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Abstract

A worldwide shift towards more sustainable types of energies is being led by researchers
worldwide, and the introduction of microgrids to integrate those types of energies is becoming
more needful. This dissertation interests to the control of parallel inverters. The control is
hierarchical in the sense that it should be carried out upon several levels, starting from the
controlling of each inverter in voltage or current, then ensuring the power sharing between them
using techniques like Master/Slave control and Droop control and finally implementing a voltage

amplitude and frequency restoration for the Droop control method.

Keywords: Microgrids, Parallel inverters, Sliding mode control, Power sharing, Droop

Control, Master/Slave control.
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Résumeé

Une évolution mondiale vers des types d'énergies plus durables est menée par des
chercheurs du monde entier, et I'introduction de micro-réseaux pour intégrer ces types d'énergies
devient de plus en plus une exigence. Ce mémoire s'intéresse a la commande des onduleurs
paralléles. La commande est hiérarchique dans le sens ou elle doit se faire sur plusieurs niveaux,
commengant par le contréle de chaque onduleur en tension ou en courant, puis en assurant le
partage de puissance entre eux en utilisant des techniques comme la technique Maitre/esclave et
la technique de statisme et enfin en mettant en ceuvre une restauration d’amplitude et de fréquence

pour la technique de statisme.

Mots-clés : Micro-réseaux, Onduleurs paralléles, Commande par mode glissant, Partage

de puissance, Technique de statisme, Technique Maitre/Esclave.



Acronyms

AC: Alternative current

DC: Direct current

PID: Proportional-Integral-Derivative

MGs or pGs: Microgrids

DER: Distributed Energy Resources

DES: Distributed Energy Storage

DG: Distributed Generators

CHP: Combined Power and Heat

PCC: Point of Common Coupling

VSI: Voltage Source Inverter

CSI: Current Source Inverter

SMC: Sliding Mode Control

FOSMC: First Order Sliding Mode Control
HOSMUC: Higher Order Sliding Mode Control
SOSMC: Second Order Sliding Mode Control
PWDM: Pulse Width Modulation

emf: Electromotive force
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General Introduction

World electricity production is experiencing sustained growth to meet the increase in elec-
trical energy needs and support countries’ development efforts. These efforts come up against
increased greenhouse gas emissions due to global warming. These efforts are accompanied by
measures to begin the energy transition to sustainable and green energy. For example, Algeria
is embarking on a new sustainable energy era. The Renewable Energy Program in its updated
version, consists of installing a renewable source power of the order of 22,000 MW by 2030
for the national market, with the maintenance of the export option as a strategic objective, if
market conditions permit.[§]

As part of our work, we are interested in the study of autonomous AC micro-grids composed
of two distributed generators. The objective is to control this micro-grid.

This thesis was made as part of the Master’s curriculum in automatic and systems, at the
LACoSERE lab. at the University of Laghouat. This work is divided into three chapters:

In chapter I, a bibliographical study on the context of the distributed generation of electricity
and the various control techniques developed in the literature is presented. More precisely, a
state of the art on the different control techniques used for the voltage and current regulation
for power sharing between the different distributed generators is presented.

In chapter II, a modeling of an inverter with LCL filter is carried out to design a control
law for the system. To well understand the tools used in the subsequent chapter, a presentation
of the control laws principles is given, namely PID and sliding mode controls. Chapter III
presents the application of second-order sliding mode control of (twisting algorithm[6]) on two
distributed generators to control the filter capacitors’ voltages for the first inverter, and the
output current for the second one as part of the zero level control. For a primary control we
presented two methods, the first one is a centralized method known as Master/Slave scheme
with central controller, and the second is a decentralized method that uses the droop control
technique. The secondary control for the second method is also highlighted. Simulation results
using MATLAB for each method are also given and discussed.

Finally, a conclusion that summarizes the work and some perspectives end the manuscript.




Chapter I

State of The Art on Microgrids

1.1 Introduction

Due to current environmental issues, the movement towards greener and environmentally
friendlier energies became the leading subject of many audiences around the world whether they
are coming from a political or a scientific point of view. In fact, these last years witnessed a
huge movement towards developing electrical systems based on power electronics applications,
which are then powered by a sustained and renewable sources of energy such as solar, wind, etc.

In this first chapter, we will explore the fundamentals of microgrids in general, their advan-
tages and disadvantages, and their modes of operation. We will also speak of DC-AC converters,
more commonly known as inverters, their types, and their relationship with microgrids. Finally,
we will explore the different control strategies that can be applied to a parallel form of inverters

in a microgrid.

1.2 What is a microgrid

Microgrids (MGs or pGs) cannot be understood as a new concept since small-scale power
grids have existed for a long time in distant regions, where interconnection with the main
grid is not possible for technical or economic reasons. Currently, the concept and definition
of microgrids are changing to provide customers with sustainable energy choices in terms of
renewable energy integration, grid reliability, flexibility and economy. A microgrid is defined as
an energy system incorporating intelligent management and consists of a variety of components,
including : distributed energy resources (DER) (photovoltaic, small wind turbines, fuel cells,
etc.) and distributed energy storage (DES) devices (Supercapacitors, Batteries, etc.) that can
be used to absorb the power excess from the grid and dump current to cover the power deficit.
In a nutshull, it operates as a controllable load to help improve the reliability of the microgrid.

Generally they are located nearby and they may include customers ranging from a single house
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to a group of heavy loads (hospital, school or campus, military base). The characteristics and
dynamics of each microgrid component presents a major challenge in controlling and operating
with the main grid.[9]

According to the US department of energy’s official website, a microgrid is a local energy grid
with control capabilities, in other words, it can be disconnected from a provided traditional grid

and operate autonomously or what is called ”islanded mode” .[10]

~ Other \,
<\ Microgrids |-

= a

A =

Figure I.1: Basic structure of a microgrid [2]

1.3 Advantages and disadvantages of MGs

Large energy users, from cities and colleges to industrial and military operations, have
different needs. Some require a flexible power system to protect their communities in emergency
situations, while others need to optimize their energy or protect their critical operations, and
all of them aspire to greener energy sources. Whatever the reasons, customizable microgrid
solutions provide optimal performance to meet a range of critical needs thanks to their different

advantages:

Ensured reliability :

— System resilience: 24/7 service continuity with local energy generation. And provides

a backup for the main grid in case of emergencies such as sudden power loss
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— Power quality: assures good energy quality while maintaining stability and electrical

safety.

— Power availability: assures enough power to respond to any given demand by balanc-
ing the supply of the main grid, local production, and load management and allows

isolated geographic areas to be more energy independent

Optimal efficiency :

Reduce losses: The proximity between production and consumption makes it possible

to optimize the delivery of energy.

— Reuse heat: The use of both electricity and heat, which increases overall energy
efficiency with the combined power and heat (CHP) system, which captures the
resulting thermal energy from electricity production for a wide variety of thermal

needs (hot water vapour, heating systems), which offers opportunities to optimize
the DG.

— Cost: Limit investments in transport and distribution grids.

— Allows for isolated geographic areas to be more energy independent and in some cases

more environmentally friendly.

Improve environmental sustainability :

— They make it possible to better integrate energies from renewable sources into the

main grid and thus avoid the installation of thermal power plants.
— Store and exploit the energy so that it can be used when needed.

— Reduce greenhouse gas emissions and the carbon footprint. [11]

However, despite the advantages mentioned above, the MG has some drawbacks:

1. Voltage, frequency and power quality should be at acceptable limits, which poses a chal-

lenge when designing an adequate control law.
2. Requires battery tanks to store energy, which requires space and maintenance.
3. synchronization to utility grid is proven to be a difficult task

4. Microgrid protection is one of the most important challenges facing microgrid implementation.[9)]
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I.4 Types of microgrids

1.4.1 From a connection standpoint
Remote or islanded

These microgrids are disconnected from the utility or the traditional grids and they operate
at all time in the island mode due to the lack of available and affordable transmission or
distribution infrastructures nearby, utilized mainly as battery energy storage, their main energy

sources are wind and sun.[12]

Grid connected microgrids

Opposed to the first type, these microgrids have the option of connecting to the grid using
a switching mechanism at the Point of Common Coupling (PCC), they also have the option of
working in island mode as well. In connected mode, they can provide grid services to the main
or utility grid such as frequency and voltage regulation, real and reactive power support and

power quality improvement. [12]

1.4.2 From an operational configuration standpoint
DC microgrids

DC microgrids connect the various energy generation sources and loads to a common DC
bus. Typically, DC microgrids consist of distributed generation sources varying from renew-
able and conventional power generation sources such as engine-based generators. These are
connected to each other through a DC bus. Renewable generators (solar photovoltaic panels,
wind-turbines/rectifier system, batteries, etc.) produce DC output. The operational voltage of
these DC buses often ranges from 350 to 400 Volts. [13]

AC microgrids

. The operational principle of AC microgrids is quite similar to their DC counterparts. The
main difference between them is the usage of an AC bus network for interconnection rather
than the DC bus which interconnects the distributed generators and loads in the network. this
output can be converted into AC through power electronic-based converters (inverters) that

need control systems, which is the main topic treated in this work.[I3]
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1.5 Definition of an inverter

