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General Introduction

General Introduction

Nowdays, the primary sources of electricity in the world are from fossil fuels;
corresponding to 75% of the world electric energy production. The rationale of their
domination is the accessibility of the fuel and its high energy density once it is combusted.
Since fossil fuels need many years to be exploitable, they are classified as non-renewable
energy sources; these sources will soon be used and cannot meet the growing energy
demands [1]. In addition, there is a unanimous consensus that the combustion of fossil
fuels is damaging the environment. With a view to keeping the environment clean, these
fossil fuels are now being replaced by the renewable energy sources (RESs) such as solar,
wind, geothermal, hydro and so on [2]. For example in Algeria the growth rate of
electricity consumption was around 11.5% in 2010/2011 reaching 14 GW in 2014. In order to
foster the national electricity production capacity and reduce the environmental impacts, a
national renewable energy programme 2011/2030 has been adopted. The national PV
solar energy production strategy consists of the construction of 23 solar power plants in
the Central Highlands Ain Azel (Setif), Ras el Oued (Bordj Bou Arreridj), Oued El Ma
(Batna), Chelghoum El Eid (Mila), Ain El Melh (M'sila), etc [3].

Commonly, power systems are structured such that the power flow is done in one main
direction, starting from power stations with large central generators connected across
transformers into a high-voltage transmission grid that delivers power to the distribution
system through grid transformers and distribution transformers until they reach
consumers [4]. However, in recent years there has been a parallel development that was

characterized by connecting small capacity generating units directly to the distribution

1
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networks, and it was called the distributed generation (DG) units, and therefore power
generation is no longer limited to the beginning of transmission lines, but also at the
distribution areas, due to the presence of small capacity-controlled generating units. It is
carried out according to smart systems to operate optimally to control the amount of
generated capacity, store it and feed the loads at the lowest possible cost. This is the basis
on which the smart electrical grid is built. In the present world, RES-based DG technology
is gaining popularity to generate electric power. This is because of the fact that a variety of
dispersed energy can be used here [5]. DG technology offers numerous technical,

environmental, and economical benefits [6] [7] such as :

1- Reliable and effective power supply with higher energy efficiency;

2- Low transmission and distribution losses with flexible installation;

3- Less environmental pollution, and low operating costs;

4- Reducing dependence on central generating stations;

5- Involve individuals as an essential part of the grid as consumers and as suppliers of

energy.

The new DG based electrical grid, also called microgrid (MG), can deliver electricity from
suppliers to customers and to manage appliances at consumers” homes to avoid wasting

energy, therefore reducing costs and increasing independency and transparency [8].

However, the deployment of distirbuted generation sysetm has many challenges, which
might complicate the control structure. So it is imperative to know the control difficulties
in order to warranty both quality of supply and ensuring power management supervising
critical and non-critical loads. Some key power system concepts based on power versus
frequency droops methodology, voltage control, and hierarchical control levels can be
applied to improve system stability, enhance active and reactive support, ride through

capability, among others [9].



General Introduction

The control and power management of an islanded AC microgrid formed by two DG units
connected in parallel is the main idea addressed in this work. To achieve this goal, the

following points are performed:

e Ensuring power sharing by managing the microgrid units using droop control.

e Eliminating circulation current induced by connecting inverters in parallel using the
virtual impedance concept.

e Enhancing power quality by controlling the voltage and current by using linear

quadratic regulator approach.

In order to fulfill the aforementioned objectives, the present manuscript is structured in

four chapters. The main content of each chapter is briefly described below:

In the first chapter of this thesis, the concept of microgrid will be clarified and details about
its structure, components and working states will be given. The second part of the chapter
will be devoted to the mathematical model of a distributed generation unit made up of a

three-phase voltage source feeding a three-phase load through an LC filter.

In the second chapter, the control methods of an islanded microgrid will be discussed.
Several control techniques were applied in the literature; among them, the classic PI-based
droop control is the most seen for such systems. In this regard, this chapter will present a
detailed study of the voltage and current control of two parallel inverters operating as part

of an islanded microgrid.

The mathematical theory of LQR controller will be detailed in the first part of the third
chapter. In its second part, the closed-loop stability will be analyzed and verified, and then
a simulation will be performed on Simulink to verify the effectiveness of the proposed

LQOR and compare its performance with that of classical PI controller.

In fourth chapter, PIL simulation using STM32F4 discovery board of LQR control of two
parallel VSIs forming an islanded microgrid is performed. First, general description of the

discovery board and its most prominent features will be given, and then the various stages
3
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of PIL simulation will be detailed. Finally, LQR control of the proposed parallel system

will be validated and commented on.

This manuscript will be ended by a general conclusion summarizing the most important

findings and providing suggestions for further work.
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Chapter 1

Modeling of a Three-Phase Inverter Unit Based Islanded Microgrid

I.1 Introduction

In this chapter, an overview of different structures of power generation will be given.
Firstly, a focus will be placed on the centralized generation and the challenging issues
related to the use of this type of structure before moving to the detailed study of the
distributed generation system. This chapter also introduces the importance of keeping up
with the new and growing trend in power structure, which is towards using distributed
generation systems. As we will focus in this thesis on the autonomous microgrid, it is
worth to present the mathematical model of the three-phase voltage source interfacing
three-phase loads through an LC-filter. Since this study tends to enhance power quality,
employing space vector pulse width modulation (SVPWM) strategy to control the inverter
switches is the best choice; hence, SVPWM is well discussed.

I.2 Centralized Generation

In last years, the electricity consumption has significantly grown due to the increase in the
integration of new loads. To fulfill this demand, for long large power plants have been
deployed and used as a proposed solution. These power plants are usually based on fossil
and nuclear energy, which can produce large amounts of electricity to cover both power
demand and losses in power transmission lines. Thanks to its size, these power plants
allow to support the expansion of the grid to supply and connect more loads via complex
lines with guaranteeing the continuity of electricity at all times, everywhere in the grid
[10].
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Generation Plant

1
Consumption

Fig. I.1. Simplified configuration of a centralized generation network

Twenty years ago, the global policy resides in centralizing the energy production, which
led to the current paradigm of centralized generation as illustrated in Fig. (I.1). This type of
generation aims to take the production plants away outside cities in order to reduce water

and air pollution in urban areas.

Despite the advantages offered by centralized generation, this structure has many

challenges at technical, economic, environmental and social levels [11].
1.2.1. Economic Challenges

The centralized generation faces many challenges at the economic level, including [12]:

e The reduction in production and energy transmission costs in order to offer
consumers competitive tariffs while meeting the most stringent power quality
requirements and reliability of the power supply;

e The dependency of these production systems on fossil resources impacts the
production cost, which is greatly influenced by diversity of their prices. Prices that
fluctuate daily and keep rising constantly due to its dislocation and the difficulties

associated with its extraction;
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e The relative availability of these resources encourage the price volatility in
international markets;

e The cost of power plants facilities is still very high.
1.2.2. Environmental Impact

The environment impact of centralized power generation is significant due to the use of
fuel and gas and other source of unclean energy. The electricity sector is responsible for
emission of toxic particles, which leads to cause damage to the environment. Also, the use

of nuclear plants produces radioactive waste of high range of danger.

All these economic challenges and environmental problems facing the power generation
plants have hastened to find alternatives that are more reliable and less expensive, taking
into account that they are environmentally friendly. All this and that made us think about

the distributed generation.
1.3. Distributed Generation

Distributed generation is a new concept that is emerged to solve some problems that arise
in centralized generation systems by offering a new structure to meet the energy demand.
Distributed generation systems are designed to guarantee the reliability of the power
supply and the quality of service for a limited number of consumers. Distributed
generation has contributed to the emergency of new grid configurations, including
microgrid and smartgrid [13]. These networks are composed of different distributed
generation devices (photovoltaic panels, wind turbines, diesel generators, ...), of storage
devices, as well as control system, supervision and energy management systems [14]. The
concept of these microgrids is shown in Fig. (1.2). They have the advantage of operating in
connected mode to the main network, or in an isolated mode. The isolated mode allows the
microgrid to support the needs of locally installed loads, while the connected mode
intervenes to support the global network by injecting part or all of the power produced

into it [15].
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I1.4. Microgrid Definition

A microgrid is defined as an energy system, as shown in Fig. (I.2); it is composed of several
distributed generation units, which allows the integration of a large proportion of energy
sources mainly of renewable nature (wind, photovoltaic, biomass, hydraulics, etc.)
associated with storage elements. The configuration of microgrids offers a significant gain
in terms of efficiency and reliability thanks to the decentralization and parallel
implementation of several distributed generation units [16]. Indeed, the power demanded
by the loads is shared between different generation units, which contributes in improving
reliability and efficiency of these systems. Each generation unit is made up of a static
electrical energy conversion interface based on power electronics as well as an output low-
pass filter for the suppression of high-frequency harmonics. However, microgrids face very
significant challenges, including maintaining the balance between production and

consumption in the presence of intermittent energy sources and uncertain loads [17].

Wind Turibines

Storage system

Fig. 1.2. Typical diagram of a micro-grid
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I.5. Micro Grid Operation Modes

Microgrid can operate either in grid connected or in islanded mode [18]. This is due to the
possibility of using VSI in Voltage Controlled Mode (VSM) or Current Controlled Mode
(CCM) [19],[20],[21]. In the following, the features of both operating modes are described.

1.5.1 Grid-Connected Mode

When the microgrid is in grid-connected mode, it can either import energy from the main
grid or export power to the main grid to control the active and reactive power flow and to

supervise the energy storage [22],[23].

Depending on the demand, the main grid and the local DGs might send power to the
loads. If an event in the main grid occurs, an islanded operation mode might be
implemented. The MG islanding process might be resulted from an intentional
disconnection from the main grid such as maintenance needs or from a wanted and forced

disconnection when a fault occurs in the main network such as voltage dips [24].
1.5.2. Islanded Operation Mode

It is said that a microgrid is in islanded mode when it is not connected to the main grid
[25]. A microgrid operating in islanded mode can be advantageous in different scenarios.
One of them is in rural places where it is difficult either to reach it or to install line of
network distribution due to the high cost. Hence, in this case the best key solution is to

give access to electricity to consumers via a microgrid operating in islanded mode.

Another possible scenario when a grid fault occurs, the microgrid is disconnected from the
grid to ensure the continuity of supplying and powering the local loads and protecting the
distributed generators and storage systems. Therefore, the grid reliability is improved as
well as its capability of reducing the number if consumers that experience the voltage
outage. It is worth noting that this operation is done when the grid is suitable to guarantee

the power quality needed by loads.
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The microgrid in islanded mode has to be carried out the same duties as the main grid

carries:

e Voltage and frequency control: the accepted voltage deviation from its nominal value is
+5%, and the accepted one for the frequency should be +2% ;

e Power balance: this is to say that the amount of power produced by distributed energy
resources must match the power needed by the loads. If there is an overproduction,
energy storage systems can be a good choice. However, if there is an underproduction,

the voltage drops causing power outage and blackout [26];

e Power quality: the Total Harmonic Distortion (THD) should be lesser than 5%, except
this the microgrid may not be in a proper operation and the loads will be
malfunctioning [16].

The above requirements will be ensured by making the inverter interfacing the microgrid

operating in voltage-controlled mode. In this thesis, a special attention will be given to the

islanded mode in which an LC filter is used to interface the loads. In next two sections, the
control paradigm and the modeling of power converter with LC filter used in microgrid

will presented.

1.6 Architecture of an AC Islanded Microgrid

A microgrid is designed by putting in parallel one or many distributed generators (DGs)
with loads. Paralleling DGs allows efficiently responding to increasing demand of energy,
also allowing securing the energy supply in case of perturbation or failure by reducing the
dependency of these architectures vis-a-vis DGs units. Its construction is varied according
to the need and constraints related to the application; these following elements are often

observed [27]:

e Storage system, diesel generators, renewable energy sources (RESs);
e Power electronics converters (essentially, we find inverter controlled in voltage

source);

10
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¢ Filtering devices and interconnection lines;

e Flectrical loads.

