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Chapter 1: Introduction

1.1 Distributed Generation

Industrial development and population growth in recent years are increasing the world's energy
needs. Traditional electricity is produced in centralized power plants that are located far from
consumers. Central power plants convert primary energy sources like fossil fuel and nuclear to
electric power. This power will be transmitted to consumers using long transmission and distribution
lines. This way of electricity production has many problems such as environmental impacts and

significant power losses.

To eliminate these problems the concept of distributed generators (DG) has been developed last few
years. A distributed generator is a small-scale power generation unit that is connected to the
electrical grid at a distribution level, as opposed to a large central power plant that is connected at
the transmission level. The growth of the DG systems utilization has been accelerated by the use of
Renewable Energy Sources (RES) such as solar, wind, hydro, geothermal and biomass since it is

sustainable and environmentally friendly than traditional fossil fuels.

In addition to being able to be installed at a distributed level, distributed generation systems based
RES can include solar panels, wind turbines, microturbines, fuel cells, and micro-hydro systems, which

allows for more decentralized and resilient power systems [1].

1.2 Microgrid: A new concept

For more sustainable and reliable power supply systems, Microgrid (MG) paradigm has gained
significant research interest to be the optimal and the ideal solution compared to conventional power

generators and grids.

The MG is conceptually defined as a small modular grid, composed by the interconnection of various
loads and DG units aggregated with storage devices, like batteries, flywheels and power capacitors
on low voltage distribution system. The DG units are interfaced to the MG through power electronic
converters equipped with adapted control strategies to ensure the required flexible operation and
to ensure the specified power quality and power output. MG have the potential to work either in
grid-connected mode where the MG is connected to the main grid to feed excess power into the grid,
or in islanded mode, intentionally to provide power for single buildings and small communities or
unintentionally in case of grid faults or other external perturbations, which ensure the power supply

reliability and sustainability [2]. In contrast to the unidirectional flow of electricity in classic networks,
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the MG allows the bidirectional power flow and has a higher degree of controllability and operability.
Moreover, MG offers improvement in terms of power quality and a better balance between
generation and consumption, also a reduction in grid-side power interruptions and system

downtime, and hence improved recovery for power systems [3].

Figure 1-1 depicts a single-line design of a MG based on wind generators, photovoltaic (PV) panels,
power storage systems, and distributed loads. The MG is connected to the point of common coupling
(PCC) of the utility network using a Bypass. The entire system consists of several distributed

generators and distribution loads that require power electronics converters.
With some degree of argument, the following advantages can be attributed to the MG concept:

e Reduced transmission and distribution lines and hence costs
e Reduced transmission and distribution losses

e Increased renewable energy sources integration

e Reduced negative impacts on the environment

e Increased power supply quality and reliability

e Allows for more decentralized and resilient power systems

e continuity of the power supply

Solar PV panels Wind turbine

MicroGrid
central controller

Battry ESS

o — _ || _ _communicationlink _ | _
}?_I_@ I = <)\O | | Common AC Bus 5

A
K>
i/ Y

7y
XK >
i/

Main Grid

Loads Controllable load

Figure 1-1: Microgrid configuration

I.BENNIA 2024 Page 2



Study, Modelling and Control of a Multisource Microgrid
Chapter 1: Introduction

1.2.1 Operation Modes of Microgrids
One of the most important features of MGs is the capacity to work in both modes, grid-connected

mode and islanding or stand-alone mode. Grid-connected mode when there is an interaction with
the main grid, in other manner MG is tied to the power grid. Stand-alone mode as defined by the
name due to an autonomous operation the MG become entirely disconnected. In each mode of
operation, DG units can be operated either in grid-forming or grid-following control strategies. The
transition between grid-connected mode and islanding mode or vice versa is the transient operating

mode as can be seen in Figure 1-2 which recapitulates the three modes [4].

Bypass off
Restoration
Import/export Grid-connected Island
Power Mode Mode
Synchronization
Bypass on

Figure 1-2: Operating modes

1.2.1.1 Grid-Connected Mode

This mode allows the bidirectional power flow between the MG and the main grid by importing the
energy when there is a defect in the MG and exporting it in case of excess to support the main grid.
In this mode of operation, the voltage amplitude, frequency, and phase are determined by the main
grid; these parameters can easily be obtained at the point of common coupling (PCC). The PCCis a
connection point between the MG and the main grid. Distributed energy resources usually work
under grid-feeding control strategy also they able to work in grid-forming if it is necessary. The
synchronization between the main grid and the MG, in this case, is carried out by a phase-locked loop

(PLL).