DC-AC converters, also called inverters, are power electronic devices that makes it possible
to transform a DC source into an AC source. This transformation is based on fast and robust
control devices (semiconductor devices).[14] The symbolic representation of an inverter is shown

in figure |[.2}

N,

Figure 1.2: Inverter’s Symbol [3]

1.6 Classification of inverters

Inverters can be divided into two types according to their power source:

I.6.1 Voltage Source Inverter (VSI)

A VSI is an inverter fed by a DC-voltage supply, i.e. by a supply with negligible internal
impedance; its voltage is not affected by the variations in current flowing through it. The DC
supply imposes the voltage at the input - and thus at the output - of the inverter. If the voltage

u is constant and equal to U, whatever the value of i,

T
for 0<t< —:;u/ =+U
2 (L1)

T
for §<t<T;u':—U

With T being the the operating cycle of the inverter and its output values. The output
current ¢ and thus the input current i depend on the load placed on the AC side. This load
can be of any type, provided that it is not another voltage source connected directly across the

output terminals.|[T4]
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Figure 1.3: Voltage source inverter [3]

[.6.2 Current source inverter (CSI)

A current-source inverter (also known as a current-commutator) is fed by a DC-current
supply, i.e. by a supply whose internal inductance is too great that current ¢ flowing through
it cannot be affected by variations of voltage u across it - more especially by the discontinuities
in u, corresponding to the commutations. The DC supply imposes the current waveform at the

converter input and thus at its output. If 7 is constant and equal to I, whatever the value of u,

||-

U'
(D~

Figure I.4: Current source inverter [3]

T
for 0<t< =i =4I
2 (L.2)

T
for §<t<T;z”:—I

With T being the the operating cycle of the inverter and its output values. Voltage u' at
the output and thus voltage u at the input are dependent on the load placed on the AC side.
This load can be of any type, as long as it does not consist only of one current source.[14]

It can be also divided into two other types in regards to their control objectives, we have :

1.6.3 Grid following inverters

A grid following inverter is a DC-AC converter whose injected currents are controlled with
a specific phase displacement in respects to the grid voltage at the point of common coupling.

Having said that, the fundamental frequency of the grid at the PCC must be known at any

7
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time for the correct calculation of the current’s reference signal whose amplitude and angle with
respect to the grid voltage phasor are properly modified by outer control loops which can then

for example inject the right amount of active and reactive power.[13]

1.6.4 Grid forming inverters

Opposed to the grid following inverter, rather than controlling the currents, the magnitude
and angle of the output voltage at the PCC is the control goal, with that been said, this type of
inverter does not necessarily require the knowledge of the fundamental frequency at the point
of common coupling.

A grid forming inverter has the ability to inject instantaneous active and reactive power and

can provide voltage and frequency support.|[I3]

1.7 The purpose of using parallel inverters :

The primary concern of the usage of an inverter in a grid-connected situation can be summa-
rized in providing reactive energy and maintaining a certain voltage and frequency in the cases
of high-energy demand put on the traditional grid. With such a high power being delivered

through an inverter, having a single one may have some issues including :

- Poor reliability: in the case of the inverter shutting down due to some fault, the whole

microgrid will stop working.

- Maintenance and flexibility issues: having just one inverter can mean that its maintain-
ability will lead to its shutdown and by extension the cease of the entire process connected

to its output.

For these reasons, a parallel structure of inverters is one of the effective solutions to overcome
the aforementioned issues, not only by helping to achieve a higher power rating, but also by

improving the system’s reliability as well. A parallel implantation of inverters is used to :

- Getting a reliable set of inverters when it comes to one of them being shut down or more

due to different reasons such as components wear, accidents, etc.

- Keeping the system maintenance planning complexity at a low level, where in the case of
one inverter, the whole system collapses but in the case of multiple parallel inverters, it

would be a simple task.
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I.8 Microgrid Control Strategies

Microgrids often benefit from an advanced control strategy intended to improve their per-
formance. These strategies are mainly based on a hierarchical structure made up of four levels

of control: level-zero, primary, secondary and tertiary as shown in figure :

o
. Management of power flows
Tertiary with the general networ

control

Secondary Voltage Frequency and
control amplitude restoration
Primary control

Internal control voltage or current
level zero regulation

Power sharing

Figure 1.5: Hierarchical control strategy [2]

I.8.1 Internal control (Level-zero)

This level of control is used to ensure the regulation of the voltage or the current at the
output of each distributed generator (DG). It uses local measurements and does not require
communication between the different DGs. The objective of this control is to ensure the tracking
of the reference voltage/current wave robustly with respect to the installed loads [2]. The output
voltage or current must be controlled in order to minimize its harmonic content in the presence
of non-linear loads and to reduce the imbalance introduced by eventual unbalanced loads or the

impact caused by the accidental disconnection of one of the phases.

1.8.2 Primary control

This hierarchical level of control is dedicated to the management of load distribution and
active and reactive power flows between the various interconnected distributed generation units.
This control makes it possible to determine the reference voltage to apply to each distributed
generator from local measurements of the active and reactive powers at the output of each unit.

Primary control makes it possible to solve the problem of the physical disparity between the
distributed generators, to dampen the transient state during the connection and the disconnec-
tion of the generators and to avoid the appearance of circulating currents, which can bring the
system to instability. This level of control generates slight variations on the voltage’s frequency

and amplitude, hence the need for secondary control.[2]
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1.8.3 Secondary control

Secondary control is intended to restore the frequency and voltage amplitude to their nominal
values. Indeed, during the application of the primary control to correctly share the powers, the
frequency and the amplitude of the reference voltages of each generation unit vary according to
the droop laws used. These variations generate a deviation of the operating point of the system
from its nominal position and may exceed the allowable margins established by international
standards, i.e. a margin of 2% for the frequency and a margin of 5% for the voltage amplitude
(Standard NF EN 50160)[2]. The secondary control acts to restore the nominal values of the
frequency and amplitude of voltage using the information collected through the use of means
of communication between the different distributed generation units. The compensation of

deviations produced by the primary control is therefore ensured by the higher level of control.

1.8.4 Tertiary control

This type of control is mainly applied to microgrid and distributed generators connected
to the distribution grid. It requires devices and strategies of communication (centralized or
decentralized) to control power flows between the microgrid on one hand and the distribution
network on the other.

This control corresponds to the highest hierarchical level and operates with a very slow
dynamics. It is applied mainly for systems connected to the distribution grid. This level
of control also makes it possible, depending on the economic objectives, to ensure optimal
operation of the microgrid and to manage the power flows between the microgrid and the main
grid. In the grid-connected mode, power flow can be managed by adjusting the amplitude and
frequency of distributed generators.|[15]

In the remaining of this chapter, we focus on the first two levels of control, namely the
primary control and the level-zero control dedicated to the regulation of the voltage or the
current. These two levels and the secondary control are the three main levels treated in this work.

Several control techniques have been used in the literature. These techniques are presented in
figure [[.6]
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1.9 Internal control (Level zero)

In this level, several methods have been used in literature such as classic, nonlinear, pre-
dictive, learning-based and robust control as we have seen in figure [[.6] In this work, we have

chosen to use sliding mode control thanks to its advantages.

Sliding mode control:

Sliding mode control is a nonlinear control that has been used on distributed generation
systems. This easy-to-implement control provides good disturbance rejection and low sensitivity

to parametric variations on the system.

I.10 Primary control:

Primary control ensures the sharing of power flows between the various distributed gener-
ators. This sharing can be ensured by centralized and decentralized control techniques. This
control is added to the internal control, responsible for voltage regulation, to ensure that an
equitable distribution of loads and power flows is maintained in microgrids made up of several

distributed generation units.

I.10.1 Centralized primary control :

The centralized primary control of power sharing mainly focuses on the collection of infor-
mation and measurements via means of communication. This control is based on centralized
decision-making, which imposes communications for the transmission and reception of measure-
ment and command signals. Several centralized techniques have been proposed in the literature
to ensure power sharing. Among these techniques: the master-slave technique, the instantaneous
(average) current sharing technique, the circular chain technique, the angular droop control as
well as the consensus-based droop control. In this work we will use one of these methods which

is master /slave control and more specifically master/slave control with central controller.

1. Master/slave control with central controller : It is one of the variants of master-slave
control method. It is similar to the methods used for paralleling DC/DC converters. In
this method, one of the inverters operates in the voltage control mode (the master /
forming) and all the others (the slaves) operate in current-mode control (following) [4]. A

basic system structure representing one phase is shown in Figure [[.7

12
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central control
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Figure 1.7: Master/slave control principle with central controller [4]

There is only one shared signal between the converters in this method, it is the slave
reference current ¢¥. The current sharing block generates this signal from the measured
load current i,, by dividing it by the number of converters connected to the system N. The
output voltage vo of the system is controlled from the master unit, by using the voltage
controller G,(s), and the slave units have to provide the current demanded by the load.
The role of the current controller G.(s) is to decrease the difference between the reference

slave current ¢} and the actual slave currents.