PV system Hydropower Wind turbines

Faas

Zut@

Grid

)
= oS

Electric vehicle Diesel generators

Storage system

Fig. 1.3.Typical configuration of autonomous microgrid
The operation of autonomous microgrid consists of paralleling many distributed
generators to guarantee the continuity of the service and also to ensure the stability of the
system and its robustness facing perturbations. For that, each DG unit has to be governed
by two control stages, which are voltage regulation and current control. Whereas the

control strategy employed in microgrid follows, in general, a hierarchic structure as

depicted in Fig. (1.4).

y N

Inverter output
Internal Control control

Fig. 1.4. Hierarchical levels of a flexible microgrid operation modes

11
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I.6.1 Internal Control

This control layer is the lower level of this architecture containing the inverter output
control. It consists of regulating the output voltage and the current while keeping the

system stable [28].
1.6.2 Primary Control

This level of control is dedicated to the management of load distribution and flow of active
and reactive powers between the various distributed units. Usually, the droop control
method is adopted to emulate the physical behavior in order to share power and make the

system stable. It includes virtual impedance to imitate the physical output impedance [29].
1.6.3 Secondary Control

Secondary control is intended to provide restoration of frequency and amplitude voltage to
their nominal values. Indeed, when applying the primary control to properly share the
powers, frequency and amplitude of the reference voltages of each generation unit will
vary according to the droop laws. 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). The secondary control acts to
restore the frequency and the amplitude to nominal values using the information collected

by means of communication links between the different distributed generation units [30].
1.6.4 Tertiary Control

This control layer is the highest level in the control hierarchy and it is generally designed
to optimize the energy flows between the different MGs or between a microgrid and the
main grid. Tertiary control facilitates the planning of exploitation of the power flow and

management of the purchase and sale of energy [31].
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I1.7. Microgrid Design and Modeling

Generally, in autonomous microgrid a distributed generator is connected to an inverter in
series with an LC-filter [32] in order to interface it to the loads as shown in Fig. (L.5). In
literature, there are many developed modulation techniques used to generate switching
signals for the inverter unit. Mostly, space vector pulse width modulation (SVPWM) is
used to improve the output quality and enhance efficiency. In next sections, a brief about

DC-bus sizing, LC filter design, inverter modeling, and SVPWM detail will be given.

] J%} J%}
. Lyr )
Lia, YYYN Loa,

-7 * rr
Vi | = Liby YYYN ~ob,, Loads
lic' YYN @'
UOC

_|Con Eob-

Fig. 5. Basic schematic diagram of a power stage of a three-phase inverter in autonomous
microgrid

1.8. Microgrid Design

1.8.1. DC-Bus Voltage Choice

The DC-bus voltage is the main parameter that has to be selected. Indeed, if the level of the
DC voltage is low it can be considered one of limits that limit either the grid connected
operation or the maintaining of the unity power factor requirement [33]. For this reason,

the lowest level of DC-bus voltage should be [34].
Ve >3V, (L1)
Where v is the root-mean-square (rms) voltage

According to (I.1), v, can be calculated as follows:

For v, =29 _ 28285V, v, >693V

NG

13
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The value of v, should be chosen greater than 693 V to take in consideration voltage

transients.

1.8.2. LC Filter Design

LC filter ensures harmonics attenuation related to the output voltage caused by switching

process. Fig. (1.6) presents a single-phase equivalent circuit of the LC filter.

—_ load

Fig. I.6. Single phase equivalent circuit of the LC-filtered VSI
1.8.2.1 Ripple Analysis and Inverter-Side Inductance Design
The inverter-side inductance is designed in order to limit the ripple of the inverter-side

current. The equation (I.2) is used to determine the value of inductance for a specified

peak-to-peak inductor current for continuous-current operation [35] [36].

i :Em\/dC (12)
@-myr, 3

where (m) is the inverter modulation factor, and T, is the switching period. The value of
(m) takes (0.5) at the maximum peak to peak current ripple, hence

i Vv
Al =— 1.3
- (13)

sw

where L; is the inverter side inductor and its value should be equal or superior to

Vdc

1
o A where f, = — is the switching frequency.
sw I max

Sw

To find the value of the inductance, the maximum peak to peak current ripple is calculated
using the following equation:

14
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For R=5 Q0 and for single phase full bridge inverter V , =v, =1000/
We find |, = 200A
Ai ., =20%of rated current Ai, , =40A

For f, =1 KHz ,L, should be:

Vdc

>—Kr ,we find L, >294 uH
CTe A f H

1.8.2.2 Filter Capacitance Design

The system of equations that modeled the LC filter is:

(sL; +r)i =v, v, (L4)
(sC; v, =i —i, (L5)
With some substitutions, the output voltage is expressed as:

_ V=i (L +r)

vV = 1.6
° LC,s*+rC,s+1 (1.6)
So, the transfer function Yo can be obtained as:
Vi
Yo 1 (L7)

v, L,C,s?+rC,s+1
Considering that filter resistance is neglected, the resonance frequency at maximum

amplitude of this transfer function can be obtained as:

1

f =— -
= 2zJL.C,

(1.8)
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To avoid the resonance frequency and ensure the stability of the system, the resonance

frequency should be designed considering the criterion below [37]:

10f,, <f . <0.5f, (1.9)

fun

Where f,, is the fundamental frequency ,and f, is the switching frequency

fun

According to [38], the reactive power should be 5% of the rated apparent power (5), which

results in:
2
Q=——'m _ _50xS
1/2rf,,.C,

fun

The capacitance is expressed by:

_0.05S
RV VY i

rms fun

The value of the capacitance is calculated by:

C, - 20.058 _ 0.052><32000 _127.38 uF
v, 7 f 282.85° x3.14 x50

rms fun

C; should be C, >127.38uF

1.9. Inverter Modeling

Six switches on three legs are needed to form a three-phase two-level inverter. The
switches must have antiparallel diodes to provide return paths for currents when voltage
and current waveforms are not in phase. Shoot-through must be avoided, which means the
two switches in each leg must not be in on-state at the same time. Therefore, a dead-time

must be implemented to avoid any DC-bus shoot-through in VSI [39].

The two-level VSI, shown in Fig. (1.7), operates based on the turn ON/OFF of the switching
elements depending on the state of the control signals (s, s, s) that are issued from

SVPWM strategy.
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Fig. I.7. Three-phase inverter circuit diagram

Each switching function is defined by:

s,

1 when T, is ON and T,, is OFF
(L.10)

0 when T is OFFandT,,is ON

i+3

The potentials of the nodes a, b, and c of the converter with respect to the imaginary

midpoint O are given by the equation (I.11).

V C
Ve =2 (28,-)

Vv
Vi, :%(282 -1

(L.11)
V C
Ve, :%(283—1)
The line to line voltages are given by:
Vdc Vdc
uab :Vao _vbo :7(281_1)_7(282 _l) :Vdc (Sl_sz)
Vdc Vdc
ubc :Vbo _Vco = 7(282 _1)_7(283 _l) :Vdc (SZ _Sl) (112)
Vdc Vdc
Uy =V Vo :7(283 —1)—7(281—1) =V, (5;-5,)

The phase voltages with respect to the neutral point (n) on the side of the AC load can be

obtained by:

17
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Van = Vao ~ Vo
Von = Voo ~ Vo (113)
Ven = Veo = Vino

In a balanced three-phase system, we have:
Van +Vbn +Vcn =0 (114)

By summing v, andv,, andv  the following equation is obtained.

no — %(Vao +Vb0 +Vc0 (115)

The inverter three output voltages v,, andv,, andv,, can be expressed as:

VvV, =V, -V =V —l(v +V,, +V )—gv —lv —lv
an ao no ao 3 ao bo co ao bo 3 co
Vin =Vio Vo =Vio _%(Vao Vo Ve :_%Vao +§Vbo _% co (116)
1 1 1 2
Ve =Veo Vo =V __(Vao TWio WV ) =5V “ 5V T 5V 0
3 3 3 3

From (I.11) and (I.16), the phase voltages of the inverter can be written as function of the

states (51:52:53)  and DC-link voltage as follows:
V=2 (25,1 - 21 (25, 1) - TV 25, -
32
v, :_%%(zs 1)+ 2de 25, 1) — 1Vdc (25, -1) (L17)
o =325, -1~ E 25, D+ 2V"° (25, -1)

By simplifying equation (1.17), it results:
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V, =% (25,-5,-S,)

=73
vy, 2%(—31—%232—53) (L18)

Vcn =%(_Sl_82 +283)

By expressing (I.18) in a matrix form, the VSI conversion matrix is defined by the following

equation:

V., 2 -1 -1}|S;

v, :% -1 2 -1ffs, (L19)
Ve, -1 -1 2 ||S,

I.10. Mathematical Model of the LC Filter

[.10.1. Model in Natural Frame

Fig. 1.8. Per-phase equivalent circuit for LC filter

By applying Kirchhoff’s current and voltage laws respectively on Fig. (1.8), the following

current and voltage equations are derived:

dv

Cf ﬁbc = iiabc - ioabc (120)
Lf % = Viape — r-iiabc ~ Voanc (121)
From (1.20), the differential equations of the three-phase filter output voltages are:
v, 1. 1.
= = hiane = < loane 122
L (122)
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From (1.21), the differential equations of the three-phase filter output currents are:

Olliabc —

i r. 1

biabe — L_fv

oabc

(1.23)

Viabe =7
dt L L

The equations (1.22), (1.23) can be expressed as the following state space model in abc

system.
Ci 0 0
; V., 0 0 0]flv, f . i,
—|Vp | = 0 0O Vo |+ 0O — O iob (1.25)
dt C
V. 0 0 Of|v, f L Lo
0 0o —
L Cf i
T o o0 2o o
L, i L, v
d ia r ia _1 oa
d— iib =0 — O iib + 0 — O Vo (1.24)
t Iic Lf Iic Lf 1 Voc
o o £ 0o o0 —=
L L i L f

o o o L o o] L 9 0 0o 0 o
Cf Cf
1o o o o X ol _“lo2xo o 0o ol .
Voa Cf Voa Cf Ioa
\ \Y |
ob 0 0 0 0 0 1 {[Ve 0 0 -1 0O 0 0|
d Voc Cf Voc f Ioc
—| .7 |= 1+
el 1oL 0 0 -2 0o o ™[]0 0o 0oL o ol
lip L, L, lip L, Vi
el o - 0 o - o thl]o 0 o o L o |l
Lf Lf Lf
o o -* o o -" o 0 0 0 o0 X
L Lf Lf J L Lf _
(1.26)
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1.10.2. Model in af-Frame

In order to transform the LC filter model from abc frame to apo frame, the following

transformation is used:

X . = MXx

abc

afjo

where M is the Clarke matrix transformation given by:

Similarly, passing from afo to abc needs the following transformation:

-1
Xabc = M Va/}o

where M _1is the inverse Clarke matrix transformation given by:

1 0 2

2

M= _1 § l
2 2 2

1 3 1

L2 N2 2]

By applying (1.30) on (I1.22) and (1.23), it results:

d(Mv
M — i M *1iiaﬂ0 _ i M 71i0aﬁo
dt C, C,
d(M .
—( ID(ﬂ())zil\ﬂ J\/Oaﬂo _LM 7liiaﬂo -—M 7jviaﬂo
dt L, L, L,

Multiply (1.31) and (1.32) by M:

(1.27)

(1.28)

(1.29)

(.30)

(L31)

(L32)
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g dM Y, 0ap) 1, 1

=MM T 2% — — 1.33
dt dt c, ' c, (133)
d(M 1. d(i
M —( IaﬂO) =MM™ —( IaﬂO) = iVoozﬁo - Liiaﬂo - iViazﬂo (134)
dt dt L, L, L,
Finally, the model of the LC filter in affo frame is given by:
Voa Iia _Ioa
d ' I P i (I.35)
da| | c,|”| ¢ |” '
Voo Iio _Ioo
iia Via I oa
d [ _1 vV S v (L.36)
dt| | L | Y| L | ¥ '
IIO Vio _Voo

1.10.3. Model in dg-Frame

In the natural reference frame abc as well as in afo frame, the phase quantities are
sinusoidal. These variable quantities cannot be controlled easily using most traditional
control methods designed to regulate direct quantities. However, if the referential frame is
rotated synchronously at frequency fus, the phase quantities of the positive sequence

become constant.
The model in abc system can be transformed to dq0 system by the following transformation:
=T'x

g0 (L.37)

1 . . . . . .
where T, T " are Park matrix transformation and its inverse, respectively. The matrices are given

by:
cos(d) cos(fd— 2?”) cos(0 + 2?”)
T =2 _sin(e) —sin(0—25y —sin(6+27) (1.38)
3 3 3
1 1 1
2 2 2 ]
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cos(0) —sin(6)

27 ] 2
T?=|cos(d—=2) —sin(@—==
( 3) ( 3)

NI, NP NP

27 . 27
cos(@+—) —sin(@+—
( 3) ( 3)

By applying (1.37, ((1.39) on (I.22) and (1.23), it results:

d (T _1Vodqo) 1 T -1 1 T -1z
= Iidqo T~ Iodqo
dt C, C,
d(T i
(T quO) = iT Y odqo _LT i idgo _iT v idgo
dt L, L, L,

Multiply (1.40) and (1.41) by T, it results:

d(T, B d(v
T ( odqo) =T d (T ) Vodqo +TT - M = i iidqo - i iodqo
dt dt dt C, C,
d(T % ! dd
T ( |dq0) _T d(T ) iOqu +TT71 (odqo) :ivodqo_Liidqo_
dt dt dt L, L L

With:

arr |02 0 40
T o 0 0 1)
dt dt

By substituting (I.44) into (1.42) and (1.43), it results:

0 - Ofv v i I,
od d od 1 -d 1 -d
o 0 0|V |+=|Vy |[==]lig|—=I| 1
Todt M| C | C ™

O 0 O Voo Voo Iio Ioo
0 - O]fi i V, i v,
el T O T R e R T
o 0 O, |+=|ig|=—|Vgl|——|lq|——| VY
.q dt .q Lf q Lf .q Lf q
0 0 0 Iio Iio Vio Iio Voo

(1.39)

(1.40)

(LA1)

(142)

(L43)

(L44)

(L45)

(1.46)
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Finally, the state space model in dgq0 system is obtained as:

d Vod 0 - od 1 id 1 log
—| Vg |=|@ 0 O Vo [+ g |~ | Tng (1.47)
dt y 0 C, i C, i
_r - 0
i L i v v
d id r id 1 id 1 od
Ghil=l o -5 o i, |+=|v, |-—]|v ,
dt ilq Lf ilq Lf qu Lf Voq (I 48)
io 0 0 _L io io 00
L Lf _

I.11. Space-Vector Pulse-Width Modulation (SVPWM)

Space vector pulse width modulation (SVPWM) technique is widely used in inverter and
rectifier controls [40],[41]. SVPWM is known to be suitable for digital implementation and
can increase the obtainable maximum output voltage with maximum line voltage
approaching 70.7% of the DC-link voltage (compared to 61.2% for SPWM) in the linear
modulation range. Moreover, it can obtain a better voltage total harmonic distortion factor

[42].

