, such

as linear and non-linear loads as well as critical and noncritical loads.

The cost function can be defined as time variable functions depending on the time
horizon in which their change is considered to reflect it in the dynamic performance of
the control strategies, where changing the cost or power generation conditions could

lead an unexpected change of the power references generated by the optimization
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stage, and influencing directly the response of the next control levels, and that is an

opportunity area to extend the results obtained in more realistic conditions.

To carry out the real time implementation of the entire hierarchical control structure
is necessary take into account the time frame definition of each control level in order
to obtain a suitable performance in its execution according to the changes considered
for the renewable energy source available in each scenario, in this case the availability

of the irradiation conditions.
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APPENDIX

LINE IMPEDANCE PARAMETERS IN
MICROGRIDS

The MG performance is directly affected by the impedance line parameters due to its
behavior at different frequency values and harmonics interactions; hence as it is mentioned
in the problem formulation, the line parameters are taken into account in order to include
its dynamics in the mathematical model, and how it affects the performance of the entire
system operation and in this sense avoid instability issues by means of a suitable design
of the control strategy [77,93].

To obtain results closer to real cases, the line impedance considered corresponds to a
lumped parameters model of the Eq. (A.1), for a short line with 600 m long sections AWG
6, where resistive and inductive parameters are computed and for a single-phase circuit the
conductance is neglected [96,97]. The Table A.1 contains the corresponding parameters
for the conductor of the line.

Z1 =R+ jw, L. (A.1)

To compute R; and L; the characteristic impedance Z, is given by Eq.(A.2); it is a real

number if losses are completely neglected [94, 95].

Ze ~\| R + | Zurl?. (A.2)

The high-frequency impedance Zgyp is defined by the Eq.(A.3), where 7 is the
propagation constant and its is part of the imaginary component in Zyp, p. is the

conductor conductivity.
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Appendix A. Line impedance parameters in microgrids

v

0
Tup = = 154.722 + j154.722 122 (A.3)
m

C

hence Zc = 1.27013 + j0.01884474 £,

It is also needed to compute the self inductance per phase defined by Eq.(A.4), taking

into account h = 6 m.

2h;
Ly = o n

H
— 1.5958477 12 (A.4)

™ r; m
where h; is the height (m) and r; the geometric mean radius. Therefore the line impedance

Z; results:

The impedance Z; is obtained by the following expression.

Q
Z) = Zc + jwaLi = 1.2701398 + j0.620467919984 "

m
Table A.1. Parameters of the conductor.
Parameter ‘ Value ‘ Parameter Value
Direct current resistance Rop | 1.2721072 2/m Permittivity e 1””31607;9 NC;22
Ground conductivity oy 1/100 S/m Permeability g 4mr10~7T N/A?
Conductor radius r 41121073 m Conductor conductivity o, ﬁ
CDTT
The computed values are contained in Table A.2.
Table A.2. MG line impedance parameters.
’ Parameter \ Value \ Parameter Value
AWG 6 l 600 m
R; 762 mS2 | X, 372 m{?
L; 987 uH | Conductor Area | 26818 cmil
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APPENDIX

MG SYSTEM DEFINITION AND
PARAMETERS

The Figure B.1 depicts the MG system to study and the Hierarchical Control Structure
(HCS) proposed in this work

Grid forming
; Py BTB  converter
Grid PCC Ve
Vg Lg Rg D - AC Ly Ry l’tug R, R L R L
._—{VV"\_IVW_ f—ar. Av' A Mo AA—NL faaaat
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Figure B.1. AC MG with three PV energy-based grid-feeding converters in radial array.