1.10.2 Decentralized primary control :

Decentralized primary control techniques are mainly based on droop techniques. These
techniques are used to deal with the difficulties associated with the use of the means of com-
munication in centralized primary control structures.[2] in this level of control there are many
techniques that have been used as we have seen in figure .6l In this work, we will use the

conventional P/f-Q/V droop control.

13
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Conventional P/f-Q/V droop control :

The conventional droop control technique allows the different distributed generators existing
in a microgrid to share the power demanded by the loads. It is a technique based on power
theory that allows distributed generation systems to emulate the behaviour of a synchronous

generator by giving it a kind of virtual inertia. The principle of this technique is shown in

Figure [[.8
synchranous -

generator

synchronous |
generator

grid AC
waveform
50 or 60 Hz

Wind Turbine

Figure 1.8: Virtual inertia emulation for low inertia generators [2]

In conventional synchronous generators, the regulation of the active power is linked to the
rotation speed of the generator and that of the reactive power is linked to the amplitude of
the (emf). This approach is transferred to conventional droop control by making the analogy
between conventional generation systems and distributed generators based on renewable energies
as presented in Figure[[.9 Beyond that, the variation in the flows of active and reactive powers
is now a function of the amplitude and frequency of the output voltage of each distributed
generator. Beyond that, the variation in the flows of active and reactive powers is now a
function of the amplitude and frequency of the output voltage of each distributed generator.
This equivalence made it possible to improve the sharing of power flows and to reinforce stability
by bringing back a kind of virtual inertia to the system. In addition to virtual inertia, this
technique ensures compatibility by unifying the control applied to both renewable energy-based

systems and conventional synchronous systems.

14
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Synchronous
generator

' == o

E AN
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Renewable Energy

Source

Inverter

Filter

bridge

Vece

Figure 1.9: Analogy between conventional generation systems and distributed generation sys-
tems based on renewable energies|[2]

These characteristics make it possible to support the decentralization of electricity genera-

1. Stand-alone microgrid model:

distances separating the generation units from the consumers.

tion systems by allowing them to operate autonomously in remote rural areas with very large

The structure of a standalone microgrid can be described by Figure :

EZ3,
J
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E 45,
J
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56,

_ o iLl
Z-R+jX, [t

_— Vl
PH’J Q,
738, :
an

ZoRIX |>

—
Pll + j Ql] Vn

V20

E435.

Figure 1.10: Electrical model of a standalone microgrid
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In this representation of the autonomous microgrid, each distributed generation unit is
modeled by a Thevenin generator. A model composed of an ideal voltage source of ampli-
tude E; and internal angle 9; in series with output impedance “Z;”. This output impedance
includes both the internal impedance of the generator, the impedance of the filter at the
output as well as a line impedance ensuring the connection of each elementary DG to the
PCC. The voltages and currents at the output of each distributed generator are denoted

by V; and I, respectively.

Figure I.11: Vector diagram of the voltages of an elementary distributed generator

Vi(p) = Ei(p) — Zi(p)ILi(p) (I.3)

The determination of the power expressions supplied by each elementary DG with index
” 7;77

to the loads locally installed on the PCC bus results from the expression of its complex

apparent power given by:

E -V
Z

Si:Vi[zi:V;( ) =P+ jQ; (I.4)

OrV,=V

E —Vi\"
Si:V< lZ.V;> =P+ 7Q; (L5)

Based on the previous equation ([.5)), the expressions for the active transmitted powers P,
and reactive ); are described by equations ([.6)) and ([I.7)) respectively.

P, = % [(E;cosd; — V) cosb; + E;sin ¢; sin 6] (1.6)

()

Q; = % [(E;cosd; — V) sinb; — E; sin 0; cos 6;] (1.7)

2

Where, Z; = R; + j X, output impedance of each DGi characterized by a phase angle 6;

which corresponds to the phase angle between the voltage at the output of each elementary

16
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generator of index ”i” and the voltage “V” at the PCC load bus.

Equations and show that, similar to synchronous generators, power distribution
is controlled by means of physical variables specific to each generation unit (voltage and
phase shift angle). Moreover, this power distribution is related to the output Z; and their
character (inductive, resistive or capacitive). A character which mainly depends on the
parameters of the filter at the output, the line impedance which influences the choice of
the control strategy to be used. Depending on the predominance of the output impedance

of each DG, different variants of classic droop controls can be used.

. Case 1. Inductive impedance (6 = 90°) :

In the microgrid where each distributed generation unit is characterized by a sufficiently
low R;/X; ratio, the output impedance is considered to be predominantly inductive. This
situation corresponds to medium and high voltage grids which supply very distant loads.

Under these conditions, the active and reactive power equations already expressed in ([[.6))
and ([.7]) can be simplified to give equations ([.8)) and ([.9)).

VE,
= L in(s, I
P; o sin(4;) (L8)
Qi = v (E;cosd; — V) (1.9)
1T Lwl (2 (2 .

In the case where the internal generator angle is very small §; which is always the case:
(less than 0.1rad) this leads to the following mathematical simplifications: sin(d;) = ¢;
and cos(d;) = 1 Consequently, the equations and can be further simplified to

have the expressions ([.10) and ([.11):

VE;
= 5, [.1
P, Lo (I.10)
Vv
;= E, -V [.11
Q=7 (B~V) (L11)

Where

= [2nsi= [ (112)

By deriving equations ([.10)) and ([.11]), this gives

oP vV 5 0Q;, V
OF;,  Lw; OF;,  Luw;
0P VE & 00, 0 (1.13)
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Equations (L.9), (I.10) as well as ([.13) prove that active and reactive powers can be
regulated separately. Indeed, the active power depends on the internal angle §; and it

can be adjusted accordingly by the variation of this angle. Reactive power, on the other
hand, depends directly on the amplitude of the voltage E;. These findings present the
origin of the basic idea of droop control. Consequently, to ensure power sharing between
parallel distributed generators, the use of droop characteristics relating active power to
frequency (P-w) and reactive power to voltage amplitude (Q-E) is recommended. For
these characteristics, the reference voltages to be applied to each DGi have E; as their

amplitude and oscillate at the frequency w; These quantities are determined by expressions
(I.14) and (I.15]) of classical droop for an inductive behaviour.

w; = wo —my, (P, — P*) (I.14)

Where P; and @; represent respectively the active and reactive powers at the output of
each converter. w; and F; represent the pulsation and the RMS value of the reference
voltage. Respectively, P* and QQ* are the nominal active and reactive powers respectively.
K,, and K;, are the droop coefficients for the frequency and the voltage, which are chosen

according to the nominal active and reactive powers.

Figure 1.12: Droop curve for a system with inductive behaviour [2]

For more clarity on conventional droop control for an inductive microgrid, the control

diagram based on equations ([.14) and (L.I5)) can be summarized in Figure [.13]
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Average Power calculation Droop Control abc/dq Transformation

p* Cl
P E'
. ; g1+ dii
\ i “ Kpi L 8 abe —
Power Low-Pass Filter

. Calculation * E* .

i Qi % q.i

S > st u [
Q Eo

Figure 1.13: Block diagram of conventional droop control, for inductive output impedance [5]

2. Case 2. Resistive impedance (6=0°) :

At low voltage, the output impedance of each converter have a resistive nature and the
R;/ X; ratio becomes high to a point where the impedance phase shift angle can be consid-
ered zero (# = 0°). Under these conditions, equations ([.7)) and ([.8]) are written differently

as follows:

P, = % (Eicosd; — V) (1.16)
VE; .
Qs = -7 —sino; (1.17)

The internal angle 0 is very small, which makes it possible to simplify equations (I.16))
and (L.7)) until it yields :

VE, V?
VE;
Q; = - 5; (1.19)

The derivation of equations ([.18]) and (I.19) gives :

oF, V 00; v
OFE;, R, OE;  Lw; '
or. & 00, Ve (1.20)

As it should be noticed, from equations , and it is clear that the active
power P; is related to the amplitude of the voltage of the DGi and that the flow of the
reactive power is dependent on the internal angle ;. These findings lead to the conclusion
that the active power can be regulated by the amplitude of the voltage. While the reactive
power is regulated by the angle ;. Under these conditions, the use of droop equations
relating active power to voltage amplitude (P-E) and reactive power to frequency (Q-w)

is recommended.
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3. Calculation of droop coefficients :

In the context of distributed generation microgrids, the droop equations ,
behave like a virtual communication agent that watches over the correct sharing of power
between the different distributed generators. To achieve this, the droop control must limit
variations in the amplitude and frequency of the voltage at the output of each distributed
generation unit. Variations controlled and limited by IEEE Std 1547-2018[2]. According
to this standard, the percentage of the variation of the nominal voltage is limited to +5%
of its nominal value, while that of the frequency is limited to +£1%. By following the
requirements of the standards, it should be noted that the deviations on the amplitude of

the voltage and on the output frequency must be limited to an acceptable interval defined
by