1.11.1 Principle of Space Vector PWM

SVPWM or simply Space vector modulation (SVM) is introduced based on the fact that
there are only eight possible switching states for a three-phase inverter, as it is shown in
Fig. (1.9). Among these, two states (Vo, V7) correspond to a short circuit at the output, while
the other six can be reasonable to establish space vectors in the a-f complex plane, as
shown in Fig. (I.10); each space vector corresponds to a particular angular position. The

magnitude of the vectors can be calculated from:

where v, is the DC-bus voltage.

max C

2
V =§Vd
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(o 1 (R n U c n Odc e

RIBRX
0

S
(9}

(¥ rr—

Fig. 1.9. Possible switching states

AB
010 110
02
03
Up
Oref
A v o 01\ ¢
111 0 000 va : 100
0 Vg
001 101

Fig. 1.10. Converter voltage vectors diagram and reference voltage vector

Space vector during different existing switching states for Si, Sz, Ss are showed in the

Table (I.1)
(51,52,83) | Van Vi, Vg, V et Vector
000 0 0 0 0 Vo
100 %V dc - %V dc - %V dc %V dc 20° \71
010 | - %v " %v © |- %v “ %v W L1200 Vs
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110 %v = —%v . %v L2600 |V,
001 —%v " —%v " gv & %v wZ—1201 Vs
101 %v " —%v . %v " %v Z—60] Vs
011 ‘%" . %v . %v . %v L1807 | V.
111 0 0 0 0 v,

Table. I.1. Switching states and their phase voltages

1.11.2 Realization of Space Vector PWM

The SVM can be achieved by performing the following steps:
Step 1: Determination of the sector number

The reference voltage vector can be transformed in a0 frame by applying Clarke transformation

as follows:
; 11
Varef 2 2 Vanref
3 3
Vﬁref =0 E _\/; Vinret (149)
Voref 1 1 1 Vcnref
2 2 2

The reference voltage space vector and its components in aff plane are shown in Fig. (I.11).

Fig. I.11. Reference voltage space vector and its components in (a, ) plane
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The magnitude and the position of the reference voltage vector are determined from:

\Y

ref

= WVaret” +Vprer” (1.50)

Vv
0= tan-l(\/f*—“*) (1.51)

aref

Once the value of 0 has been determined, the sector numbers are provided by:

i =ceil (3—6) €(1,2,3,4,5,6)
T

where ceil is a function that sets a given real number to an integer.
Step 2: Calculation of Time Duration

In the case where the reference vector is in the sector ie(1,2,3,4,5,6), the application

duration of the adjacent vectors \? V,,, are denoted by t; ,t; ,and by t for the application

i+l i+1

duration of the null vectors. To ensure the equality of the average value of the voltage and

its reference from an instant ¢, one must ensure that:

t+, t+t+t,

1 T R 1 t+ty R t+t +t, _ T _
— | Verdt==— vidt + Viadt + Vodt 1.52
T, T,
st s\t

Under very small sampling period T, the voltage V', is constant, the equation (1.52) can be

simplified to:
Vier T, = Vit +V,t, + Vot (153)

02 Oref

0
01

Fig. 1.12. Reference vector as a combination of adjacent vectors in sector 1
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From Fig. (I.12), the voltage vectors V,v, V, andV

(

. are defined by:

Vit =V £0 (1.54)
— 2 o

V,= gvdcéo (1.55)
— 2 o

v, = ngc460 (L.56)

By replacing (1.54), (1.55) and (1.56) in (1.53), it results:
_ 2 0 2 0
(T 20T, = (S0 207N, + (50, 26070, + (O} (157)

By equalizing the real and imaginary parts of this equality, we find:

Vs COS(O)T, = %vdc'r1 + %vdct2 (1.58)
, 1
Ve SIN(O)T, = ﬁvdct2 (L59)
Furthermore, the vector application times must verify the following constraint.
t+t, +1, =T, (1.60)

The application times of vectors V,,V,,V, in the first sector are the solution of equations

system (1.58), (1.59), and (1.60). These times are given by:

\/
t, = /3T, —sin(60° — 0) (L61)
Vdc
Vref B
t, = /3T, y sin(0) (L62)
dc
Lh=T,-4,-t (1.63)

For the other sectors, let define the following angle:

28



Chapter 1 Modeling of a Three-Phase Inverter Unit Based Islanded Microgrid

0'=0-60°(i 1) (1.64)
Where i is the sector number.

The application times in any sector k are given by:

Vv
t, = /3T, —sin(60° - 6) (L65)
dc
vref H '
t,,, = /3T, —sin(9") (1.66)
dc
=T —t -t (L.67)

Step 3: Pulses generation

The vectors to be implemented for different positions of the reference voltage vector are

indicated in Fig. (1.12).

Sector 1 Sector 2
000 100 110 111 110 100 000 000 010 110 111 110 010 000 Sector 3
% % | | : i P00 ;010 ;011 ; 111 011 010 0O

s3 I s3 ] s3 I

P
to/d | t12: 122} tof2} t2/2. tl/2 to/4 to/2 122 P t12 102 | t1/2) 1272} to/4 to/d | t12} t2/20 to/2 t2/2 t12  to/d
Ts Ts h Ts

Sector 5 Sector 6
Sector 4 000 ; 001 ; 101 ; 111 ; 1011; 001 ; 000 000 100 101 111 101 101 000

000 001 011 111 011 001 000

_ S1 _

s1 i s1

S2 _ s2 - S2 -
ss | I . D s L

to/4 | t1/2 i t2/2 to/2i t2/2 t1/2 to/4 to/4 i t2/2 | t1/2 | to2i t1/20 t2/2 to/4

Ita/4 ‘tZ/Z ‘t1/2 ‘to/Z ) t1/2 ) t2/2 ‘to/4

Ts Ts Ts

Fig. 1.13. Distribution of voltage vectors to be applied in each sector
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From Fig. (1.13), the ON-time means the switch is ON and OFF-time means the switch is

OFF. The switching times are expressed as function of durations times in Table (L.2).

Sector Switching ON Time Switching OFF Time
t t
toy =t +t, +2 tiomr = —
10N 1T, 4OFF T 5
t t
toy =1, +2 toore =t +—2
30N 2 2 60FF 1 2
t t
toon == thore =t +t, +-2
50N 2 20FF 1 2 2
t t
Lion t1+50 iorr :t2+_0
t t
toy =+, +-2 toore = —
30N 12T, 6OFF ~ 5
t t
tooy =2 tome =t +1, +2
50N 2 20FF 1 2 2
t t
toy =2 thome =t +1, +2
10N 2 40FF 1 2 2
t t
toy =t +t, +2 toorr = —
30N 17T 6OFF T
t t
teoy =6, +—=> tom =t +-2
50N 2 2 20FF 1 2
t t
toy =2 thome =t, +-2
10N 2 40FF 1 2
t t
toy =t +-2 tom =t +t, +-2
30N 1 2 60FF 1 2 2
t t
toy =t +t, +-2 tom = —
50N 1 2 2 20FF 2
t t
toy =t, +-2 t,om =t +t, +-2
10N 2 2 40FF 1 2 2
t t
tyoy =2 toome =t, +-2
30N 2 60FF 2 2
t
t t,+t, +2 toorr = —
50N 1 2 2 20FF 2
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t
Lon =1 +t2+50
t
2
t
teon =ti+7

t30N

[

t =—
40FF T

toorr =1+, +—

t
o =t, +-2
20FF 2 2

I.12. Conclusion

Table I.2. Switching times as function of durations times

In this chapter, the centralized generation was first presented and the most important

challenges it faces are highlighted. To overcome the centralized generation limitations,

distributed generation was proposed and how it is one of the most important future ways

to obtain higher efficiency and reliability is exhibited. Various definitions and control

structures for the microgrid were also defined; including the microgrid hierarchical control

and its operating modes. Finally, the detailed model of a single DG unit made up of an

inverter connected to an LC filter is presented.
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Chapter 11

Droop Control of Parallel Inverters Based Islanded Microgrid

I1.1. Introduction

Commonly, the microgrid control follows the hierarchical form with four levels. The levels
zero and one are dedicated to control voltage and currents. The third level is devoted to
the power sharing. Each unit of distributed generation DG has to be separately governed
by these control levels. Hence, in each DG unit, the voltage should be regulated to take
sinusoidal waveform with lesser THD. In literature, many control techniques have been
applied. Amongst them, the classic PI based control is the most applied on such systems
since it is considered as the best choice viewing to its simplicity. In this regard, this chapter
will present detailed study of conventional control of two parallel inverters operating as
part of an islanded microgird. In order to verify the performance of the PI facing
disturbances, and system disparities, the control of two DG units using PI is simulated

using Simulink.
I1.2 Islanded Microgrid Topology

Fig. (IL.1) illustrates the synoptic structure of an autonomous microgrid. It is composed of
several distributed generators (DGs) units placed in parallel powering electric loads

through LC-filter, in which every unit provides a part of the needed power.
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Unit 1 PCC

aut == |

Fig. II.1. Islanded microgrid structure based on paralleled distributed generation units

Paralleling DGs allows increasing power capacity of the microgrid and also offers many

advantages including [43]:

o Flexibility: because of modularity and distribution of different units; the microgrid
can be easily re-configurated to include other new DGs or storage systems.
e Reliability: due to the availability of many DGs; the microgrid can ensure the
continuity of the service in case of an expected failure.
e Efficiency: the power sharing amongst many units leads to reducing the size of
components such as filters, which minimizes the power losses.
Due to the disparities in passive and active elements, employing such a system is risky and
the system becomes unstable. Among many proposed solutions droop control is adopted
to govern the power shared with the loads. Before moving to the detail of the power-
sharing method, we should first introduce the lowest control level, which is dedicated to

voltage and current regulation.

33



Chapter 11 Droop Control of Parallel Inverters Based Islanded Microgrid

I1.3. Voltage and Current Control

The control scheme, illustrated in Fig. (IL.2), consists of an external voltage loop that
provides the current reference and an internal current loop that provides the modulating
signals; this type of control is referred as cascade control. This control approach is applied

to each inverter unit among the cluster of autonomous microgrid [44].

. e . e ¢ e ¢ e ¢ em— ¢ emm— o e

. li
Current led Oid

—| Inverter 1 LCfilter | v,
Control |

Fig. I1.2 Cascade control scheme for an inverter unit
In this approach, the innermost loop has the fastest response and the higher bandwidth
while the outer one is the slower one. In this chapter, the classic PI (proportional, integral)
controller is chosen to regulate both voltage and current due to its simplicity and common

use in industrial application [45].
I1.2.1. Outer Voltage Controller

By applying Kirchhoff’s current law to the LC filter, the following differential equations in

three-phase frame can be established:

Cf % = iiat - ioa
dt
dv, . .
Ci g = o o (IL.1)
Cf dvoc =k — ioc
dt

By applying Clarke’s transformation, the three equations (II.1) can be transformed in af-

coordinate system as follows:
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dv,,
f dt = Ila " loa
(H.Z)
dv,, . .
Cf dt = Iiﬂ - Io,B

The above equation can be transformed from af-coordinate to dg-coordinate system

resulting in:

c, Wea i i, +Cav,
d
N (IL3)
Cf d:q = iiq - ioq _Cfa)vod

The equation (II.3) designates that the model of the VSI in the synchronous reference frame
is a multiple input multiple-output, strongly coupled nonlinear system [46]. The

transformed voltage equations of each axis have frequency induced term
(Cfa)\loq or C;aN,y) that gives a cross coupling between the two axes. Thus, a close-loop
voltage controller with decoupled voltage compensation and current feed-forward

compensation is required to obtain a good control performance [47].