1.2.1.2 Islanded Mode
Islanded mode is similar to a physical island; the MG is isolated from the rest of the utility system, it

can be either intentionally for maintenance reasons or unintentionally due to faults, power quality

disturbances, and non-scheduled events in the main grid.
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To continue supplying the local loads, the MG is in charge of maintaining in a steady-state condition
the voltage and frequency within an accepted range. One converter must function as a voltage source
at least to guide the network voltage requirements and power quality of the MG, whereas other
converters can follow by grid-feeding. In stand-alone mode, distributed generators should maintain
the power-sharing between themselves for limiting circulating currents and overload stresses that
cause equipment damage. Another challenge in this mode is to detect the islanding conditions, in
purpose to protect the MG and ensure reliability, many techniques have been designed in

litterateurs. Hence the control of the converter becomes more important in islanded mode.

1.2.1.3 Transient Operating Mode
The transient operation is the transition state between the above-mentioned operating modes in

both directions from island operation to grid-connected operation and vice versa; it can have
considerable voltage and current fluctuations (as the main cause of lack of inertia), which threaten
the stability of the system. The transition mode can be planned or unplanned for many reasons, such
as predictive or network disruptions. Control technologies must therefore guarantee a seamless and

quick transition when attaching and removing to the PCC.

For the grid restoration, a synchronization procedure of voltage amplitude, frequency and phase is
required to ensure a smooth transition, often a PLL is used thereby an islanding detect is needed to

guarantee smooth islanding.

1.2.2 C(Classification of Power Converters in AC Microgrids
The power converters are electronically tied to DG’s with the aim of supplying consumers and it can

be classified referring to their mode of operation into grid-forming or grid- following also called grid-

feeding [5] (see Figure 1-3).

1.2.2.1 Grid-Forming Power Converters
The grid-forming power converters operate equivalently as a voltage source with a reference

amplitude V* and frequency w*, with a low-output impedance; thus, it requires a considerably
precise synchronization system to work in parallel with other grid-forming converters in islanding
mode or grid-connected mode. Grid-forming inverters are commonly used in traditional dispatchable

generation units such as microturbines and energy storage devices.
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1.2.2.2 Grid-Following Power Converters
Grid-following power converters acting equivalently as the current source using references of active

and reactive powers, P* and Q*, to be supplied, with the presence of high parallel output impedance.
They are permanently synchronized with the main grid and in parallel with other grid-following power
converters in grid-connected mode operation, while at least one of the power converters should be
operating in grid-forming to establish the voltage and frequency references in islanding mode. Grid
following converters are mainly used on non-dispatchable RES such as PV and a wind turbine that
requires maximum power point tracking (MPPT) controller which sets reference values for P* and Q*

to exploit the maximum power generated.

AC microGrid AC microGrid
Bus Bus
Zeq —{ I
w¥ p*
—> —
Voltage|  vref Current| | o
y* | control Q* | control
— Joop —* loop
(a) (b)

Figure 1-3: Power converter classification a/grid forming b/grid following

1.2.3 The DC/AC converters

The DC/AC converters, generally called inverters are power electronics topologies considered as the
key element and the block stone of the MG. Using high switching frequency of solid state devices to
generate an AC output while the input is a DC source coming from the renewable energy sources as
can be seen in Figure 1-4. The switching devices are controlled using a pulse width modulation technic
PWM signals coming from the voltage reference after the modulation. The high switching frequencies
of the solid state devices i.e. IGBT (insulated gate bipolar transistor) produce harmonic signals which

need to be attenuated using an LCL filter.
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Figure 1-4: Inverter structure containing six IGBTs with LCL filter

1.3 Microgrids control challenges

The current energy situation imposed a necessity for grid transformation, whereas augmentation of
the renewable energy sources integration is leading the research community to produce more
advanced control techniques to ensure and guarantee the flexibility of MG operation. The
development of MGs has faced several challenges in achieving a reliable and secure operation,

despite the potential benefits. Many technological deficits need to be addressed as given below:

e Voltage and current control. MG ensure the continuity of power supply and the power quality
requirements in island mode operation. Therefore a good design of voltage and current
controllers is needed in each local controller of DG units to maintain the voltage and the
frequency in the desired limits of the autonomous MG, simultaneously responding to the current
demand by the load side [6].