(1.21)

|wi - w0| S A(*'Jimax
|E1 - w0| S AE’imax

Where Aw,ne, and AFE,,,. represent the maximum allowed limits for the pulse frequency
and for the voltage amplitude variation respectively. From the standards and authorized
limits, the droop coefficients can be calculated either for a P-w /Q-E or P-E/Q-w droop

control. The droop coefficients for the P-w/Q-E characteristics can be determined as

follows: A
Wimax — Wimin Wimax
K. = = [.22
P Pimax - Pimin APimaux ( )
Eimax - Eimin AEjimax
K, = (1.23)

" Qimax - Qimin B AC)imax
Whereas in the droop case that follows the P-E/Q-w characteristics, these parameters are

determined as follows:
Eimax - Ez min o AEz max

Cpi - Pimax - P@'min B APirnax

(1.24)

o Wimax — Wimin o AWz’max
Qi max Qz min AQ@ max

Where P, 0, and Q) mee are respectively the maximum active and reactive powers and

Cy (1.25)

which are often equal to the nominal powers of each DGi. P, i, and @ min are also the
minimum active and reactive powers of each DGi often taken equal to zero. Wimaz, Wimin
and E; oz, Ei min are respectively the minimum and maximum pulsations as well as the

maximum and minimum amplitudes authorized according to the international standard.
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I1.11 Conclusion

As we have seen in this first chapter, we got more familiar with the term “microgrid” and its
modes of operation, we have also presented the DC-AC converters (inverters), their classification
and their use in a parallel-connected scenario.

We have also seen the different stages and strategies for controlling a microgrid, namely the
internal and primary control strategies. In the next chapter, we will discuss the implementation
of the latter control strategies, more specifically, using sliding mode technique for the internal
control and the conventional P-f Q-V droop control for the decentralized primary control as
well as the master/slave control with a central controller as a centralized primary control.

In this work we will focus on islanded microgrids, so the tertiary control isn’t needed, but
it has to be noted that in the case of a connection to the grid, it is required to have a Phase-
Locked Loop (or PLL) in order to match the phase between the output of a microgrid and the
traditional grid.[16][17]

21



Chapter 11

Models and Tools

II.1 Introduction

The key to design a good and robust control law that implicates a system to follow a
certain desired behaviour is to first, obtain a mathematical model that can accurately describe
a system’s exact behaviour to a certain degree, then to design a control law that allows this
system to achieve whatever objective we have in mind for it. In this chapter, we will focus on
modelling our inverter so that we can in a second part, focus on choosing a control law that

adequately conforms to our specifications.

I1I.2 Inverter’s Modelling

An inverter is a power device that can be subdivided into two major parts as shown in Figure
MI.1} the inverter’s bridge and the LCL filter. Each of the two parts has its mathematical model

that expresses the relationship between the inputs and the outputs.

L1 LI'

a Iy M 2222
L2 L }
1 02
b L YN M Grid Or Load
1 L3 L3
VDC mm R Iz YN N To3
\% Vbn

VO| VOZ VOS
Wen cl——| Va Q——| Va2 3 ——| Va3

544%} s5 4%} s6 4%} Iey Iz Ics

® o

Figure I1.1: Inverter’s bridge and a LCL filter
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A good model of our inverter can describe its dynamics and make predictions about its

behaviour in a way that can permit to implement a control law and simulate its functioning.

I1I.2.1 Inverter’s bridge model

An inverter’s bridge model is established by making some assumptions that are sufficiently

accurate so as not to affect the validity of the used model such as [18]:

e Switching and conduction losses are negligible to our research, in this case, all semicon-
ductor switches become ideal or perfect switches, in other words they behave as zero value

resistance in their ON-state and as a infinite value on their OFF-state.

e Generators are considered perfect, in the sense that an ideal voltage source is considered
to have no internal resistance and provide a constant value of voltage at any time and

regardless the current it delivers.
e Passive elements are considered linear and invariant.

In this work, we will be using a three-phase two-level inverter as show in the figure [[I.2}

S1 s2 s3
a
b
e .
s4 S5 s6

Figure I1.2: Inverter’s bridge

As we can see in figure our inverter is composed of six total switches. It has to be
noted that each two switches sharing a ”leg”, for example S1 and S4 are always complementary
switched, meaning they cannot be both open or both closed at the same time. Taking that

into consideration, and by using Kirchhoff’s law, we can describe the relationship between the
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phase-to-neutral voltages (Vi ,Vin ,Ven) and the upper switches (S1, S2, S3) with the following

equation:
Vin 2 -1 -1 S1
Vin | = %Vdc -1 2 =11 |52 (I1.1)
Ven -1 -1 2 S3

I1.2.2 LCL Filter Modelling

To test our control models, an LCL filter model is established, in Figure a three-legged
LCL filter is shown, which mainly consists of a set of three-phase inductors, a set of three-phase

capacitors and another set of three-phase inductors

Iy

L1 L1
YN Y\
L2 12! i
1 02
L2 M YYN Grid Or Load
L3 L3
Y YN Y YN

I3

V01 V02 VO3
Van Von Ven Cl ::T Ver €2 T Ve C3 T Ve3

Figure I1.3: LCL filter model

We are going to divide the modelling of the LCL filter into three parts :
- In the First part we handle the currents of the first set of inductors
- The second part will be about the voltage of the capacitors
- The third part manages the currents of the second set of the inductors

It has to be noted that in our model and from the assumptions that are made later on, the

order of the system is reduced from a model that contains nine states, namely are:
- Three currents of the first set of inductors.
- Three voltages of the capacitors.

- Three currents of the second set of inductors.
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To a model that contains only six states. So to begin describing the system’s dynamics and

by using Kirchhoft’s law we find:

Van — Lnliy — Ve + Vea + Lol — Vi = 0 (1w2)
Vin — Lol 1o — Voo + Vs + Lyl — Vi, = 0 .
Lyl — Lol = —Vor + Voo + Vi — Vi (I1.3)
Lolpy — L3l = —Vioo + Vs + Vi — Vi
From the neutral point (or the node ”0”), we can find:
Ici + 1z + 1e3 =0 (IL.4)
And from the upper nodes, we find that:
Ici =11 — loi ; 1=1,2,3 (H-5)
Which means that:
]L1+IL2+IL3_ (101+102+103) =0 (116)

By making the assumption of a physical constraint being applied on the output currents
which is a neutral point being present in the connection of the load (meaning that the load is

connected in a star or Y form), the output currents can be described as the following :
Ioi + Ios + Ios =0 (11.7)

After the assumption being made in (I1.7)), we find that:

Iy + 1+ 1I3=0 (I1.8)
By differentiation ([1.8]) we find:

Iy +Ipp+ 115 =0 (11.9)
That means that :

Ips=— (Iil + [.L2> (I1.10)

By replacing equation ([[I.10]) in we find:

Lyl — Lolro = —Vey 4 Voo + Vi — Vi
{ 1111 2l o1+ Voo + b (IL11)

Lslpy + (Ly 4 Ls) Is = —Veo + Ves 4 Vi — Vi

25



CHAPTER II. MODELS AND TOOLS

From the figure [[I.3 we can deduce:

‘/an - S]-VDC
Vin = S2Vpe
‘/cn = SBVDC

So
Van — Von = (S1 = 52)Vpe

(IL.12)

(IL.13)

(IL.14)

Returning to the assumption made for the equation (I1.7)), a software condition that states :

Sl—i—SQ—I—SS:g

is optimal in the sense that:

(IL.15)

e It guarantees the symmetry of the duty cycles in balanced cases (centered around 0.5 and

regularly shifted).

e [t results in a voltage V,,, equal to V% Which makes the inverter emulate the operation

of a two-source inverter with mid-point.
e It maximizes admissible space of the load currents.