Fig. (II.3) shows the regulation of capacitor voltage loop by a PI controller.

ioq

Fig. I1.3. Outer capacitor voltage controller and voltage close loop control

The system closed-loop transfer function as presented in Fig.(II.4) is:
1 k.,S+kK,
N =g ok, &
fs?4 Mgy v
f f

(IL.4)
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The closed loop characteristic equation is compared to that of a desired second order

system defined by:

1
2 2
S°+2fw,S + o,

G(s)= (IL.5)

The identification of the closed loop transfer function with that of a system of second order

leads to:

kpv = 2gva)nvcf

C —C.02 (IL6)
iv — M f%nv

where &, is the damping factor and @, is the natural frequency.

I1.2.2. Inner Current Controller

By applying Kirchhoff’s voltage law on the LC-filter, the following differential equations

for the three phases are obtained:

I—f dlia =Via = Voa — iy

dt

di. .
L, d_:[b =V, —V,, — i, (I1.7)
Lf dlic = Vie = Voo — I

dt

By applying Clarke’s transformation, equations (I.7) can be written in the af-coordinate

system as:

(IL.8)

By applying Park’s transformation, equation (II.8) can be written in the dg-coordinate

system as:
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di, . .
f d_t'dzvid Vo — Ly ol — iy
di (IL.9)
I.
L, d—t'qzviq —ig, + L ol —ri,
Fig (II.4) shows the regulation loop of the current by a PI controller.
Uod
lid ki €id’
4@* ki +—5-
ia Lo lidg" ki g | ULy edq"
/ A koit—5- | s+ r/Lf
i Lrw
lig é ko % €ig
Vog
Fig. I1.4. Inner current controller and current close loop control
The system closed-loop transfer function as presented in Fig.(II.4) is:
Kis+K;
H(s)= =3 T (11.10)
L 2 kpi +r Ki
S°+ s+
Lf Lf

By identifying the characteristic equation of the closed loop transfer function with the

polynomial characteristic of a desired second order system, we find:

kpi =25w,L, -1

Lo (IL11)

where & is the damping factor and @,; is the natural frequency.

I1.4. Droop Control and Output Impedance for DG Unit

Droop control strategy is the most used method for islanded mode control in order to
share the total load demand to avoid DG overloads and to ensure stable operation of the

microgrid. However, the output impedances of DG systems are generally different and
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there exists a specific form of droop control adapted for each impedance, which can be
resistive (R), capacitive (C), resistive capacitive (RC) or resistive-inductive (RL). In the
literature, it is reported that it is impossible to operate an inverter with inductive output in
parallel with another inverter having a capacitive output [48]. In most cases, the output
impedance is inductive (L) around the fundamental frequency. However, for a low-voltage
microgrid, where the equivalent impedance between any two DG systems can be either
resistive or inductive (with a DG coupling transformer or a grid side inductor), the

impedance resistance R can no longer be neglected [49].

In the microgrid, each distributed generation unit is modeled by a Thévenin generator. A
model composed of an ideal voltage source of amplitude E and internal angle¢ in series
with an output impedance Z. This output impedance includes the internal impedance of
the generator, the impedance of the filter at the output as well as the line impedance
ensuring the connection of each elementary DG unit to the microgrid common coupling

point (PCC). Output voltages and currents of each distributed generator are denoted

respectively by V and L.
PQ}
: zL0 |
E Z¢ Ve

Fig. I1.5. Equivalent of a DG unit connected to a common AC bus through an output impedance

From Fig. (I1.5), it is easy to write:

V =E-ZI (11.12)

The determination of the expressions of the powers provided by each elementary DG to
the loads locally installed on the PCC bus results from the expression of its complex

apparent power given by:
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S=VI'=P+jQ (11.13)

From (I1.12), the current is calculated by:

_ B
| =— I1.14
> (II.14)
By replacing the previous expression of the current in (I1.13), it results:
- _(E-V)
S=V (Tj (I1.15)

From Fig. (IL5) and using polar form of complex variables, the expression of complex

apparent power can be rewritten as:

~  (Ee*-vY V(Ee¥-vY
- V i(4-6) -j6 * V . . . . *
S :?(Ee Ve ’) :?(E cos(¢—6) + JE sin(¢—6) -V cos(-6) - jV sin(-6))
:?(E cos¢cosf+E singsind+ JE singcosd— JE sindcosg-V coséd+ JV sin 6’) (IL17)
:\;—((E cos¢cosf-V cosd+E singsind) - j (E singcosd-E sinfcosg+V sind))
By comparing (I1.17) with (II.13), the active and reactive powers are expressed by:
P =\;—((E cos¢-V )cosd+sin ¢sin 0) (I1.18)
Q :\;—((E cos¢-V )sin@—E singcosd) (11.19)

I1.4.1. Case 1: Pure Inductive Impedance (¢ =90°)

By assuming that there is only an inductance X between the inverter and AC bus, it results:

X =, > L=o(L +L;) (11.20)
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where L;is the inductance of the filter, L is the output inductance, and «,is the

fundamental frequency.

By putting Z=X and 8=90°in (11.18) and (I.19), it yields:

P % EV sing (1.21)

Q= %(EV cosg—V?) (11.22)

If also the power angle ¢ is very small, then sing~¢ and cos¢ =1, equations (I11.21) (IL.22)

then become:
EV
P I1.23
0 (11.23)
V

Differentials of (11.23), (I1.24) are given by:

® v Q_V
oE X oE X

P _EV and qQ . (IL.25)
op X o¢

As seen in equation (IL.25), the active power depends on the power angle¢ and can be
adjusted with the voltage angle ¢, and reactive power depends on the output voltage E

and can be regulated with voltage amplitude E separately. In order to realize power
sharing between parallel inverters, we can use the traditional real power versus frequency
(P —w) and reactive power versus voltage (Q-E) droop characteristics. The frequency and

the amplitude of the inverter output voltage reference can be expressed as follows:

w=a,-m, (P -P") (I1.28)

E=E,—n,Q-Q") (I1.29)
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where o is the system frequency, ,is the nominal frequency set point, m is the real
power droop coefficient, E is the measured output voltage, E is the nominal voltage set

point, and n, is the reactive power droop coefficient.

The droop characteristics and block diagram of power control based on formulas (I1.28)

and (I1.29) are shown in Figs. (I1.6) and (IL.7), respectively.

"
*

£, |

calculation »
E *

.. Eﬂk *
- (Esing o dg }-» v,

Fig. I1.7. Block diagram of the droop control for inductive output impedance

I1.4.2.Case 1: Pure Resistive Impedance (9=0°)

In the case of a microgrid, the equivalent impedance between any two DG systems can be
either resistive or inductive. The line impedance becomes resistive when the ratio R/X is
higher. Thus, with Z=R and 6=0°, the equations (IL.18) and (II.19) can be written as

follows:
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P %(EV cos$—V?2) (11.30)

Q =—%EV sin g (IL31)

In general, the power angle¢ is normally small, so sing~¢ and cosg=1. In this case,

equations (I1.30) and (II.31) become:
P= %(E ~V) (IL.32)
Q- —%gb (IL33)

Differentials of (I1.32) (II.33) are given by:

® v Q_v,

oE R oE R

® ] and Q_ EV (11.34)
0¢ 0¢ R

As can be seen from the formulas (I1.34), the active power P is controlled by the inverter

voltage amplitude, and it is not affected by the power angle ¢. The reactive power Q can
be regulated by the power angle ¢, and the change of inverter output-voltage amplitude E

has little impact on it. In this case, P-E and Q- droop controls can be used to realize power
sharing between parallel inverters. Thus, the reference of the frequency and inverter

output voltage amplitude can be express as follows:
w=a0,+m,Q-Q") (11.37)
E=E,—n (P-P) (I1.38)

The droop characteristics and block diagram of power control based on formulas (I1.37)

and (II.38) are shown in Figs. (IL.8) and (IL.9), respectively.
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calculation

Fig. I1.9. Block diagram of the droop control for a resistive output impedance

I1.4.3. Droop Coefficients Calculation

In distributed generation microgrids, the droop equations (IL.28), (I1.29) or (11.37), (I1.38)
behave like a virtual communication agent that watches over the correct power sharing
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. Controlled variations are limited by the IEEE Std 1547-2018 [50].
According to this standard, the percentage of tolerable voltage variation value 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 in the amplitude of
the output voltage and frequency must be limited within an acceptable range defined by

[51].
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|- 0,| < Aw,y,
(11.39)
E —Eo|<AE,,,

where Aw,, and AE,_ are the maximum acceptable limits in voltage and frequency
variations.

From the standards and authorized limits, the droop coefficients can be calculated whether

for a droop control P-w/Q-E or P-E/Q-w.

The droop coefficients for the P-@ /Q-E characteristic can be determined as follows:

[0} — @,
m, = 2o~ O .40
P I:)max - I:)min ( )
n, = Eno =B (I1.41)
Qmax _Q min

In the case of droop, which follows the P-E/Q-w characteristic, these parameters are

determined as follows:

E —E_.
n, = o= Smo 142
P I:)max - I:>mir1 ( )
(4] —
m, = Zoe = nin (I1.43)
) Qmax _Q min

where P and Q,, are the maximum active and reactive powers, respectively; these

values are often equal to the power ratings of each DG. P, and Q,_;, are the minimum

min

active and reactive powers of each DG often taken as zero. w__,®,,, and E__ ,E_ . are the

max ? min max ? min

maximum and minimum pulsations as well as the maximum and minimum amplitudes

respectively authorized according to the international standards.
I1.4.4. Output Impedance Design
The equations governing the dynamic of the LC filter are:
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di. .
L, —Lt=v.—v —ri 11.44
gt =~ 7 0 (IL.44)
dv. . .
C O = —j 11.45
f dt i o] ( )

By multiplying the derivative of (IL.45) by L,, one can write:

dv di, di
LC —>=L, —t—-L — I1.46
Thdtr Tdt Tt (1140)
By using (11.44), it results:
d?v, , di,
Lfo F = Vi _VO - I’Ii — Lf E (1147)
By replacing the expression of j calculated from (II.45) into (IL.47), it yields:
2 :
Le, ey _y —rc, Doy, e (IL48)
dt dt dt
This equation can be rearranged as follows:
Lo, e, Moy by By oy (I1.49)
dt dt dt

In order to achieve a good tracking of the output voltage we can derive the following
controller expression

Vi =V +kp(vref _Vo)+kiJ‘(Vref _Vo) (IISO)
By equalizing the derivatives of (I.49) and (IL.50), the following expression can be
obtained.
2. -
L,C, dv, +1C, dv, +dv0 +L, di, +rdi:dvrEf +k g -k W, +kyv, —kyv, (IL51)

dt dt  dt dt dt  dt Podt gt e e

By introducing Laplace transform, equation (IL.51) becomes:
(LiC;s®+rC s +(1+k,)s +k, W, +(L;s*+15)i, = ((A+K s +K, V (I1.52)
where v, =E sinat is the output-voltage reference.

By using (I1.52), the closed-loop output voltage dynamic behavior takes the form:

@+k,)s +k; L S%+rs :
v, = 5 5 Vs — 5 5 i, (I.53)
L Cis”+rCis™ +(1+k,)s +k; L Cis”+rCis” +(1+k,)s +Kk;

45



Chapter 11 Droop Control of Parallel Inverters Based Islanded Microgrid

The inverter can be modeled through a model based on the two-terminal Thevenin
equivalent circuit, as can be seen in Fig. (IL.5).

Vo =F (SN —Z,i, () (IL54)
where Z, is the output impedance.

In order to allow a proper parallel operation, the closed loop output impedance of the
inverter should be examined [52]. The frequency-domain behavior of the output
impedance can be analyzed through the bode diagram shown in Fig. (II.10); from which, it
can be seen that the impedance is inductive and resistive in same time.

Bode Diagram

Gm =-49.6 dB (at 7.75e+03 rad/s) , Pm =-86.1 deg (at 1.72e+03 rad/s)
50 T T ‘ T — T — T

Magnitude (dB)

P Y S Y E SR A WY B SR WY R R

Phase (deg)

10 10" 10° 10 10 10° 10 10°
Frequency (rad/s)

Fig. I1.10. Bode diagram of the output impedance Zi(s)

IL.5. Virtual Impedance

Initially, the droop control has been implemented for transmission grids; afterwards, it was
adapted for power electronic converters following the same assumptions, giving it great
popularity in microgrid applications. However, in a microgrid this assumption does not
always hold, because the line impedance may be resistive and the R/X ratio can be high,
which results in the coupling and dynamic instability of the power control with the
conventional P-o and Q-E droop methods [53]. In order to overcome this problem and
provide more design flexibility for the connection impedance seen by a DG inverter, the
use of virtual impedance has been proposed for inverters operating in standalone parallel
mode. This ensures a predominant inductive output impedance of paralleled inverter,

which guarantees an active power determined by the power angle and the reactive power
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determined by the voltage amplitude [54]. This additional virtual impedance Zv is
incorporated into the converter control, which is a current feedback loop that adjusts the
voltage reference as shown in Fig. (IL.11). This concept results in the modification of the
internal controller set points depending on the injected current. For instance, the voltage
source based droop controls the voltage reference E*, which can be altered in order to

simulate a voltage drop across a virtual impedance [55].