e Stability Issues and load dynamics. MG regroups serval energy sources and loads with different
inertia, nominal capacities, and dynamics. The presence of synchronous generators
(microturbines, hydropower) means large rotational inertia, however, power converters
associated with PV have low physical inertia, which results in interactions among sources and
hence threatens the MG stability [7]. Similarly in case of supplying complex loads such as dynamic
loads, constant loads, inductor motor, nonlinear loads, and electric vehicles could have similar

effects [8]. Thus, special control approaches need to be proposed to face the voltage, frequency,
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and power-angle stabilities, and also to avoid interactive influences among multi-resources and
loads [6].

e Seamless transition between different operation modes. During the transition process between
island mode and grid-connected mode in both directions intentionally or unintentionally, large
fluctuations and oscillations in voltage and frequency are observed. Minimization of the effects
of disturbances during a transition process is necessary for ensuring safe operation and better
power quality for local loads [4].

e Power sharing control. MG regroups many DG sources with different power rates and dynamic
responses, local controllers should take this into consideration to share the power equally among
DG sources and avoid overcharges, to prevent DG unit’s damage which can result in system
failure. Also, the distances between loads and DG units must be taken into account to increase
the system efficiency [9].

e Power quality issues. The most common power quality issues are the harmonics and unbalances,
especially in the presence of nonlinear and unbalanced loads. MG controllers can integrate
multiple functions to achieve harmonic attenuation, unbalance compensation etc.., aiming to
enhance the power supply quality [10].

e Synchronization of DG units. In both operation modes, appropriate synchronization technics are
necessary. In island mode and for a black start DG units must be synchronized to the MG before
connection, in grid-connected mode, the synchronization of the MG with the utility grid must be
guaranteed to prevent any system failure and to respect the grid code [11].

e Fault-tolerant control. numerous emergencies can happen during the system operation, such as
faults, outages, power quality perturbation or sudden changes in the demand side, and voltage
sags; thus, appropriate corrective actions to eliminate the fault and ensure the normal operation
of the proposed power-sharing, voltage and frequency restoration control technics during such
fault scenarios which enhances the capability and the security of the systems.

e Source intermittency. Renewable energy sources are highly dependent on the weather situation,
similarly, the demand side is non-linear and this presents a big challenge for maintaining the
balance between the two side’s production and consummation. Control technics for MGs are
considering the power source as a constant source which is not the real case; thus a variable
power source should be considered instead of ideal resources to emulate the real state. Further,

the MG is sensitive to power quality issues, so the impact of weather on the weather-dependent
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sources and their sudden power output variation should be considered during load-support

controller design. Likewise, demand-side varying power.

1.4 Thesis objectives

The main concern of this thesis is fundamental investigations of modelling and control of parallel

voltage source inverters (VSI’s) based island MGs. The thesis presents a hierarchical control scheme

for VSI’s system comprising two layer of control. Also, the thesis presents a decentralized secondary

control for restoring MG frequency deviations. Additionally, the thesis presents a mathematical

model of a MG and investigates the effects of the MG parameters on its stability. Furthermore, the

reactive power sharing is improved based on an optimized virtual impedance.

The objectives of the thesis are listed as follows:

To review existing literature on MG control technics in order to provide a comprehensive

overview of current knowledge and understanding.

To produce a model of a MG controlled using hierarchical control topology to study and

analyses the system responses and controllers' performance.

To develop a new decentralized secondary control technique that can be used to restore the
system frequency.

To create a mathematical model of an islanded MG and to study the influence of the MG
parameters on the system stability.

To enhance the reactive power sharing and the MG stability using optimization based on a

MG mathematical model.

1.5 Novel Contributions of the thesis

The contributions of the thesis are summarized as follows:

Presents a systematic method for modelling, control design, and stability analysis of AC MG’s
based hierarchical control including primary and secondary control with validated results
using MATLAB-Simulink software.