We are looking for S3 so :

sgzg—(susz)

So (I1.14) becomes :

2
by replacing equations (I1.13)) and (I1.17)) in (IL.11]) we find:

Vin — Ven = (Sl+252—§> Vbe

LiIny — Loy = =V + Ve + (51 — 52)Vpe
L3l + (L2 + L3) Iro = Voo + Vs + (Sl +2.52 — %) Ve

Coming back to equation (I.4) and by replacing
Ii=CVei;  i=123

We can find the following :
C1Ver + CaVes + CsVey = 0

(I1.16)

(IL.17)

(IL.18)

(I1.19)

(11.20)
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And this means that: o o
Vos = ——Ver — =V, .21
c3 c, T o e ( )
By integrating (I1.21]) and considering that the capacitors are initially discharged we find :
Ch Cy

=V — — 11.22
Ves g,V O3Vc2 ( )

By replacing equation ([[1.22]) in (II1.18|)

LiIpy — Lol = =V + Ves + (S1— 52)Vpe

. e g , (I1.23)
L3]L1 + (LQ + Lg) IL2 = —C—;VCl + _(C_§ + 1)VC2 ‘I’ S].VDC + ZSQVDC — QVDC

For the second part of the modelling,the objective is to find the dynamics of the capacitor’s

voltages, from the equation ([I.5)) we have:

Iev =1 —Ion (11.24)
Ioo =12 — loo
By replacing (I1.19)) in (I1.24)), we obtain:
CiVer = Iy — oy (11.25)
CoVor = 112 — o2
Or '
Ver = &I — o
{ e (I1.26)
c2 = g lr2 — Loz

In addition, for the third part, the second set of inductors, and by using kirchoff’s law we find:

Voi + Lilor — Ver =0 (11.27)
Voo + Lylos — Ve =0
The expression of the output currents becomes as follows:
S _ 1
for= g Vo1 = g Vor (I1.28)
los = L%Vm - Llévoz

For the third output current Ip3, adding its equation is unnecessary since the assumption
made in equation (I1.7)) is established. Finally, by summing up equations (I1.23)), (I1.26]) and
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(I1.28])), the system’s dynamics can be described by the following :

/

\

By taking :

We get :

\

L1I}41 - L2IJLJ2 = Vo1 4+ Ves + S1Vpe — S2Vpe

Loli + (Le + Lg) Iz = _g_;vol B (g_i + 1) Voo + S1Vpe + 2.52Vpe — 3Vpe

' 1 1
Ver = &1 — g 1o
- 1
Voo = & 12 — 1oz
I = 2V — LV
or = grVer — Vo

1 1
Ioy = L_/2V02 - L—/2V02

Li=Ly=L3=1L
Ci=0C,=0C3=C

LI1y — LIy = —Ver + Vo + S1Vpe — S2Vpe
LIp + 2L = —Vor — 2Ves + S1Vpe + 2 - S2Vpe — 3Vpe
Vor =t — Lo
Voo = L11a — Lo
Ior = £Ve1 — £Vou

r 1 1
los = Vo2 — 77 Vo2

By simplifying the first and second equation of ([1.30)), we get :

In=—1Vp + Y251 — Yoo
Iy = —+Vey + Y2052 - Yoo
¢ VCl = %]Ll - %[Ol
V'CZ = %ILQ - %[()2

) 1 1
Ior = Vo1 — 77Vou

loy = 4:Voa — 4:Voo

(11.29)

(11.30)

(IL.31)
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If we chose:

Voi

(11.32)
Voo

With X being the state vector, U1 and U2 being the input vectors (U1 is our control vector
and U2 elements are considered as measurable disturbances). A state space representation can

describe our system’s dynamics:

ol
s
o O

o o O

| =

X+ Ul+ U2+

=

I
o O oQ o o

Vbe
L
0
0
0
0
0

OOOON‘§O

o oQ o o o
o o o o
Q- o o o
o o o
Q
o o
Q

0 -4 0
(11.33)

As we have mentioned before, even though that U2 is considered to be a disturbance, a robust

control implementation should reject the effect of the disturbance on the regulated variables.

11.2.3 PID Controller

The PID controller is the most used technique in the control of industrial processes. The
major reasons for its wide acceptance in industry are its ability to control the majority of
processes, its actions that are well understood and its implementation that is relatively simple.
The design and tuning of the PID controller has been a subject of research since the day Ziegler
and Nichols presented their tuning method in 1942[19]. Although there are several techniques
for tuning PID controller parameters.

Tuning a control loop is arranging the control parameters to their optimum values in order
to obtain desired control response. At this point, stability is the main necessity, but beyond
that, different systems lead to different behaviours and requirements and these might not be
compatible with each other. In principle, PID tuning seems completely easy, consisting of only
three parameters, however, in practice; it is a difficult problem because the complex criteria
at the PID limit should be satisfied. PID tuning is mostly a heuristic concept but existence
of many objectives to be met such as short transient, high stability makes this process harder.
Also, if the PID parameters are not correctly chosen, control process input might be unstable,
with or without oscillation; output diverges until it reaches a saturation or mechanical breakage.

For a system to operate properly, the output should be stable, and the process should
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not oscillate in any condition of set point or disturbance. However, for some cases bounded
oscillation condition as a marginal stability can be accepted. In today’s control engineering
world, PID is used over 95% of the control loops. Actually if there is control, there is PID,
in analog or digital forms. In order to achieve optimum solutions, K,, K; and K, gains are
arranged according to the system characteristics. There are many tuning methods, but most

common methods are the following:

e Trial & error tuning method

Pole placement tuning method

Ziegler-Nichols tuning method

Cohen-Coon tuning method
e PID Tuning Software Methods (ex. MATLAB)

Among the classic controls used in the control of distributed generators, we can distinguish
the Proportional-Integral control (PI). This command is characterized by simpler design and

easier implementation. It is usually used by the implementation of the following transfer function

K

Cp](5> = Kp + ?Z (IIB4)

In these systems, the efficiency of this controller can be improved by using compensation
terms to compensate the cross coupling between currents and voltages. This controller ensures,
in steady state, a perfect precision in the continuous (dq) frame. This zero static error conse-
quently ensures less disturbed voltages and currents and a good active and reactive power flows
with fewer oscillations.

However, despite these advantages, this type of controller is sensitive to parametric variations
and uncertainties on the system parameters. Here, we preferred to use another control technique
in the internal loop (level zero) which is more robust, this technique is the control by sliding
mode that will be detailed later. While for the secondary control, a PI controller is sufficient

and gives good performance. [20)]

I1.2.4 Sliding Mode Control

First introduced by Utkin in the late 1960s, the sliding mode control is a non-linear control
technique applicable to both linear and nonlinear systems, it has received numerous attention

regarding:
e [ts relatively simple implementation.

e [ts robustness with respect to disturbances and parameters variation.
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The main principle of this technique is to steer the system to reach and stay on a given
manifold in the phase space, called sliding surface, this surface being the sliding (hence the
name sliding mode) or the switching surface, which is completely determined by the parameters
and equations that describes that surface.

The advantage of having such a behavior is on one hand to reduce the order of the system
in a way that it will be described by the sliding surface equations, and on the other hand, the
sliding phase is insensitive to disturbances.

Historically speaking, the sliding mode control can be divided into two main types :
e First-order sliding mode control introduced by Utkin as mentioned before.

e Higher-order sliding mode control, which was generalized by Emelyanov et al. in the

1980s.

First Order Sliding Mode Control (FOSMC)

This type of sliding mode control consists of designing a discontinuous control law in a way
that it makes the sliding surface attractive and invariant, at least locally.

Designing a sliding mode controller for a system should follow two steps|[7] :

e The first step consists of defining a sliding surface in which sliding motion satisfies certain

specifications, in other words, the the control objective is specified by that sliding surface.

e The second step is to design a control law that will drive the system onto that sliding

surface, and by consequence, the desired behavior.

Let us consider this nonlinear single-input single-output following system:
T = f(x,t)+ g(z,t)u (I1.35)

Where = € R” is the state vector,u € R is the input vector, and now we will define the new

function s(¢,x) in a way that it fulfills the following:
S={xeR":s(t,x) =0} (I1.36)

Represented as a manifold with the same dimension as the input u (one in this case), S is
what is called a sliding surface, and the function s(¢, z) is the sliding function.

For the first order sliding mode control, it can be defined as a sliding mode controller in
which the relative degree with respect to the control variable is equal to one (meaning that the

control variable appears in the first derivative of the sliding function), meaning that:

s = h(x,u,t) (I1.37)
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We can say that an ideal sliding on S exists if a restricted time ¢, exists such that a control
for equation (I1.35)) exists that satisfies s(t,z) = 0 for all ¢t > ;.

Notion of attraction :

For a sliding regime to exist, a sliding surface has to be locally attractive, which can be

translated mathematically by the following:

. 0Os . 0s
slg& 8_x<f +gu) < 0 and Sl_l}%lﬁ G_x(f +gu) >0 (I1.38)

This condition assures that when the system is in proximity to the sliding surface, the speed

vectors of the system’s trajectories will always be pointing towards this surface, as we can see

in the figure

S(x)=0

><V

Figure I1.4: Sliding surface attraction[6]

The condition (I1.38)), can be called an ideal sliding state (in which we have exactly s(t,x) =
0), if its reformulated to the following:

5SS <0 (11.39)

In addition, this is what is called the attraction condition.
The input v is formulated in a manner that the system’s trajectories are steered towards
that sliding surface and then made sure that it is maintained in its vicinity, a variable structured

control law can be defined as the following :

"y { ut(z) if s(t,x) >0 £ (11.40)

u(z) if s(t,z) <
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When the system is restrained to the surface S, its behaviour can be determined by what is

called the invariance condition.

s=10
Os (I1.41)
% [f(l') + g(x)ueq] =0

With this being taken into consideration, an equivalent control as suggested by Utkin is

given by the expression:

Js ! s
Ueq(T) = — {% (.7)):| p (x) (I1.42)
This equivalent control is defined iff % g(x) # 0on S. When realizing the variable structured
control law, it can be divided into two parts, the first part is considered to be the equivalent
control as shown by the equation ([1.42]), which assures the restraint of the system’s dynamics in
the sliding surface (what is called the sliding phase), and a discontinuous control, which assures
the convergence in a finite time towards that surface (or what is called the reaching phase).