Voabe

calculation
Loabe

Virtual
impedance

Fig. I1.11. Droop control with virtual impedance

In the dg frame, the virtual impedance can be modeled as follows:

v, =E] +al,i, —Ri, (IL55)

oq

V. =E; oL, i, —Ri

q

(I1.56)

oq

This concept offers the possibility of modifying the impedance seen by the connection of a

generator distributed to a desired value without additional losses.
I1.6. Power Calculation in Three-Phase Systems

In three-phase systems, the instantaneous active and reactive powers are defined as:

P(t)=v,t)i,t)+v, )i, t)+v )i () (IL.57)
1 ] ] .

- 1158

Q(t) ﬁ(vab(t)lc(t)+vbc(t)la(t)+vac(t)lb(t)) (IL.58)
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I1.6.1. Instantaneous Powers in aff Frame

By considering balanced three-phase systems and by defining voltage and current phasors

as:

Vo =Vat IV, (IL59)
I aff = Ia - Jlﬂ

The apparent power expression in af3-frame can be expressed as [56]:

S=Vula =V, + V), - jl,) (I1.60)
By rearranging equation (I1.60), it is possible to express the active and reactive powers as

functions of voltages and currents in the af-frame as follows:

P=V,1,+V,l,
(IL.61)
Q=V,1,-V,l,
I1.6.2. Instantaneous Powers in dg Frame
Then the instantaneous active and reactive powers in the dg frame are given by:
P(t)= Re{?f }: Re{(V, + V)14 = i1,)} =V, 1, +V,1,
(I11.62)

Q= Im T} =Im{W, + 1V, )My =11} Vol Vol
I.7.Low Pass Filter

The instantaneous active and reactive power components P and Q are calculated from
equations (I1.62). The instantaneous power components are passed through second-order
low-pass filters, given in (IL63), to obtain the real and reactive powers P and Q
corresponding to the fundamental component. w. represents the cut-off frequency of low-

pass filter and & represents its damping factor.
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2 2

. ) < )
P = L__p - ° IL63
s’ +28m.s + @ Q s’ +2&m.s +a)02Q (1L63)

The cut-off frequency characterizing these filters is obtained by equation (I.64). For better
attenuation of harmonics associated with switching power switches, this frequency must
be between 1/3 and 1/2 from frequency switching while ensuring sufficient phase

bandwidth control [57].

1
f 11.64
° 2zLC (1164)

The cut-off frequency can be calculated by drawing the bode diagram using transfer
function (I.63), as shown in Fig. (I1.12).

Bode Diagram
T T T T 17T T T T 71 T T

<
|

Magnitude (dB)
= &

Phase (deg)

_130 = It L Ll - 1 Ll 1
102 10" 10° 10 10°
Frequency (rad/s)

Fig. I1.12. Cut-off frequency calculation

I1.8. Simulation Results and Discussions

To verify the proposed control strategy, two DG units powered an AC three-phase load
through an LC-filter have been built using Simulink environment. The coupling
inductances of the two inverters are different. In the following, the system control is tested

at both single DG unit and two DG units.
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I1.8.1 Primary Control of a Single DG Unit

Simulation results of single unit are presented in order to show the feasibility of the
proposed droop control illustrated in Fig. (IL.13). The control consists of nested voltage and
current loops and it is implemented using the selected control parameters listed in

APPENDIX A.

J J J

UdcT__ - Loads \
. | Yoa| © b
'oubc

A

SVPWM

iidg Voltage & Vodg
current loop
using PI
controller . Droop control

E*dq wo p N
< ¢ L v P ’ Doabc
S - my f—

Power
calculation |;
oabc
0 | oati
Esin - M
o J
Eo

Fig. I1.13. Structure of primary control of single DG unit based microgrid using PI controller

Steady state analysis

This section aims to test the performance of the PI control in steady state. As shown in Fig.
(IL.14), the controller is able to track the reference to regulate the voltage keeping the

tracking error percentage near zero. The wave form of the voltage is sinusoidal, and the
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ratio of Total Harmonic Distortion THD is 0.41% as see in Fig. (II.15), which is within the

MG standards.

500 T T T T

400

-400

-500

0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08
Time (sec)
Fig. I1.14. Line current and voltage with its reference
Fundamental (s0Hz) = 399.2, THD= o0.41%
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100 [~ |
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Harmonic order
Fig. I1.15. Line voltage harmonic spectrum

Transient response analysis

In this test, the performance of PI controller is tested when a step change occurred in the
voltage reference. Indeed, at t=0.04 s, the controlled output reference signal of the voltage is

increased from 200 V to 400 V.
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The obtained results are illustrated in Fig. (IL.16), which depicts the evolution of three-
phase voltages as well their RMS value. It is remarked that the controller rejects the
disturbance and continue tracking the reference within considered time. Also, we noted
the settling time for that the signals recover after the disturbance is 12ms, more, and the

overshoot exceeds 10%.

500 T T T T T T T
v v
a b
-500 I I 1 I I I 1
o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
400 T T T T T
R10%
v* 340
200 |- / s J
280
A\ S t Aamg
v 220 E=——P
o | rms | | 1039 0.044 .05 |
o o0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time (sec)

Fig. I1.16. Three-phase voltage for reference step change and its RMS value

I1.8.2 Droop Control Without Virtual Impedance of Parallel DG Units

The general structure of droop control based islanded microgrid without virtual
Impedance is illustrated in Fig. (IL.17). Each DG unit provides a part of active and reactive
power demanded by loads. In fact, the physical disparities between MG elements will
emerge circulating power and currents flowing through the autonomous microgrid. These

currents will lead to the improper operation and the instability of the MG [58].

This phenomenon can be easily simulated with the absence of the virtual impedance. Fig
(I.17) shows the general view of two DGs composing the adopted MG controlled by the
droop control. A simple difference between the parameters of DGs cause large
disturbances and the system become instable. This is articulated in the emerged circulating

current and power presented in Fig (I1.18) and Fig (I11.19)
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Fig. I1.17. Structure of primary control of two DG units without virtual impedance based microgrid
using PI controller
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Fig. I1.18. Current waveforms and circulating current of two DGs
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Fig. I1.19. Active power sharing of the two DGs
This system needs an appropriate control to control the shared power, which is usually
droop control method, in the way of making the system stable and operating properly as in

next scenario.

I1.8.3 Droop Control With Virtual Impedance of Parallel DG Units

In order to face risks that circulating current can cause, the droop control method is

adopted to control the power delivered to the load among two DG units. Fig. (I11.20)
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illustrates the general view of two DGs composing a MG and controlled by droop control

with virtual impedance.
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Fig. I1.20. Structure of droop control of two DG units with virtual impedance based microgrid
using PI controller
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Fig (I1.21) shows that the power is well shared to the load even in the presence of different
impedances where each unit exports half of the total amount. This confirms that the
adopted strategy ensures the elimination of circulating currents. By using classic PI control,
it is remarked that even though the shared power is well shared, it is yet surrounded by
some ripples, and the rate of overshoot is considered.

Fig. (I1.22) shows that the circulating current is reduced, which makes the line currents of
both inverters balanced. It is worth to mention that the droop control method drops the
three-phase voltage in order to make the set of inverter and line impedances similar as well

as to eliminate the circulating currents.

PDGI\‘
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Time (sec)
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Fig. I1.21. Active and reactive power sharing of two DGs controlled by droop control-virtual
impedance
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Fig. I1.22. Current waveforms of two DGs controlled by droop control-virtual impedance
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Fig. I1.24. Line voltage harmonic spectrum

As can be seen the three phase voltage generated in Fig (I1.23), after short transient periods
the waveform of the voltage is almost sinusoidal, which depicts the evolution of three-
phase voltages as well their RMS. In this test, the amplitude is decrease from 400 V to 365V

compared to the single unit.

In Fig (I1.24), when the virtual impedance is enabled, the THD drops to only 0.55%.
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I1.10. Conclusion

In this study, based on the mathematical model of VSI, PI controllers are used to ensure
primary control of two parallel DGs units forming a microgrid. The simulation results
demonstrate that the PI controller is effective and suitable for improving the time domain

characteristics of system response, such as settling time and overshoots.

Also, the droop control method of multiple voltage source converters based an
autonomous microgrid is introduced. The power sharing of the DGs sources and the basic
principle of virtual impedance is studied. Moreover, the control strategy of virtual
impedance is introduced by observing the change of system output characteristics. The
power coupling problem caused by the impedance of the resistive line is weakened by
controllable virtual impedance. Simulation results prove that the droop control with
virtual impedance can significantly improve the uneven output power of inverter caused

by different transmission line impedance.
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Chapter 111

LQR Control of Parallel Inverters Based Islanded Microgrid

ITI1.1. Introduction

As we have previously seen, the control of distributed generator in autonomous MG
requires an adequate control of the voltage in a manner to ensure sinusoidal form with
lesser THD ratio. The controller should remain robust when the input power changes due
to the intermittency of renewable energy sources (RESs) and electrical loads proliferation.
In previous chapter, the classical PI controller was adopted to control each DG unit in MG
system, even though the control was well-established to regulate the delivered power to
loads, it is still fragile against input variations where its rejection was not fast enough and
the overshoot rate was considerable even in simple variation. This demonstrates the need

to find another advanced control to face these difficulties and constraints.

In literature, there are a lot of control strategies that can be implemented on a distributed
generator unit in a microgrid. Amongst them, a control strategy based on linear quadratic
regulator (LQR) is largely used since it allows optimizing the control objectives. In this
subject, a control based on optimal control equipped with integral action is proposed. The
use of LOR with integral action (LQR-I) is motivated by its proprieties that allow

optimizing the cost objectives with guaranteeing system stability of the closed loop giving
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high power quality of the output voltage with lesser THD ratio, and helping in ensuring
optimal load sharing with reduced ripple on both controlled power and minimized
circulating current. In point of fact, this control enables to design a feedback gain matrix
that will optimally control dynamic systems such as MG. This is based on minimizing the
cost function making the error between the output the reference objectives close zero,
which means better transient response, reduced tracking error, and reduced power and
current ripples. As this approach help remedying problems related power quality in a
single distributed generator unit, this will also contribute to solve issues in distributed
generator in autonomous microgrid. Because the LQR-I will reduce power and circulating
current ripples, by analogy, this will contribute to effectively enhance the power sharing
and reduce ripples on suppressed circulating current component. This controller is
designed to meet certain robustness facing rapid change of power loads. This chapter
presents as the first step the mathematical detail needed to design the LQR with integral
action. The stability of closed loop is analyzed and verified, and then the simulation using
Simulink is built to validate the effectiveness of the proposed LQR-I and compare its

performance with that of classical PI.

IIL.2. State-Space Representation of Dynamic Systems
II1.2.1. VSI State Space Model
In continuous time

The general form of state space presentation of disturbed system is as follows:

X (t) = Ax (t) +Bu (t) + Ed (t) (IIL1)
y(t)=Cx(t)+Duf(t)

where u(t) is the input vector, x(t) is the state vector, y(t) is the output vector, d(t) is the
disturbance vector, Ais the state or system matrix, B is the input matrix, C is the output
matrix, D is the direct transmission matrix, and E is the exogenous matrix.
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The block diagram for a linear system described by state-space system (IIL.1) is illustrated
in Fig. (IIL.1).

am
E

u (1)
Ot x(t) O

Fig. II1.1. State space representation of general linear continuous system

By rewriting (I1.20) and (IL.21) to fit (IIL.1) it yields:

- State space of voltage loop

V(.)d :{0 _a):||:vod:|+i|:i-idj|_i|:i-odi| (II.2)
v @ 0 |[Voq | Cilhq] Ci|lag

- State space of current loop

R [ L
o | | L Yo | 1 WVia | 1 Vo (IIL3)
- r iiq Lf Viq Lf VOq .
qu - -

Lf

We can rewrite (II1.2) and (IIL.3) on the same state space as:
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A
- 2 %
B 1
0 0] — 0 ——— —
c x(t) 0 0 |uww |C d (1)
v od —w i v od O 0 I id O v od
d Vo | _ R RGN I Yon (IIL.4)
dt | Tig 1 BRI L Vig 1 log
I iq I‘f Lf I iq 0 i v iq Lf ioq
1 L
0 - - —— - f 0
L f i

In discreet time

The discrete-time model of a linear continuous-time system can be written in terms of a

recursive formula by using linear matrix difference equations as:

%, (k +1) = A,x(k) + Byu(k) + E,d (k)
Yq (k) = Cyx(k) + Dyu(k)

(I1L.5)

It is easy to calculate an approximate discrete model using Euler’s method, in which the

state space matrix in discrete time can be written as:

A, =1 +TA=

S

T.o

S

0

(IIL6)

(IIL.7)
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LI
C;
TS
° (I1L.8)
E,=T.E=|
s 0
Lf
o L
L Lf_
1000
and C, = (II1.9)
0100

The schematic of a discrete of state space representation is shown below:

d(k)
Eq

v Ba @—’{ﬁ Cq —‘@JL(L(L’

x(k)

Dy

Fig. II1.2. State space representation of general discrete time linear system

In what follows, the impact of the disturbances is neglected and the load is assumed to be

linear.
I11.3. General Format of State Feedback with Pole Placement

To complete state feedback design, the gain matrix G need to be specified.
The linear control law is given by:

u =-Gx (I11.10)
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where G is a constant gain matrix.
For single input system (SISO), G is given by:

G=[G, G, .. G,] (IT.11)

For multi-input system (MIMO), G is given by:

G, G, .. G,
G, G, .. G

G=| * ® 7 °F (II1.12)
G, G, .. G,

The closed-loop equation is
% = (A-BG)x (IIL.13)

In order to ensure that the closed-loop system to be asymptotically stable the closed-loop
dynamics matrix A-BG must have its characteristic roots in the left half-plane. If the system
is controllable, this can be accomplished by a suitable choice of the gain matrix poles of the

closed loop system.

roots det(SI —(A-BG)) (1I1.14)

- Pole-placement method

The gain matrix G is chosen such that the poles of the closed-loop systems are in specified
positions. More precisely, suppose that the desired locations are $,,5,,...,S,, which are either
real or complex conjugated pairs, the matrix G is chosen so that the characteristic equation
verify the following equality:

a.(s) =det(SI - (A-BG)) =(s—s,)(s—5,)....(s—5,) (II1.15)

The system stability is ensured by moving its poles into the interior of the left half of the S

plane as depicted in Fig. (IIL.3).