Table B.1 contains the nominal parameters considered in the MG.
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Table B.1. Nominal MG System Parameters.

| Parameter | Value | Parameter | Value
Voo 250 V 7 60 Hz
VAC 127 Vrms fsw 12.5 kHz
P 700 W R, 142 m(?
Q +700 VAr Rs 1.11 m{?
. 755 uF I 3.03 mi
R, 267 m{2 Lo 1.11 mH
R, 142 m(? I, 3.03 mHl
o 6.88 iF 72 762 1j372 mf?
Lo 3.38 mH Vs 127 Vo
ma 0.7 0 0 rad
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APPENDIX

MATLAB CODE FOR PSO ALGORITHM

Particle Swarm Optimization without considering

dynamics of the MG system

%PSO algorithm
np=500 %Particles 24
ep=500%Epochs
PLD=850;%Load conected (W) 31
%Social and cognitive factors
c1=0.001; ¢c2=0.001;
rl=rand (1); r2=rand(1); 34
%Population randomly selected
for i=1:np
P1(i)=1000%rand(1);
P2(1)=1000%rand (1) ; 33
P3(i)=1000*rand (1) ;
end
31
lambda2=10;
% Active power constraints
39
pmax1=1000; pminl=0;
pmax2=1000;pmin2=0;
pmax3=1000;pmin3=0; 41
T Maximum value of fitness
function 4
Plin=pmax]l; P2in=pmax2; P3in—=pmax3;
Ftin=5614+7.92.*P1in+0.001562%xP1lin "2+ ...
+310+7.85.%P2in+0.00194%P2in ~2+... 44
+78+7.97.xP3in+0.00482+«P3in~2+(Plin+
P2in+P3in—PLD) “2xlambda2;
k=2«Ftin*ones(1,np);%local fitness 41
L=2xFtin;%global fitness

123

% First global
selection

for i=1:np
Prefl=P1(i);Pref2=P2(i);Pref3=P3(i);
Plo(i)=P1(i); P20(i)=P2(i); P3o(i)=

P3(i);

f1(i)=561+7.92.%«Plo(i)+0.001562«xPlo(1i
)72
f2(1)=310+7.85.«P20(1)+0.00194%P20(1)
.72
f3(1)=78+7.97.*P30(i)+0.00482%P30(1)
.72
%Economic cost of the system
FTcosto (1)=f1(i)+f2(i)+f3(i);
%Fitness function with penalty factor
for the load constraint
FT(1)=f1(i)+f2(i)+f3(i)+lambda2x(Plo
(i1)+P20(i)+P30o(i)—PLD)."2;

%Selection of the minimum local value
for initialization
if FT(i)<k(i)
k(i)=FT(i);
Ppl=Plo(i); Pp2=P20(i); Pp3=
P3o(i);

Plbest (i)=Ppl; P2best(i)=Pp2;
P3best (1)=Pp3;
end
end
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Appendix C. MATLAB code for PSO algorithm

%Selection of the minimum global
[L,In] =min(FT);
PL=[Plo(In) P20o(In) P3o(In)|;

WO: Velocities

for i=1:np
vell (i)=10*rand(1); wvel2(i)=10%
rand (1); vel3(i)=10%rand(1);
end
%Fitness calculation

for epoc=1:ep %Epochs loop
for i=1:np%Particles loop

vell (i)=vell (i)+cl*rl*(Plbest(i)—

P1(i))+c2%12%(PL(1)-P1(i));

vel2 (i)=vel2(i)+clxrl*(P2best(i)10

P2(i))+c2x12%(PL(2)-P2(i));

vel3 (i)=vel3 (i)+clxrl=(P3best(i)—

P3(i))+c2%12%(PL(3)-P3(i));

% Updating position 103
P1(i)=P1(i)+vell(i);
P2(1)=P2(i)+vel2(i); 107
P3(i)=P3(i)+vel3(i);

% Active power saturatioid
values and

% change of direction for 111

the particles
11
if (P1(i)<=pminl)
P1(i)=pminl; 114
vell (i)=—0.1xvell (i);
elseif (P1(i)>=pmaxl) 117
P1(1i)=pmax1;
vell (i)=-clxvell(i); 11
else
P1(i)=P1(1i); 121
end
if ( 2(1)<=pmin2); 12
P2(1i)=pmin2;
vel2 (1)=—0.1xvel2(1); 12§
elself( 2(i)>=pmax2)
P2(i)=pmax2;
vel2 (i)=—clxvel2(i); 127
else
P2(i)=P2(i); 12
end
if ( 3(1)<=pmin3)
P3(1i)=pmin3; 131
vel3 (i)=-clxvel3(i);
elself (P3(i)>=pmax3)
P3(1i)=pmax3;