A classic example of this applied to the system ([II.1]) is as follows:

U = Ueq + Udise (I1.43)
with )
Ugise = —K 9s (x) i sign(s) (I1.44)
disc — axg g .
Thus, the control law becomes :
0s -t
U=1ue, — K %g(aj) sign(s) (I1.45)

Chattering phenomenon :

From a practical point of view, an ideal sliding regime does not exist because it has to imply
that the control or the input could switch at an infinite frequency, meaning that our control law
cannot actually check the s = 0 condition, this introduces a phenomenon called chattering (as

shown in Figure (I1.5)), which is characterized by strong oscillations around the sliding surface
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Chattering
System's

Trajectory

Sliding
e | manifold

x4

Figure I1.5: Chattering phenomenal7]

This phenomenon is not favorable for any usage especially in power electronics, first because
it can induce some significant power loss, it can also wear out the system’s components faster
than it should, and more importantly, if the system is not resilient to a degree it can lead to
stability issues.

This is the salient reason that made researchers to introduce what is called Higher-order

sliding mode control.

Higher Order Sliding Mode Control (HOSMC)

As we have mentioned before, the FOSMC is indeed a robust nonlinear control technique,
but seeing its disadvantages (mainly the chattering phenomenon), researchers proposed a new
way of sliding on the surface that makes the control smoother while keeping the advantages of
sliding mode, namely its robustness, here we are speaking of Higher-Order Sliding Mode.

The name higher-order sliding mode control refers to the relative degree of the sliding func-
tion s. Opposed to the FOSMC, the objective is not only to cancel the sliding function itself,
but all of the derivatives to the degree r — 1 (r being the relative degree of the sliding function)
meaning:

s=§=5=--=5"1=0 (11.46)

In our case, a Second-Order Sliding Mode Control (SOSMC) is applied, meaning that our

sliding function should meet these requirements:

s=s=0
%:%:0 (I1.47)
e #0
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The last two equations of ([I1.47)) assure the relative degree being equal to two, the sliding
manifold S can be described by the following figure:

Figure I1.6: Sliding manifold for the SOSMCIJ7]

There are a lot of algorithms that implement a control law for this type, but the one that

we are interested in is the Twisting algorithm
Twisting algorithm[6] :

Let us consider the following sliding function :
§ = Tp — TRes (I1.48)

With z,, being the state that the desired behavior is applied on and wzg.s the reference
trajectory. In addition, let us consider this following representation of the second derivative of

the sliding function s :

§=ua(t,x) +b(t,z,u)U — Tfes (I1.49)

The twisting algorithm states that the control law is of the form :

U= Ueq + Udisc (1150)

Uegq is calculated through cancelling 5, meaning:

—a(t, ) + TRes

8l,, =0 = Ugq = o(t,2. 1) (I1.51)
For Uy two assumption have to be made :
0<T, <|b(t,z,u)] < Ty (I152)

la(x,t)] < A
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With that being established, we get :

— K, sign(s) if s$ <0
Udise =
—Kyrsign(s) if ss>0

With K, and K}, satisfying these sufficient conditions:

KM>Km
Km>%

Ty Km+2A
Ky > B V—

I11.3 Conclusion

(I1.53)

(IL54)

In this chapter, we have discussed the modelling of our inverter, with first mentioning some

presumptions that have to be made before starting to model, and then we have divided the

modeling into two parts: an inverter’s bridge and a LCL filter. After establishing a working

model for the inverter, the control law implementation was split into two parts

e PID controller: in this part we have discussed the PID controllers as well as their wide

usage in the industry, their advantages, and of course their disadvantages compared to

other techniques like the next one.

e Sliding mode control : for this part, we have talked about the theory of sliding mode

control, its advantages regarding to the PID control method, its disadvantages in some

cases, and the way to implement and design a control law using sliding mode, especially

the twisting algorithm which will then be used in the following chapter.
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Chapter 111

Microgrids Control

III.1 Introduction

In this part, and as we have already established in chapter 1 regarding the master/slave
control or the droop control, our study subject will be based on the pairing of parallel inverters,
for the first part our interest is going to be about establishing the first level of control shown in
figure |[.5| or voltage and current regulation. After that, the next two parts will be dedicated to
trying to establish the primary control which is power sharing as well as the secondary control

or the voltage frequency and amplitude restoration for the last control type.

IT1.2 Forming and following inverters control (Level Zero)

For the forming inverter, our interest is going to be about controlling the waveform of the
capacitors’ voltages, as for the following one, the second set of inductors’ currents are the

controlled states.

I11.2.1 Forming Inverter Control

As we have mentioned before, the interest of control of a forming inverter is the capacitors’
voltages, and going back to figure |[.5|this control level is considered to be the level-zero control.

Although there is a plethora of control methods to achieve our goal, we will use the second
order sliding mode control as we have mentioned in chapter two, where it has proven itself to
be a robust control method with good disturbance rejection.

Going back to the second order sliding mode control design (Twisting algorithm), the choice
of our sliding function will be made to satisfy the conditions mentioned in the equations .

Since we have two states to control, namely Vi and Ve, two sliding functions must be

defined, s; and s,. To drive the capacitor’s voltages towards a desired trajectory, we have the
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following sliding functions :
S; = VC’i - VCiRef 3 1= 1, 2. (IIIl)

With Vi; being the ¢ —th capacitor’s voltage and Vi;ges being the desired trajectory of V.
by differentiating once and by coming back the system’s dynamics (equation (II1.26])), it yields:
: . . 1 : _
Si = Veoi = Veires = 5[Li —loi — Voirey 3 1=1,2. (I11.2)
And by differentiating equation ([I1.2]) we get

R . .
S; = Efu —Ioi — Voirey 3 1=1,2.
) 1 Voo Voo 1. ) |
Ly Yooy Voo lp e 1113
Si LCVCH‘ TC Ui sT0  olo Veires { ( )

According to the Twisting algorithm as described in the second chapter (equation ([1.50])),

our control law can be described as :
U = Ueq + Ulise (111.4)

When it comes to equivalent control U, it can be described as the following :

1 Vbe Vbe 1 - - .
ieq v —Uieg — == — =1oi — Voirer =0 ; 21,2
Slow, =0 = =75+ Taliea = gpe = glon = Veures !
LC 1 1 .. .
Uieq = ——=Voi+ Floi + Veires| 3 1=1,2. (II1.5)

Vpe | LC C
As for Uys., if we could describe S as equation ([1.49), we would get :

ai(t,r) = — 2=V, — Lo
re ¢ L oi=1,2. (111.6)

bi(t, z,u) = ‘2[’—69

After defining I',,,, I'); and A as mentioned in equation ([1.52)), Ugs. can be written as :

—Kpisign(s) s$<0
Uidisc = ; 1= 1, 2. (1117)

—Kpisign(s) s$>0
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with K,,; and K satisfying the condition of ([I.54]). The final expression of the control law :

LC 1 1 . . —Kisign(s) $$<0 ,
— |+=Voi + sloi + VCiRef:| + coi=1,2.
Vpe [LC ¢ —Kpisign(s) s$>0

Ui = Uieqg + Uidise =
(I11.8)

To apply this control on inverters or more generally on any power electronics application,
the control method is mostly based on Pulse Width Modulation or PWM, for this purposes, the
controller generates the proper duty cycles that are compared with a triangular waveform in
which the frequency is equal to the desired switching frequency of the switches. In the case of
inverters, the desired wave-forms of voltage or current are sinusoidal, the generated duty cycles

are sinusoidal as well, but centered in 0.5 as it can be seen in the Figure :

1 ’f L T L L T \\ L L
Iat + v Y
0.5 \ ¥
0 = - ~ b
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time (s)
1 - ] I- ] -I T I- ] B
0.5
0 1 1111 1 1l 1 1111 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time (s)

Figure II1.1: Pulse Width Modulation applied to an inverter

For this part, we carried out a simulation containing an inverter with the following param-

eters :

DC voltage supply Vpe 700 V
First set of inductors L= 8mH
Second set of inductors | L' = 6mH

Capacitors C = 50pF

Table II1.1: Forming Inverter Parameters[I]
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As well as the controls mentioned by , the generated duty cycles are modulated using
a triangular signal with a frequency of 10kHz.

To have this type of modulation to operate properly, the generated duty cycles by the
controller (in this case the control) must remain within the range [0, 1], for this constraint to
be met, the sliding mode gains are set to K,,, = 0.01 K,; = 0.1.