To apply the pole placement design method, the following steps should be performed.
64



Chapter 111 LOR Control of Parallel Inverters Based Islanded Microgrid

1- check the system controllability M = [B BA BA2]

2- obtain the desired characteristics equation
3 —obtain the determinant of matrix SI —(A —-BG)
4- comparing coefficient of (1) and (2)

S1 -
| instable

S)

Fig. II1.3. Pole placement plan region

II1.4. State Feedback with Integral Control

Normally, the use of state feedback controller by exploiting solely the pole-placement can
engender steady-state errors. To overcome this drawback, an additional integral action is

added to the controller [59]. Fig. (III.4) shows the control diagram with integral control.

Fig. II1.4. Detailed block diagram of system with state feedback and integral control
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From the block diagram above, let define the system state space model with integral

control as follows [60]:

ol Le ol ao Lo
£(t) —C 0| &(t) 0 1

and

e o)

From Fig. (IIL.5), the control law is expressed by:

U =-Gx O+K.2) =[G Ke]mﬂ

II1.4.1. Feed-Forward Gain Design

The closed loop transfer function matrix is given by:

Hy(5)=C (sl —A +BG)™'BK,

The steady state response of the system is:

Yo =Hgp (s =0)r =-C(A-BG)™'BK,r,

The following equation needs to be solved in continuous time.

_C(A-BG)™BK, =1 =K, =—(C(A-BG)*B)™

(II1.21)
In case of SISO system, equation (II1.19) can be simplified to:

Ke Z;_l
c(A—-bG)Tb

(IT1.16)

(II1.17)

(II1.18)

(I11.19)

(I11.20)

(II1.22)
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II1.5. Optimal Control

The main objective of optimal control is to determine the control signals that will drive a
system to satisfy certain physical constraints and at the same time maximize or minimize a
chosen performance criterion (performance index or cost function). We are interested in
finding an optimal control law u(t), which will drive the system S to go from the initial
state to a given final state with certain constraints on the control signals and states and at

the same time maximizing or minimizing the given performance index J [61].
The formulation of the optimal control problem requires [62]:

1. A mathematical model of the process to be controlled,

2. A specification of the performance index,

3. Accuracy of boundary conditions and physical constraints on states and/or commands.
IIL1.5.1. Quadratic Optimal Regulator

An advantage of the quadratic optimal control method over the pole-placement method is
that the former provides a systematic way of computing the state feedback control gain

matrix.

The LOR controller uses an optimal control algorithm to minimize a cost function. The cost
function involves the states and the system inputs along with the Q and R matrices [63];
the Q and R matrices represent the weights assigned to the states and inputs. By varying
the values of these two matrices, the total value of the cost function can be adjusted
according to the desired output. The two main quantities that need to be optimized for the
system model are the power consumption and time response. For a faster response of the

controller, the Q matrix values need to be appropriately chosen, whereas for minimizing
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the power consumption while achieving the desired set point without focusing on the time

response, the R matrix values need to be adequately selected [64] .

Let now consider the optimal regulator problem that, for a given linear system presented

by:

X =Ax +Bu (II1.23)
The task is to determine the matrix G of the following optimal control vector:

u(t)=-Gx(t) (I11.24)
so that the following performance index is minimized:

J= j: (x"Qx +u"Ru)dt (I1.25)

where Q is a positive-definite (or positive-semi-definite) Hermitian or real symmetric
matrix and R is a positive-definite Hermitian or real symmetric matrix. Note that the
second term on the right-hand side of equation (II1.25) accounts for the expenditure of the
energy of the control signals. The matrices Q and R determine the relative importance of
the error and the expenditure of this energy. In this problem, control vector u(t) is assumed
to be unconstrained. As will be seen later, the linear control law given by equation (II1.24)
is the optimal control law. Therefore, if the unknown elements of the matrix G are
determined to minimize the performance index, then u(t)=—Gx(t) is optimal for any initial

state x (0).

Now let us solve the optimization problem by substituting equation (III.24) into equation

(II1.23), which results in:
X =Ax —BGx =(A -BG)x (II1.26)

In equation (IIL.26), the matrix A-BG is assumed to be stable, which means that the

eigenvalues of A-BG have negative real parts.

Substituting equation (III.24) into equation (II1.25) yields
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J= j:(xTQx +X"GTRGx)dt

0 (IIL.27)
= jo x"(Q + GTRG)xdt
Let us set
x"(@Q +G"RG)x :—g—t(xTSx) (I1.28)

where S is a positive-definite Hermitian or real symmetric matrix. Then (III.28) becomes:
X"(Q+G'RG)x =—X"Sx—Xx"Sx =—x' [ (A-BG)'S +S(A—-BG) | x (I11.29)

Comparing both sides of this last equation and noting that this equation must hold for any

X, we require that:
(A-BG)' S +S(A-BG)=—(Q +G"RG) (I11.30)

It can be proved that if A-BG is a stable matrix, there exists a positive-definite matrix S that

satisfies equation (IIL.30) [65].

Hence our procedure is to determine the elements of S from equation (II1.30) and see if it is
positive or definite; note that more than one matrix S may satisfy this equation. If the
system is stable, there always exists one positive-definite matrix S to satisfy this equation.
This means that, if we solve this equation and find one positive-definite matrix S, the
system is stable. Other S matrices that satisfy this equation are not positive definite and

must be discarded [66].

The performance index | can be evaluated as:
J= jow X" (Q+GRG)xdt = —x"Sx|| =—x" (e0)Sx(20) + X" (0)Sx(0) (TIL.31)

Since all eigenvalues of A-BG are assumed to have negative real parts, we have X () -0

Therefore, we obtain:

J =x"(0)Sx(0) (I11.32)
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Thus, the performance index | can be obtained in terms of the initial conditions x (0) and S.

To obtain the solution to the quadratic optimal control problem, we proceed as follows:
Since R has been assumed to be a positive-definite Hermitian or real symmetric matrix, we

can write:

R=T'T (I11.33)
where T is a nonsingular matrix. Then equation (II1.30) can be written as:

(A" -G'B)S +S(A-BG)+Q +G'T'TG =0 (I11.34)
which can be rewritten as follows:

ATS +SA+[TG -(T")"B'S ]T [TG-(")'B"S |-SBR™'B"S +Q =0 (I11.35)
The minimization of | concerning G requires the minimization of (II1.36) concerning G.

X" [TG—(rT)-lsTs]T [TG-(T7)*B"S |x (I11.36)

Since this last expression is nonnegative, the minimum occurs when it is zero, or when

TG=TT)"'B'S (I11.37)
Hence,
G=T*'T")'B'S=R'B'S (I11.38)

Equation (II1.38) gives the optimal matrix G. Thus, the optimal control law to the quadratic
optimal control problem when the performance index is given by equation (III.24) is linear
and is given by:

ut)=-Gx(t)=-R 'B"Sx (t) (I11.39)
The matrix G in equation (III.28) must satisfy Equation (II1.30) or the following reduced

equation:

SA+A'S-SBR'B'S+Q =0 (111.40)
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Equation (IIL.40) is called the reduced-matrix Riccati equation. The design steps may be

stated as follows:

1. Solve equation (IIL.40), the reduced-matrix Riccati equation, for the matrix S. (If a
positive definite matrix S exists (certain systems may not have a positive definite matrix S),

the system is stable, or matrix A-BG is stable.

2. Substitute this matrix S into equation (II1.40); the resulting matrix G is the optimal

matrix.

Finally, note that if the performance index is expressed in terms of the output vector rather

than the state vector, that is,
J= Iow(yTQy +u"Ru)dt (IIL41)

then the index can be modified by using the following output equation y = Cx to:
J = [(XCTQCx+u"Ru)dt (111.42)
0

and the design steps presented in this section can be applied to obtain the optimal matrix

G.
Noted: the gain in the presence of exogenous variables can also be written as:

G,=-R'B"(A1)"'S, with A =A-BG (I11.43)

(0]

In MATLAB, the command Iqr(A,B,Q,R) solves the continuous-time, linear, quadratic

regulator problem and the associated Riccati equation. This command calculates the

optimal feedback gain matrix G.

Another command [K ,E,P ] =Igr(A,B,Q,R) returns the gain matrix K, eigenvalue vector

E, and matrix P from Riccati equation.
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II1.5.2. Cascade Loops Control Based LQR Controller

Control scheme presented in Fig. (III.5) consists of an external voltage loop that provides
the current reference and an internal current loop that provides the modulating signals. In
this case, LQR controller is used to regulate the output voltage and current of the voltage

source converter.

Dod * .
e ° Voltage

Lidg ;.
N arR | eir Vidy ii
Current |- Inverter LC filter | v,

Fig. I11.5. Cascaded control loop using LQR controllers
To verify that the tuning is stable, a Root locus of the closed loop transfer function (state
space (III.2),(IIL.3) ) for voltage and current are shown in Figs. (IIL.7), (IIL.8), (III.9) and
(II1.10), respectively. The Root locus plot shows that two poles coincide and become
complex conjugates. The different colored markers show the trajectory of each eigenvalue

and from the figure we can say this is a stable solution.
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Fig. II1.5. Root locus plot for the voltage control by applying the pole placement method
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Fig. II1.9. Root locus plot for the current control by applying the pole placement method
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ITI1.6. Simulation Results and Discussion

In the first part we study the effect and the difference between two famous controllers, PI

and LOR controllers on a single unit, then in second part we see the effect of the LOR
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controller on the droop control with/without virtual impedance and how is the better

controller.

I11.6.1. LOR of a Single DG Unit

In order to validate the performance of LQR based control of VSI system, the system was
implemented in Simulink/Matlab environment using the same parameters given in

Appendix A.

’UdcT_ é ' Z l\ }\ Loads

Uadq
fidg Voltage & Vodg
—| current loop
using LOQR
controller . Droop control
E*dq w o s ~
1 w P
< ¢ ? = my i voub_c
Power
calculation |;
oabc
Q  foati
. 11, «
Esin - 1
\ v

Eo

Fig. IIL.7. Structure of primary control of single DG unit based microgrid using LQR controller

Steady state analysis of a single DG unit

In this test, the performance of the LQR control is evaluated and compared to that of PI
control. As shown in Fig. (IL.12), the controller is properly tracking the reference to regulate

the voltage making the error zero, which is slightly better than that using PI. The voltage
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waveform is almost sinusoidal, and the ratio of Total Harmonic Distortion is THD=0.36%,

as in Fig. (I1.13), which is in accordance with the MG code.
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Fig. II1.8. Line current and voltage with its reference
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Fig. II1.9. Line voltage harmonic spectrum

Transient response analysis of a single DG unit

In this section, the performance of LQR controller is tested when a step-change in the

voltage reference is implemented. The evolutions of three-phase voltages as well as its

RMS value are illustrated in Fig. (III.14). It can be seen that the LQR controller rejects the

disturbance better than PI, where there is no overshoot. The recovering time using LOR is

1.5ms, which is better than that obtained by the classic PI controller.
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Fig. II1.10. Three-phase voltages for a reference step change and their RMS value

I11.6.2. Droop Control Without Virtual Impedance of Two Parallel DG
Units Using LOR Controllers

As it is well established, the use of parallel DGs will help in sharing load power among
several units. This fact will increase the reliability of the microgrid, and enable the
continuity of providing power even in case of failure or maintenance. However, due to the
physical and the control disparities between MG elements, a large amount of circulating
power and currents will emerge and flow through the autonomous microgrid, which leads

to the improper operation and the instability of the MG.

This phenomenon can be easily simulated in the absence of the droop control. Fig. (I.17)
shows the general view of droop control of two DGs composing an islanded MG. A simple
difference between the parameters of DGs causes large disturbances and the system
becomes unstable. This is articulated in the emerged circulating current and power in Fig.