Initialization

95

9T

101

vel3 (i)=—cl*vel3(i);
else
P3(i)=P3(i);
end
Prefl=P1(i);Pref2=P2(i);Pref3=P3(i);
Plo(i)=P1(i); P20(i)=P2(i); P3o(i)=P3
(i);

f1(1)=5614+7.92.#P1lo(i)+0.001562xPlo(1i
). 2;
f2(1)=310+7.85.«P20(1i)+0.00194%P20(1)
.02,
f3(1)=78+7.97.«P30(1)+0.00482%P30(1)
.02,
FTcosto (1)=f1(i)+f2(i)+f3(i);
%Fitness function with penalty
factor for the load constraint
FT(1)=f1(i)+f2(i)+£f3(i) +lambda2x(Plo
(1)+P20(1)+P30o(i)-PLD)."2;
%Selection of the minimum local value
for initialization
if FT(1)<k(1i)
k(1)=FT(i
Ppl=Plo(i
Pp2=P20(i
(i
i

)
)7
)
Pp3=P30(1i);
Plbest(i)=
P2best (i
P3be

i
) pl,
)=Pp2
st (1) Pp3

end

end

Y%Minimum global selection

if min(FT)<L

[L,In] =min(FT);
PL=[P1(In) P2(In) P3(In

end
PLe(:,epoc)=PL’;
LLe(epoc)=L;

end

%Ploting the final

each epoch
PLsuma=sum (PL) ;
title (’'fitness’);
plot (LLe);
fprintf ('%Error’);
Cost_ Error=vpa ((LLe(end)

/8194100) ;
Load Error=vpa(100%(PLsuma—PLD) /PLD) ;

disp ("%’);

K

fitness value for

—8194)
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Appendix C. MATLAB code for PSO algorithm

Particle Swarm Optimization considering dynamics of

the MG system in the solution

open(’3 _DGU_MG_system. slx ’); )
%PSO algorithm

np=70 %Particles

ep=80%Epochs 44
PLD=850;%Load conected (W)

%Penalty factors

lambdal=10;%Load constraint
lambda2=10;%Nodal voltage constraint g
%Social and cognitive factors
¢1=0.001; ¢2=0.001;

rl=rand(1); r2=rand(1); 5A

%Population randomly selected

for i=1l:np

P1(i1)=1000%rand (1) ; 54

P2(1)=1000%rand (1) ;

P3(1)=1000*rand (1) ;

end 5

%—— Active power constraints

pmax1=600; pminl=150; 54

pmax2=400;pmin2=100;

pmax3=200;pmin3=50; 6

%— Maximum value of fitness function
- 62

Plin=pmax1l; P2in=pmax2; P3in=pmax3;

Ftin=561+7.92.«P1in+0.001562%P1lin " 2+.. 4/

+310+7.85.«P2in+0.00194%P2in ~2+...
+78+7.97.xP3in+0.00482%P3in " 2+... 6
+(P1lin+P2in+P3in—PLD) ~2xlambda?2;
k=2«Ftin*ones (1 ,np);%local
L=2«Ftin;%global

fitness 64
fitness

% ===First global selection =———
for i=1:np
Pref1=P1(i);Pref2=P2(i);Pref3=P3 (i,
)

Je=————=MG system simulation————x)

sim (’3_DGU_MG_system. slx . slx )
%———Output power of each DGU—— !
t=simout . Time; 74
theta=simout .Data;
Plo(i)=theta(end,1); 3
P2o(i)=theta(end,2);
P3o(i)=theta(end,3);
%———=Output voltage of each DGU——= 8

V1(i)=theta(end,4);
V2(i)=theta(end,5);
V3(i)=theta(end,6);

%—— Cost generation functions of DGUs
f1(1)=561+7.92.«Plo(i)+0.001562%
Plo(i)."2;
f2(1)=310+7.85.#P20(1)+0.00194x
P20(i)."2;
f3(i1)=78+7.97.«P30(i)+0.00482%
P3o(i)."2;
%Economic cost of the system
FTcosto (1)=f1(i)+f2(i)+f3(i);
%Fitness function with penalty factor

for the load constraint
FT(1)=f1(i)+f2(i)+f3(i)+lambda2x(Plo(i)