The switching devices chosen in the following tests are IGBTs, they should suffice for a
switching frequency of 10kHz. The proposed control scheme can be shown in figure :

i : y—Va—
s1—— —u v
—p——— PWM P : Forming Sliding «—101—
i ] i Mode Control |«—ig;—
S3 —y—— “VCire—
N . S . ' €NCoref—
{ L L
i L R S
e E Iy L L T2 : E
Voc == | . "N YN . LOAD 1
: 1 e o f o | ] }
Inverter's Van | Von|  Ven
Bridge Vor Vor Voo EThree-Phasei
C=—|Va ¢=— Ve = Vo | Breaker !
Ici Iex Ics
LOAD 2

Figure III.2: Forming inverter control scheme

For the testing, a reference signal of Ve = 220v/2sin (27 ft), Vaepa = 220v/2sin (27 ft — )
with the frequency f being set to 50Hz is applied to both Vi and Vs respectively, the simu-
lation time is set to 0.5s, the first load power demands 5kW and 1kVAR of active and reactive
powers, at 0.25s, the three-phase breaker closes and the second load power demands are 3kW
and 4kVAR. The results are as follows :
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Figure II1.3: Reference and Capacitors voltages

=

!

0 0.1 0.2 0.3 0.4 0.5
Time (s)

0 0.1 0.2 0.3 0.4 0.5
Time (s)

Figure I11.4: Active and Reactive Power
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As we can see from figures [[T1.4] and [[T1.6] the power demands are not actually met as well

as the output voltages are not the same as the reference voltages, the explanation is that the
reference signal is applied to the capacitors and from figure they are overlapping, but
between the output voltages and the capacitor voltages there are the second set of inductors

voltages that were not taken into consideration, to construct the new reference signal we have:
Vii=Voi—Voi 3 1=1,2 (I11.9)

The reference signal should be of the following form :

{ Vet = 220v/2sin (27 ft) + Vi 11L.10)

VRera = 2204/2 sin (2w ft — %ﬂ)) + Vi

After doing so, the new results are :

E

Figure II1.7: Output Current after reference correction
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Figure II1.8: Reference and Output Voltages after reference correction
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Figure II1.9: Active and Reactive Power after reference correction
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As we can see, both active and reactive power demands are met with good reference tracking

for the output voltages.

II1.2.2 Following inverter

For the following inverter, our control interest is driven towards the output currents or more
precisely the current of the second set of inductors, the choice of a sliding function in this differs
from the forming inverter because the control expression is not explicitly shown in the second

derivative of the two states that represent the output currents Ip; and Ips meaning that :

=0 ; i=12. (I11.11)

To overcome this, a sliding function choice made by JJE. Slotine [21] consists of calculating
the relative degree n of the sliding function (in our case it is 2) and then choose a function of

(n — 1)th order, our new sliding function is written as follows :

With e being the error between the output current and its reference signal and A is a gain

that helps with the convergence speed of the solution, by following the choice of equation ([11.12))

we get:
Si = (Ibi - [Oi.Ref) - )\(IOi - [OiRef) ;o1=1,2 (HI'B)
1 .
S; = ?(ch' —VOi) + Moi — (Ioges + Morey) 5 1=1,2 (II1.14)

By differentiating (I11.14)) we get

. 1 . 1 . . . .
Si = fVCz‘ - fvo@' + Moi — (Iogeg) + Moreg) 5 i=1,2 (II.15)

1 A 1
= m(]u — Io;) + E(vCi —Voi) — <f

As for the second derivative

S Voi + Iores + Mopey) ; i=1,2  (IIL16)

A
Ll

1 1

N ) ) 1 . 1 . .
S = Iy — Io; Vi — (= Vs + — Vi + IS 4 Mpper) : i=1,2 (1117
ot L’C’O+ c (L’ 0+L, 0i T Lppes + Mopger) 5 i ) ( )

If we take B = (%Vbi + %Voz + ]g])%ef + /\]O;%ef), we get :

Vbe 1 A
(—VCi—FVDcUi - _) - m(VCz - VO@) + L/C

. 1
Si=
2

L'CL

(Ii—Io)—B ; i=1,2 (IIL18)
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Finally, the second derivative of the sliding function is of the form :

. Vbe 1 Vbe 1 A 1 ,
Si == Ui— — Vei+ ——) — =7 Ve I — Io; —5Voi— B ; =1,2
el T pepVert 5~ aprVeit pelln — lo) + Gpm Vo !
(IT1.19)
Going back to equation ([I1.4]), and by applying the twisting algorithm we get :
VDC 1 VDC
= ——Uieqg — Vei
S0, =0 ot~ pepVeit 57)
1 A 1 .
LCcL[ 1 Vpe 1 A :
Uieg = —— Vei+ ——)+ 75 Vei — Ui — Lo sVoi+B| ; i=12
"= Voo |TerVeit )t gpaYei - palln o) - C’L2O+] !
(IT1.21)
As for Uy, :
ai(t,x) - CL(VCZ VDC) - CL’Q VCz /LC(ILZ - ]OZ> + CL’QVOZ
_L,;CL(V%) CL’2 Vo + Voz + VO@ ;o1 =1,2. (II1.22)
bi(t,z,u) = LVDCCL

\

After choosing appropriate values of K,,; and Kj;; according to the algorithm, the control

law can be described by the following :

L'CL[ 1 Vpo 1 A

— i+ ——)+ =7V It — 1o;

Voo LCL<VC+ 2 )+CL2 LC(L 0i) =
{—Kmisign(s) 55 <0

—Kpisign(s) ss>0

Ui= Uieq+Uidisc = VOz +B

CL’2

i=1,2. (II1.23)

Because a following inverter is usually paired with a forming inverter or tied to a three phase
voltage source so that its output voltage can be imposed by it, we can simulate it by using a

1k load and a reference of :

{ Iores1 = 20sin (27 ft) (111.24)

[oRer2 = 20sin (27 ft — 1))

This reference is chosen for a 1k load under an RMS voltage of 2204/2, this is why for
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testing purposes we used an ideal three-phase generator that can supply that voltage as shown

in figure :

4 \ <«—Ve—

. [ ] U1 «Voo—

: : Following Sliding Mode<_§01_

— s PWM =

S2 : uz Control <y

: Il

— —u pars g

_____________ <“—logrer—

ideal 7
: Three-Phase—————
| generator —————
S L U o S —
: | B v RARA - :
: | L L I ! :
Voc == | ' 2 YN ” . R=1kQ
I ' L L ' )
; : I ! i '
; - Y A "N 2 ;
Inverter's Van | Von| Voo
. V, V, V,
Bridge € ::[ Ve C ::T Va € Ves o * *
Icy Iz Ics

Figure II1.10: Proposed control scheme for a single following inverter

The sliding mode gains K,,; and Kj;; are both set to 0.05 and 0.5 respectively, A is set to
10* :

25 1 1 1 1

Load current 1

1 1 1 | 1
Load current 2 Load current 3 =s=xe=re Current reference 1 — = -Current reference2 — — Current reference3|

Current (A)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)

Figure II1.11: Reference and output current of a single following inverter
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As we can see in the figure [[II.11] the output current quickly catches up with the reference
signal (in less than 10ms). After being done with the first level of microgrids control, in the
next two sections we are going to be dealing with both the primary control and the secondary

control.

II1.3 Centralized control

For a standalone microgrid with centralized control, we will use forming-following setup and
we need three levels of control.

Regarding to the zero level control, we will control the waveform of the capacitors’ voltages
of the first inverter (forming) and the currents of the second set of inductors of the second
inverter (following). For this purpose we have used the second-order sliding mode control,
namely Twisting algorithm. The calculation steps and results of the control (for each inverter
separately) are already illustrated in section

For centralized primary control. We will use in this work the Master/Slave method with
central controller because it is relatively simple to implement compared to other centralized
techniques. This technique is already explained in section |[.10.1}

At last. This technique (Master/Slave) does not require a secondary control because it does
not generate variations on the frequency and the amplitude of the voltage. These last two are

already provided by the zero level control.

II1.3.1 Simulation results

All simulations were performed in MATLAB/Simulink (R2021b). the table [L1I.2| represents

the parameters used for this part of simulation.

Simulation solver ode8 (Dormand-Prince)
DC voltage supply Vpe 700 V
First set of inductors L= 8mH
Second set of inductors L' = 6mH
Capacitors C = 50pF

Table II1.2: Master/Slave Simulation parametres[I]

The simulation scheme is illustrated in a block diagram as shown in Figure [[I1.12]
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We can see in the figures below, the simulation results for two loads, the first load starts
at the beginning of the simulation, the second one is introduced at ¢ = 0.08s, the table [[IL.3]

represents the parameters of each load :

Load 1 Phase to phase voltage 2204/3V
Load 2 Phase to phase voltage | 220v/3V
Load 1 Active power demand 5kW
Load 2 Active power demand 4kW
Load 1 Reactive power demand | 2kV AR
Load 2 Reactive power demand | 5kV AR

Table II1.3: First and second load specifications

Rl
EQTITTR
T

Figure II1.13: Voltage of the load and both inverters (master & slave)
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Figure [I11.13| presents the voltage of the loads and the voltage of the first inverter (Master)
as well as the second inverter (Slave). From this figure we can notice that the voltage control

is robust when we connected a second load at time ¢ = 0.08s.