(II1.15) and Fig. (I11.16).
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This system needs an appropriate control to ensure power sharing, which is usually the

droop control method, in the way of making the system stable and operating properly as in

the next scenario.
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Fig. II1.11. Current waveforms of two DGs and their circulating current
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Fig. II1.16. Active and reactive powers of the two DGs
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Fig. II1.17. Structure of primary control of two DG units without virtual impedance based
microgrid using LOR controllers
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I11.6.1. Droop Control With Virtual Impedance of Two Parallel DG Units
Using LOR Controllers

In the way to limit risks that circulating current will cause, we have adopted droop-based
control to share the power among two DG units. Fig. (III.18) shows that the power is well
shared to the load even in the presence of a difference in line impedances where each unit
exports half of the total amount. This confirms that the adopted strategy ensures the
elimination of circulating currents. It is remarked that by using LQR control, the

component of ripples on the shared power is lesser than that produced using PL

Fig. (II1.20) shows that the circulating current is reduced, which makes the line currents of
both inverters balanced. It is worth mentioning that the droop control method drops the
three-phase voltage in order to make the set of inverter and line impedances identic as well

as to eliminate the circulating currents.
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Fig. II1.18. Active and reactive powers sharing of two DGs controlled by droop control with virtual
impedance
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As can be seen the three phase voltage generated in Fig (I1.21), the waveform of the voltage
is almost sinusoidal, which depicts the evolution of three-phase voltages as well their RMS.

In this test, the amplitude is decrease from 400 V to 365V compared to the single unit.
In Fig (I1.23), when the virtual impedance is enabled, the THD drops to only 0.38%.

Discussion

Table (III.1) shows the summary of the performance characteristics of the step response of
the VSI system using both LOR with integral action and PI controller. It shows that the
LQR control method has better performance as compared to the PI control method. From
Table (IIL.1), it can see that LQR has the fastest rising time (T:) of 1ms while PI has the
rising time of 1.3 ms. In addition, PI has a larger value of settling time (Ts) of 12ms
compared to the value of settling time for the LQR controller which is 1.5ms. From both of
these characteristics, one can say that the LQR controller can respond faster than the PI
controller. Furthermore, for the percent overshoot (%0OS), LOR has 0% overshoots while
the PI controller has a larger percent overshoot of 10%. The last characteristic is the steady-

state error, (es), where the both controllers have same performance.

LQOR PI
THD 0.36 0.41
Overshoot 0 10%
Rising time 1ms 2.3ms
Settling-time 1.5ms 12ms
Static error % 0 ~0

Table III.1. Summary of the performance characteristics two DG units based islanded MG
All this means that the PI controller shows less performance as compared to the LQR
controller. Secondly, the PI controller parameters need to be tuned to obtain an efficient
response, which makes it tedious work whereas only 2 matrices need to be tuned in the

case of the LQR controller. PID controller requires four feedback loops making the
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computation more complex than the single control loop in the case of an LQR controller
[63]. Thus, it can be concluded that the LQR controller has a better performance compared

to the PI controller in controlling the proposed two parallel DG units.
IIL.7. Conclusion

In the first part of this chapter, linear state space model was established for two parallel
DG units forming a microgrid in continuous time and discrete time and how to move
between them. Then, based on continuous time system state-space representation, two
methods namely pole placement and LQR, were detailed and were designed for two
parallel DG units forming an islanded microgrid; the effect of integral action addition to

the LQR is also studied.

Simulation results show that both controllers are capable to control the proposed microgid
successfully. However, the LOR is able to produce better responses compared to the PI

controller in terms of output, complexity, and, computation time.
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Chapter IV

PIL Simulation of LQR Control of Parallel Inverters Based

Islanded Microgrid

IV.1. Introduction

This chapter aims to present processor-in-the-loop (PIL) validation of LQR-I based control
technique applied on autonomous microgrid. Processor-in-the-loop co-simulation is an
essential stage that can be adopted either to check possible errors or to verify the feasibility
and the performance of the generated code. This approach leads to test the numerical
equivalence between the model and real computation, which is helpful in predicting the
real behavior using just simple simulation. Hence, PIL is an effective technique that should

be performed before passing to real time test due to some features including [67]-[68].

1. This technique allows designer to investigate specific problems with the algorithm
execution in the embedded environment. In a way of example, it can be used to test
whether the control algorithm fits within the execution time on the embedded
processor;

2. Perform code execution profiling: this testing technique is useful to identify the

most demanding operations inside the control loop;
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3. PIL simulations may be performed to gain confidence and to check that the control

algorithm performs as expected once it is physically running on the microcontroller

unit (MCU);

4. Reprogramming without costly hardware repetition.
In this chapter, PIL concept will be used to validate the developed LQR algorithm for the
adopted islanded microgrid. First, STM32F407 Discovery board will be introduced with
some necessary definitions as well as the different stages necessary to co-simulate a given
control system. Finally, the results of the LQR control simulation will be presented and

commented on.

IV.2. STM32F4 DISCOVERY Board

The STM32F4DISCOVERY board is a low-cost and easy-to-use development kit that allows
users to easily develop applications with the STM32F407VG high-performance
microcontroller with the ARM® Cortex®-M4 32-bit core. It includes everything required
either for beginners or for experienced users to get quickly started. Based on
STMB32F407VG, it includes an ST-LINK/V2 or ST-LINK/V2-A embedded debug tool, two
ST-MEMS digital accelerometers, a digital microphone, one audio DAC with integrated
class D speaker driver, LEDs, pushbuttons and a USB OTG micro-AB connector. For more
specifications, refer to the STM32F4DISCOVERY and STM32F407VGT6 datasheets [69]-
[70].

IV.3. PC Serial Communication Configuration

In order to power the board, the power is supplied by the USB connection with the PC
using a USB cable “type A to Mini-B’. It can also be powered for external application with a

5V source.

The USB type A to Mini-B cable wished is USB TTL-232 cable - TTL-2303HX 3.3V (serial

communication for STM32F4-Discovery board),
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The microcontroller must be connected via USB and the use of the USB to TTL adapter is
highly recommended. Without the serial adapter, the PIL data will be collected by the ST-
LINK interface, which is much slower than the serial communication and makes it

impractical.
For started the experience Follow the hardware setup instructions below:

Connect the ground pin of the TTL-2303HX cable to one of the GND pins on the STM32F4-
Discovery board. then Connect the RX pin of the TTL-2303HX cable to the PA8 pin on the
STMB32F4-Discovery board after that Connect the TX pin of the TTL-2303HX cable to the
PA9 pin on the STM32F4-Discovery board.

- Connect the USB side of the TTL-2303HX cable to your host computer, and power on
your board by connecting the USB type A to Mini-B cable to the STM32F4-Discovery
board.

Fig (IV.1) summarizes these instructions.

Ry Tx
Tx Rx
STM32F4- PL2303HX
Discovery board UART MODEL
Vee 14
GND GND

Fig. IV. 1. Hardware setup instructions

Finally, after changing the baud rate make sure to press the reset button on the STM32F4

Discovery board.
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IV.4. Model Configuration for Code Generation

To install the package, execute the install_waijung MATLAB script file that is located inside
the folder. Make sure the STM32F4 ST LINK is properly installed. Anyway, a warning
message will be shown saying that the STM32F4 ST LINK could not be found. Just

continue with the installation process, that message is an application bug.

The basic arrangement for a model that is planned to be executed on the STM32F4 consists
of configuring the target and the Simulink solver. First, consolidation of all control
algorithms of the VSI system in a subsystem simulation then open a blank Simulink model
add UART setup, UART RX, UART TX and drop a Target Setup block from STM32F4
target. The parameters can be modified by double clicking on it also make sure to select the
correct microcontroller unit and clock configuration. For this microcontroller, the

configuration should look like Fig (IV.2).

"% Block Parameters: Target Setup Iﬁ

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

Farameters

Compiler | MDK-ARM -]

MCU lSTM32F4IJ?'\|"G (LQFPLO0); STM32F4DISCOVERY 'J

Clock Configuration |STM32F4D]SCOVER‘|’ Default (HSEQSC-8MHz,/HCLK-168MHz) x |

Show memory configuration
+| Enable Auto Compile and Download

¥| Full Chip Erase before Download

Programmer/Debugger | ST-Link =

¥ | Show/Edit Control Strings (Recommended for advanced users only)

i

Compiler Control String

-c --gpu Cortex-M4.fp -g -03 --apcs=interwork --split_sections ${INCLUDES)
Assembler Control String

--gpu Cortex-M4.fp -g --apcs=interwork --xref ${INCLUDES)
Linker Control String

totals --info unused --info veneers --list ".\$(MODELNAME).map"” -0 ${MODELNAME).axf
+| Run Application After Download

Enable Execution Time Profiler | None -

Manually set base sample time

Fig. IV.2. Target setup configuration
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IV.5. USART Communication Configuration

The STM32F4 has 4 USARTs and 2 UARTSs. In this project, the communication with the
microcontroller is always made through the USART1, which uses pins PB8 and PB9 for
transmitting and receiving, respectively. The first step is the USART1 configuration as
shown in Fig. (IV.3). Drag a USART Setup block into a configured model for code

generation and select the module number 1.

Simulink will ask to close the window and reopen it to go on with the configuration. The
baud rate has been set to 115200 bps, which is an acceptable speed for the sample time that

is being managed [71].

"2l Block Parsmeters: UART Setup s

l. stm32f4_usart (mask) =
pillar ¥ ondl Default STM32ZF4DISCOVERY + aMG F4 Connect 2 + oMG USE
| Converter N2 settin s Use
USART3, Tx D8, Rx 09 and USE Serial Converter A
@
Paramators
E3
. WART Module |3 =
) .H-.:ud rate (bp=)
- Module: USARTIZ Setup L115200 i A
— Baud (Bps): 115200
DMA Buffer: S12/512 Dats bits |8 =
Tx/Rx Pin: DE/D9
Parity | Mo -
UART Setup Stop bit |1 = ]
T= Pin | D8 -
Rx Pin | D9 -
Hardware flow control | Nomne e
HW Flow control, TS Pin | Not used
HW Flow control, RTS Pin | Mot used =
Cance! Felp
T = - O g WL

Fig. IV.3. USART Setup block configuration for using USART1 (Tx/Rx: D8/D9)
The software configuration for PC communication is very similar to USART
communication. The main difference is that this algorithm will be executed on the PC, so
another Simulink model will be needed. This model will not be compiled onto the board,
so a default blank Simulink model will be used. The used blocks are found under the block

group Waijung Blockset>> Communication>> Host Serial Port. They appear listed as in Fig

(IV.4).
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| Host Serial Rx

]
i
il

Host Serial e .
~=| Host Serial Tx
Setup L=

Fig. IV 4. Blocks for PC serial communication

Double click on the UART Tx and Rx and set the same UART model chosen before further

set the Pocket mode to Binary and set the Number of data port to your need as displayed

in Fig (IV.5).
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E § F 5§ B

o™ Cancel Help

UART Tx

Fig. IV.5. UART Tx and Rx blocks configurations

The setup for these three blocks is analogous to the USART blocks. The only additional

action is that the Host Serial Setup block must be configured to work with the

corresponding port. To identify the port number of the serial adapter connected to the PC,

open the device manager and look for the name of the device under PORTS (COM & LPT).

The port number will appear in brackets at the end of the device as shown in Fig (IV.6).
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Fig. IV.6. Device manager showing that the USB-TTL adapter has been assigned the COM8

We will try to summarize all of the above in five steps by applying all this to VSI system

based LQR controller on single unit and two units based microgrid.

IV.6. PIL Simulation Steps

IV.6.1. First Step: Testing the Model in MATLAB/Simulink

Model plant and its control are created and simulated in the same Matlab/Simulink

environment as shown in Fig (IV.7).

F'DC‘ Dndﬂu—l—ﬂn au—l_-A A au—l_-A
a a
pc=- ond-1 B bp—ap f‘,—imtb B b BJ\/W b
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C 4]_ —
T
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ond’ Droop Voltage control l
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T o 7 / I
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Fig. IV.7. Simulink model of VSI single unit based on LQOR controllers
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IV.6.2. Second Step: Dividing the Model into Two Parts

Taking the power part as target included in Matlab, while taking the control part as host

included in the STM32F407 board. Fig. (IV.8) shows the model divided into two main parts

[=]

in two-separated Simulink model: Control and power parts.
Vr & IL1 L2

and+1 B
. o Dt
o
De == ond-1
]
qoe ond-2 B
o

commanda_ond1 —b-'[-
: = => control part 17T

commande_ond power part
ond]
RaswEn.
<signal=>- In1
labe o)1) o
esignald »in2 commande_ond1 :‘:m
S S—
abc 2 .