+P20(i)+P30(i)-PLD)."~2; ,
+lambdal*(V1(i)—180)."2+lambdal *(V2(1i)

~180). "
+lambdal*(V3(i)—180)."
%Selection of the minimum local
%for initialization
if FT(i)<k(i)

value

k(1)=FT(1);
Ppl=Plo(1i);
Pp2=P20(1i);
Pp3=P30(i);
Plbest(i)=Ppl;
P2best (1)=Pp2;
P3best (1)=Pp3;

end

end

%Selection of the minimum global
[L,In] =min(FT);

PL=[Plo(In) P20(In) P30(In)];
%—— Velocities
for i=1:np

vell (i)=10%rand(1);
vel2 (i)=10xrand (1) ;
vel3 (i)=10*rand (1) ;
end

Initialization

%Fitness calculation

for epoc=1:ep

for i=1l:np

vell (i)=vell (i)+cl*rlx(Plbest(i)—P1(1i))
+c2xr2%(PL(1)—P1(1i));

vel2 (i)=vel2 (i)+cl*rlx(P2best(i)—P2(1))
+c2xr2x(PL(2)-P2(1));

vel3 (i)=vel3(i)+cl*rl=*(P3best(i)—P3(i))
+c2#r2%(PL(3)—P3(1));
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Appendix C. MATLAB code for PSO algorithm

%Updating position 13
P1(i)=P1(i)+vell(i);
P2(i)=P2(i)+vel2(i);
P3(i)=P3(i)+vel3d(i); 134
% Active power saturation

values and
% change of direction for

the particles 134
if (P1(i)<=pminl)
P1(i)=pminl;
vell (i)=—0.1xvell(i); 13
elseif (P1(i)>=pmaxl)
P1(1i)=pmaxl;
vell (i)=-clxvell(i); 13
else
P1(i)=P1(1i); 14
end
if (P2(i)<=pmin2); 143
P2(i)=pmin2;
vel2 (1)=—0.1xvel2(1); 144
elseif (P2(i)>=pmax2)
P2(i)=pmax2; 14
vel2 (i)=-clxvel2(i);
else 14
P2(i)=P2(i);
end 15
if (P3(i)<=pmin3)
P3(1i)=pmin3; 154
vel3 (i)=-clxvel3(i);
elseif (P3(i)>=pmax3) 154
P3(i)=pmax3;
vel3 (i)=-clxvel3(i); 15
else
P3(i)=P3(i); 15
end

16

Prefl=P1(i);Pref2=P2(i);Pref3=P3(i); 162
%———MG system simulation
sim (’3_DGU_MG_system. slx . slx ) 164
t=simout . Time;
theta=simout.Data; 16
Plo(i)=theta(end,1);
P2o(i)=theta(end,2) ;
P3o(i)=theta (end,3) ; 16
V1(i)=theta(end,4);
V2(i)=theta(end,5);

V3(i)=theta(end,6);

£1(i)=561+7.92.%Plo(i)+0.001562+P1lo(i)
.72

£2 (1) =310+7.85.%P20(i) +0.00194xP20(i)
.72

£3 (i) =78+7.97.#P30(i)+0.00482%P30 (i)
.72

FTcosto(1)=f1(i)+f2(i)+£3(i);

FT(i)=f1(i)+f2(i)+3(i) +lambda2+(Plo(i
)+P20(i)+P30(i)-PLD)."2; ,..

+lambdal*(V1(i)—180)."2+lambdal*(V2(1i)
—180).72;,...

+lambdal*(V3(i)—180)."2;

end

end

%Minimum global selection
if min(FT)<L

[L,In] =min(FT);
PL=[P1(In) P2(In) P3(In)];
end

PLe(:,epoc)=PL’;
LLe(epoc)=L;

end

PLsuma=sum (PL) ;

figure (3);

title (' fitness’);

plot (LLe);

fprintf ('%Error’)

Error costo=vpa((LLe(end)—8194)
/8194+100)

Error carga_watts=vpa(100#(PLsuma—PLD) /
PLD)

disp (%)
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