Load current (A)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Master inverter current (A)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time (s)
g I 1 1 1 I 1 1 1 1
= i_inv2(1) i_inv2(2) i_inv2(3)
g, 10 -
2 5- i
=
o -10 \/—
>
(C_;; 1 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time (s)

Figure II1.14: Current of the load and both inverters (master & slave)

Figure [[T1.14] shows that the Master/Slave technique divides almost equally the current

absorbed by the load between the inverters available in the microgrid.
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Figure II1.15: Active power of the load and both inverters (master & slave)
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Figure II1.16: Reactive power of the load and both inverters (master & slave)
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Figures [[I1.15 and [[II1.16| allow us to observe the equally shared power between the two

inverters thanks to this technique. In summary, master/slave control can achieve excellent

power sharing performance plus its ease of implementation advantage [22]. But despite this,
communication-based approaches, especially Master/slave technique has some drawbacks in-
cluding: the need for high-bandwidth communication channels, which can be impractical and
costly in microgrids with long connection distances between inverters, a relatively fast slave unit
controller and the presence of a unit acting as a central control or a master which creates a
single point of failure. If the master unit fails, the whole system will. [23]

A simple non-communication-based power sharing strategy can be realized in the sense of
frequency and voltage droop method. The advantage of the droop method is that it does
not require communication signals amongst units in parallel, thereby enhancing the system

reliability.

I111.4 Decentralized Control

I111.4.1 Droop control

For this part, we will be applying the droop control technique on a parallel setup of Form-
ing/Forming inverters. In a line that is predominantly inductive, the conventional P/{-Q/V
droop technique can be applied which allows distributed generation systems to emulate the
behavior of a synchronous generator as we have seen in Figure [[.8|

Figure explains how droop control can be applied to obtain both voltage and frequency

references :

—
Instantaneous
Active and
Reactive Power
Calculation

Wp

+
Pt ——P——>m, WRef-Wn- WRet—>
inst—>

Low pass filter

inst—>"
Qinst QHE—VRQFV&—H }——VRef—>
+
Vn

abc to dq0
Transform

Figure I11.17: Droop control schemel5]

As we can see from figure [[II.17, we first have to calculate the instantaneous active and

reactive power using the following equation :

Pinst
Qinst

3
2

V;)d ‘/oq
‘/oq - ‘/;)d

[od
I11.25
; ] (1.25)

ogq

Then, these power are ran through a low pass filter with a cutoff frequency of w. whose
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output calculates the fundamental components P and (). Both the references of the voltage’s

amplitude and frequency are calculated following these equations

WRef = Wy, — My(P — P) (I11.26)

Vier = Vi = 1q(Q — Q7) (I11.27)

The droop coefficients m,, and n, are calculated by the equation mentioned in the first

chapter, a reminder of those equation :

Wmaz — Wmin
mp = —
Pma:c
Vmaz’ - me (11128>
nq = Q—

Where w40 — Winin and Ve — Vinin are chosen accordingly to their according allowed norms,

Proe and Qe are the maximum active and reactive power respectively.
Now to apply this method on a parallel setup of two forming inverters, the droop coefficients
chosen are set to m, = 107> and n, = 3.111 - 107°, these values represent a frequency deviation
of £1% and a voltage deviation of 5% and an active and reactive power rating of 10°W and
10* VAR.

There are two loads that are used to test the system, the first one is rated at 5kW and
2kVAR, the second one comes up at the half of the simulation time with 4kW and 5kVAR,
making the total active and reactive powers at the end of the simulation ratings at 9kW and 7
kVAR, it has to be noted that for the two loads, to properly consume those powers, their phase-
to-phase voltage rating is set to V' = 220v/3V, so the nominal voltage and nominal frequency
in radiant of the droop control are set to 220 V RMS and 27 f,, with f,, being set to 50Hz, the

cutoff frequency of the low-pass filter is set to 107r%.

The reference signal applied to both inverters are the reference voltage amplitude and fre-
quency calculated from the droop control as shown in figure as well as taking into consid-
eration the voltage of the second set of inductors for each inverter as we have already mentioned
in the forming inverter part of this chapter (equation ([11.10)) specifically), the simulation results

are as follows:
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Figure I11.19: Reactive power of the load and both inverters
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As we can see from both figures [[I1.18] and [[II.19] both active and reactive power demands

are not met, in fact, at the end of the simulation both inverters should be giving out 4.5kW

and 3.5kVAR but instead, they are giving less than expected. The explanation of that can be

shown in the next two figures :

zZ
N
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[<o]
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|
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P P
© [{e]
O [(e]
O [(e]
ES D

T T

1 1
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1 1

2000 | .
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0 1 1 1 1 1 1
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Figure I11.20: Active power and frequency of both inverters
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Figure I11.21: Reactive power and voltage amplitude of both inverters

As we can see from figures [[T1.20] and [[T1.21] both frequency and amplitude of the voltage fall

due to the droop control, where the load’s rated phase-to-phase voltage and frequency are set

to 220\/(3) V and 50Hz, respectively. to solve this issue, a voltage and frequency restoration
control loop must be applied.

111.4.2 Voltage amplitude and frequency restoration

In this part, and to restore the voltage’s amplitude and frequency to their nominal values,
the droop equations as described in [[T1.26] and [[TT.27] can be reformulated into the following :

Whef = Wn — My P + Aw (I11.29)

Vie = Vo —n,Q + AV (IT1.30)

Where Aw and AV are the output signal of PI controllers that cancels the error between
the nominal and the instantaneous frequency as well as the nominal and instantaneous voltage
amplitude. Since the droop control is allowing an equal power sharing between the two inverters,
the instantaneous voltage amplitude and frequency can be obtained from only one single inverter,
then the two factors Aw and AV can be divided between both inverters [24], this can be seen
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in figure ;
+
VRef PI Controller AV—>
Vi
+
WRef Pl Controller —Aw——
Wn

Figure I11.22: Frequency and voltage amplitude restoration scheme

By doing a restoration to the voltage amplitude and the frequency, issues like the one we
have met in the previous section are dealt with, for the simulation, the same exact voltage, load
and power rating used in the droop section are used here, since this plant is unconditionally
stable (Phase margin of 90 degrees and an infinite gain margin), the parameters of the two
PI controllers are calculated to obtain a quick response and settling time. (0.231s and 0.406s

respectively), they are set to K, = 0.05; K; = 10, the results are :
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As we can see in the previous figures, especially in figures [[T1.25] and [[I.26] the power

demands applied by the load are exactly met and that is due to the accurate restoration of both

the frequency and voltage’s amplitude.

II1.5 Conclusion

In this chapter, we have talked about the forming and following inverters as well as the
sliding mode control method (the twisting algorithm specifically) applied to both of them.

After that, a centralized primary control method (Master/Slave control) is the subject of
discussion, we have talked about how can this method perform power sharing between the
forming and the following inverter, as well as some disadvantages regarding its reliability.

Finally, the decentralized primary control method (Droop control) is brought up to attention,
we have talked about the workings of this method as well as its disadvantages when paired
to loads with specific voltage and frequency ratings, to overcome these, the second level of

microgrids control (Voltage amplitude and frequency restoration) is applied.
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General Conclusion

In this dissertation, we had been interested in the implementation of microgrids and more
specifically the control of parallel inverters that represent the most salient part of them. The
main objective is to ensure the stability of the grid by balancing the power transfer between
the sources and the utilization.

In the first chapter we provided some important notions of microgrids starting by their
definition, their types, advantages and disadvantages, inverters and their types as well as the
different control methods applied to microgrids.

The second chapter is where we talked about, first of all, the model of the inverter used
in which we have proved its validity in details, then we have moved on to the presentation
of the control methods used in this work, starting by the PID Controller in which we gave a
brief definition of this method as well as some of the methods used to tune a PID Controller.
Then we have concluded this chapter by the sliding mode control in which we gave a brief
historical background and presented its two main types : First Order Sliding Mode and Higher
Order Sliding Mode, with the implementation of Second Order Sliding Mode Control twisting
algorithm.

For the third and final chapter, we moved to the simulation part of this work, starting by
the level-zero control (or voltage and current control) by designing a working implementation
of the twisting algorithm to control either the output voltage or current of an inverter in which
we had great results (a response time less than 10ms) and an excellent reference tracking, then
we have moved on to the primary control in which we have tried two methods : the centralised
method of Master/Slave control for which we have obtained some good results when it comes
to power sharing, but we ran into some issues like the inaccuracy of the power sharing in higher
load demand situations and the fact that for this method to be implemented practically, a high
bandwidth communication channels is needed, in which cost can play a significant role, for
these issues, we implemented the decentralized method of droop control, this method allows
equal power sharing between inverters by dropping the voltage’s frequency and amplitude to
properly meet the active and reactive power demands respectfully, but as we have mentioned
in the first chapter, this method require the use of secondary control (or voltage’s amplitude
and frequency restoration), we were able to successfully implement this secondary control and

restore the voltage’s amplitude and frequency to their nominal values
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For future works on this subject, Three points of improvements can be mentioned
e The first point is about validating the obtained results experimentally.

e The second point concerns the calculation and the generation of reference signal for the

Master/Slave method to reject all harmonics present on it.

e The third point is about connecting the parallel inverter to the main grid to show the

efficiency of the control techniques used in this work.
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