Fig. IV.8. Simulink model divided in two parts, power part and control part
e Power part: inverter, LC filter, and load.
e Control part: LQR controller.
The output-ports of the power part, which are the input-ports of the control part and

which represents:

- The red ports are connected to UART RX block ports and green ports are connected to
UART TX blocks ports in the Simulink Target part, respectively. Inversely, these red ports
are connected to Host Serial TX block ports and blue ports are connected to Host Serial RX

Block ports in the Simulink host part, respectively.
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- The STM32F407 board, which contains the controller model, is connected to computer,
which contains the plant model. This plant model behaves as if it is in a real environment

and send the following values: i, Voabe

IV.6.3. Third Step: UART Configuration of the Control Part in Simulink

and Generating C Code

Fig (IV.9) shows the configuration of the system control part (target). The generated C code
is implemented on the STM32F407 board. The UART/Rx block is configured to receive the
values from the controls part (target), and UART/Tx Block is configured to send the

instruction to it.

computer

"SImAz_device_co g W
ot fouc

Taget Satup

LOR controller

Hal
doubie [—] kst Fooutle  Modu: USART3 T

Packet By
Packet Binary vkl el g Trareis Bsmré
conmands_ord! s Ts isec le-

Transéer Blocking doutic F—lve
Ta (sec) 1805

UART Rx il

WART Tx

STMB32F407

Fig. IV.9. UART configuration of the control part in Simulink

IV.6.3.1. Waijung Track Build Process

* To generate the C code of both controllers from the control part as well its
implementation on the STM32F407-VG board, it is simply required to click on the build
process button available on Simulink. The Waijung track building process window is then

displayed as shown in Fig (IV.10).

* From Fig (IV.10), the Waijung Track Build process indicates the result of each operation.

92



Chapter IV PIL Simulation of LOR Control of Parallel Inverters Based Islanded Microgrid

All green indicates “success”; all red indicates “Failure.” It should be pointed out that this
Simulink window with all related configuration is needed just for the generation of the C
code as well as its implementation on the embedded board. This Simulink window will no

longer be necessary in the rest of PIL testing steps, and it can be switched off.

D e

vonr - A2
Mcriast Pamames beron § 1 1

Fig. IV.10. Build process window

IV.6.4. Fourth Step: Host Serial Configuration of the Power Part in

Simulink and Connection Layout

¢ The TTL-2303HX USB/UART converter board is proposed as an external communication

interface instead of the ST-LINK communication interface.

* The both boards are connected from their USB (type Mini B) to the computer USB (type
A) as shown in Fig (IV.11).

e Pin D8/D9 (which are set at Tx/Rx) of the STM32F407 board is connected to Rx/Tx of the
TTL-2303HX board, respectively. GND pins of both boards are connected together as
shown in Fig (IV.11).

* Host Serial Tx Block is configured to receive the values from plant (host).
* Host Serial Rx Block is configured to send the instruction to it.

* The C code is implemented on STM32F407 board that acting as controller.
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¢ Simulation is run from Simulink (Host PC)

If any glitches occur during the PIL testing, it will easily go back to controllers for making
necessary changes, before generating the C code and implementing it again on the
embedded board. This operation can be repeated many times until simulation results are

satisfying [72].
IV.6.5. Fifth Step: Running the Co-Simulation

* Running the plant model on MATLAB/SIMULINK as usual. The host computer is

connected to the target controller.

* The embedded controller interacts with the plant Simulink model through various I/O

channels.

* A sample time value should be chosen accurately so as not to diverge the simulation.

The co-simulation results are displayed on Simulink scopes

d+1 Host
b
D A a B—Ln Y 2 A a I—\—n A 3 < pC
DC ‘T ond-1 B bp—=o Mb B b B J\/\/\/— b
(M i °F I y [& <
T—’ De- ondzp— 1 1 © L I c <
Vr & IL FENE) Vr & IL1 LOAD
invertel
Power pari e | =& =
T
w O o

Ioabc

Comntrol part Tinbe

Y

STM32F407

Fig. IV.11. Host serial configuration of the power part in Simulink and Connection Layout between
STM32F407 and TTL-2303HX boards
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IV.7.PIL Simulation Results and Discussions

IV.7.1.PIL Control of a Single DG Unit

In the following, the system control is tested at both single DG unit and two DG units. The

co-simulation is performed using the same parameters listed in Appendix A.

Fig. (IV.11) presents the block diagram of process in the loop simulation of LQR control of

single unit VSI system based microgrid.

The first scenario is aimed to test the performance of the LQR control using PIL simulation
in steady state. As shown in Fig. (IV.12)) the controller is able to track the voltage reference
keeping the tracking error percentage near to zero. The waveform of the voltage is
sinusoidal, and the ratio of Total Harmonic Distortion THD is 0.80% as seen in Fig. (I1.13),

which is within the MG standards.

500 T T T T T T T

400

-400

1 L 1 1 1 1 1

-500
0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08

Time (sec)

Fig. IV.12. Line current and voltage with its reference
The second scenario is aimed to test the performance of the LQR control using PIL
simulation when a step-change in the voltage reference is implemented. The evolution of
three-phase voltages as well as their RMS value is illustrated in Fig. (IV.14). It can be seen

that the LQR controller rejects the disturbance and continue tracking the reference within
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considered time. The settling time in which the signals recover after the disturbance is 7ms,

and it is noticeable that there is no overshoot.
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Fig. IV.13. Line voltage harmonic spectrum
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Fig. IV.14. Three-phase voltage for a reference step change and its RMS value

IV.7.2. Droop Control Without Virtual Impedance of Parallel DG Units

Fig. (IV.15) shows the block diagram of process in the loop simulation of the droop control
of two parallel unit VSI system based microgrid. A simple difference between the

parameters of DGs causes large disturbances and the system become instable. Fig (IV.16)
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shows the shared active and reactive powers of the two DGs. Fig (IV.17) gives an idea

about the emerged circulating current and its effect on inverters’ currents.
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Fig. IV.16. Two DGs active and reactive powers sharing
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Fig. IV.17. Current waveforms of two DGs and the resulting circulating current

IV.7.3. Droop Control With Virtual Impedance of Parallel DG Units

Fig. (IV.18) shows that the power is well shared even in the presence of a difference in
impedances, where each unit exports half of the total power amount. It can be seen that
even though the shared power is well shared, it is yet surrounded by much ripples.

><104

P
DG &~ DGz

o 0.02 0.04 0.06 0.08 0.1 0.12
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Fig. IV.18. Active and reactive powers sharing between the two DGs controlled by droop control
with virtual impedance

Fig. (IV.19) confirms that circulating current is reduced, which makes the line currents of
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both inverters balanced. It is worth mentioning that the droop control with virtual
impedance method drops the three-phase voltage in order to eliminate the circulating

currents.
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Fig. IV.19. Current waveforms of the two DGs controlled by droop control with virtual impedance
Fig. (IV.20) illustrates the three-phase voltages obtained by PIL simulation. From this
figure and after a short transient period, the voltages waveforms are almost sinusoidal.
This figure depicts also the evolution of the voltage RMS, in which the amplitude is

decreased from 400 V to 365 V compared to the single unit.
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Fig. IV.20. Three-phase voltage and its RMS value
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From Fig. (IV.21), with the incorporation of virtual impedance in the control action the

THD dropped to 1.48%.
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Fig. IV.21. Line voltage harmonic spectrum

The interesting finding is that the results of LQR control of two parallel VSIs based
islanded microgrid co-simulation using PIL are in great consistency with simulation

results.
I'V.8. Conclusion

In this chapter, the co-simulation of LQR control of two parallel VSIs feeding an islanded
load is presented. For this, the different steps to perform a PIL co-simulation with
MATLAB using the STM32F4 development board are deeply detailed. After that, the PIL
simulation is used to validate and check the performance of one VSI and two parallel VSIs
controlled by LOR approach. The obtained results confirm that there is no significant
difference in performance between running simulation in normal mode and PIL
simulation. In addition to that, it can be concluded that the LQR approach is able to control

the parallel VSIs system based microgrid in real time implementation.
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General Conclusion

The main purpose of this work is to propose an effective LQR control of parallel inverters
system based islanded microgrid. In this context, droop control with or without virtual
impedance was studied and investigated, and validated by PIL co-simulation tools using
the STM32F407VG discovery board. Also, the effectiveness of the proposed control method

was highlighted trough a comparative study with conventional PI controller.

In the first chapter, we provide an overview of the different control techniques applied to
Decentralized generating units in a microgrid. Conventional central generation systems
were introduced before turning to distributed generation. Distributed generating units
make up the effect of the appropriate solution to meet the energy requirements effectively
and make it face the economic and environmental obstacles imposed by electricity
production. These units can operate in island mode to supply a range of local loads or in
connected mode to support the main grid for this, hierarchical control is often
implemented. This control includes a zero-level control, a Primary control, secondary

control, and tertiary control,

In the second chapter a droop control based on PI controllers was proposed to control two
parallel inverters based islanded microgrid. Theoretical analysis and simulation were
presented to clarify the effectiveness of the proposed control method and to show the
behavior of the classical control facing disturbances. From this, it concluded that the droop
control can significantly improve the asymmetric power sharing caused by different
transmission line impedances. But this control in the absence of virtual impedance does not
make it possible to ensure good power-sharing Thus, adding it has contributed to the

stability of the system
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In the third chapter, a droop control based on LQR controllers with integral action was
adopted to control the proposed autonomous microgrid composed of two parallel
distributed generation units. Compared to the PI controller, the LQR with integral action
gives a better performance by reducing the steady-state error and minimizing the
overshoot and gives high power quality of the output voltage with lesser ratio of THD. it
makes the error between the output and the reference objectives close to zero, which
means better transient response, reduced tracking error, and reduced power and current
ripples. This approach help remedy problems related power quality in a single distributed

generator unit

In the fourth chapter, a PIL simulation of the LQR control of two parallel inverters was
performed using the STM32F407VG discovery board. The obtained co-simulations result of
the two VSIs based islanded microgrids confirm the ability of the linear optimal control in
enhancing the overall system performance. From this finding, one can infer that the

proposed controller is ready to be implemented in real-time situation.

There are many possibilities and courses in which this work could guide to. Suggestions

for future works include:

- Investigation of other control strategies such as predictive control and nonlinear
control,

- Expansion of the microgrid to include renewable energy resources, like solar and
wind power in addition to the batteries,

- Develop droop control strategies to ensure power-sharing between different
distributed generators,

- Develop a systems stabilization strategy in distributed generation systems,

including autonomous microgrids
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APPENDIX

APPENDIX A
Parameter Value
DC voltage 1000 V
Load resistor 50
Filter inductance 500 uH
Filter capacitor 365.5uF
Filter resistor 0.001 Q
Voltage reference 400 V
Frequency 50 Hz
PI voltage gains K, Kiv 0.8 ; 600
PI current gains Ky, Ki 10 ; 2000
Switching frequency 10 kHz

Table (A.1): VSI System Parameters
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Abstract

Abstract:

The growing use of parallel distributed generators (DGs) based microgrid helps in
integrating local renewable energy sources by using governed power inverters. In this
thesis, we have focused on developing DGs based autonomous microgrid to address issues
related to power quality problems and power sharing between several units especially
under disturbances created by load change. In this regards, linear quadratic regulator
(LQR) based droop control equipped with an integral action has been proposed to
contribute in enhancing power quality of autonomous microgrid based on distributed
generators and helping in ensuring optimal power load sharing. Also, by means of
simulation, the performance of the proposed LQOR is compared to that of classical PI in a
manner to validate its effectiveness. Finally, processor-in-the-loop validation of LQR based
control technique applied to an autonomous microgrid is adopted both to check possible
errors, and to verify the feasibility and the performance of the generated code. This
approach leads to test the numerical equivalence between the model and real computation,

which is helpful in predicting the real behavior of the system.

Keywords: Autonomous microgrid, Parallel inverters, Droop control, linear quadratic

regulator, Processor-in-the-loop simulation.
Résumé :

L'utilisation croissante de micro-réseaux basés sur des générateurs distribués (DGs)
paralleles aide a intégrer des sources d'énergie renouvelables locales en utilisant des
onduleurs de puissance régulés. Dans cette these, nous nous sommes concentrés sur le
développement de micro-réseaux autonomes basés sur des DGs pour résoudre les soucis
liés aux problemes de qualité d’énergie et au partage de I'énergie entre plusieurs unités, en
particulier sous des perturbations générées par le changement de la charge. A cet égard, un

contrdle de statisme basé sur un régulateur linéaire quadratique (LQR) équipé d'une action
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intégrale a été proposé pour contribuer a I'amélioration de la qualité d’énergie du micro-
réseau autonome basé sur des générateurs distribués et aider a assurer un partage optimal
de la puissance de charge. Aussi, a I'aide d’une étude par simulation, la performance du
LQR proposé est comparée a celle du PI classique de maniere a valider son efficacité. Enfin,
la validation par processeur dans la boucle de la technique de contrdle basée du contrdleur
LOR appliquée au micro-réseau autonome est adoptée a la fois pour vérifier les erreurs
possibles et pour vérifier la faisabilité et les performances du code généré. Cette approche
permit de tester I'équivalence numérique entre le modele et le calcul réel, ce qui est utile

pour prédire le comportement réel du systeme.

Mots-clés : Micro-réseau autonome, Onduleurs paralleles, Controle de statisme,
Régulateur quadratique linéaire, Simulation par processeur dans la boucle.
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