Design of a novel fuzzy-based decentralized secondary control for frequency restoration and
active power-sharing in an islanded MG. This controller uses the local frequency error to
generate an extra term for compensating the deviation and maintaining accurate active

power-sharing
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e Studying and investigation of a mathematical model for an islanded MG. based on the
component connection method technic, the mathematical model started from the individual
state-space models of the inverters, network and loads, that are associated to form the
complete model. The influence of each inverter parameter and the other components were
investigated.

e Design of a novel controller that enhances the reactive power sharing between parallel-
connected inverters. This controller reduces the dependency on communication and the risk
of system instability if this communication link was lost.

e Development of a small signal mathematical model for autonomous MG including virtual
impedances, consisting of three parallel inverters that is used to study the influence of the
virtual impedance on the system stability. The study has shown that for certain limits of the
virtual impedance values the system stability can be lost.

e Design of optimal virtual impedances for an island MG using an optimization algorithm. The
range of the MG system stability was identified based on the developed MG small signal
mathematical model and genetic algorithm

e Improvement of the islanded MG stability and reactive power sharing based on the optimal
design of virtual impedances. The optimization algorithm maintains the reactive power-

sharing error at its minimum value through a specific objective function.

1.6 Thesis structure
. Chapter 2 presents the background and the literature review of the AC MGs control technics,
especially hierarchical control topology with its three layer of control primary, secondary and tertiary

control. Another concern about stability studies is presented.

. Chapter 3 introduces a hierarchical control scheme for the paralleled VSI system comprising
two levels. The primary control includes the droop method and the virtual impedance loops, in order
to share active and reactive power. The secondary control restores the frequency and voltage
amplitude deviations produced by the primary control. Also, a synchronization algorithm is presented

in order to connect the MG to the grid.

J Chapter 4 presents a fuzzy-based decentralized secondary control for frequency restoration
and active power-sharing in an islanded MG, Also the validity of the proposed controller is verified

based on several tests.
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. Chapter 5 addresses a systematic way of developing a small-signal state-space model of the
inverter-based microgrids. Each sub-module is modelled in state-space form and all are combined
together on a common reference frame. The complete model is linearized around an operating point
and the resulting system matrix is used to derive the eigenvalues. The eigenvalues (termed 'modes')
indicate the frequency and damping of oscillatory components in the transient response. After that,
a novel small-signal model for autonomous MG including virtual impedances is proposed.
Additionally, optimal virtual impedances are designed based on a new optimization algorithm using
a genetic algorithm. The eigenvalue analysis identifies the stability ranges and the optimization
algorithm maintains the reactive power-sharing error at its minimum value through the objective

function. The proposed approach is tested using MATLAB-Simulink software.
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Chapter 2: Background and literature review of microgrid control

2.1 Introduction

The reality that microgrids incorporate numerous DG units connected and interfaced electronically
using inverters in grid-connected or island mode, increases the complexity and leads to additional
control challenges, especially during transition mode where the stability of the microgrid system
needs to be ensured, moreover the voltage and frequency regulation with the accurate power
sharing between the DG units under different conditions in island mode, as well as the active and
reactive power flow between the microgrid and the main grid, as a result, a reliable control topology

combining all of these characteristics has been an active area of research [12].

Figure 2-1 presents a single-line topology of a microgrid that consists of a Photovoltaic (PV) system,
wind turbine and a battery energy storage system, these sources are interfaced to the point of
common coupling using inverters and cables. Each unit controls its inverter using local controllers to
ensure stability and power sharing between units. The microgrid is connected to the main grid using
a static transfer switch (STS) which is controlled and supervised by a microgrid central controller
(MGCC) that is responsible for the transfer between the two modes of operation, in addition, it sends
all DG configurations and set-points of voltage, frequency and power through a low-bandwidth
communication link. Based on the studies in [13] and [14] where they concluded that the DC
dynamics can be neglected during the design of the power controllers, it is worth mentioning here
that the DC sources in all DGs are assumed to have a stable and regulated output, ready to be used

by the DC/AC converters. The control of the DC sources will not be discussed in this thesis.

In this chapter the existing control technics in the literature are reviewed and discussed briefly
focusing on the main issues faced during the microgrid control development, along with current
findings from relevant research, In terms of voltage controllers, load sharing, modelling, and stability

concerns, the thesis focuses on control techniques, notably in island mode.
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Figure 2-1: General scheme of an electrical microgrid

2.2 Droop control concept

Droop control is widely considered to be the most important wireless strategy has the ability to adjust
the voltage and frequency while sharing the active and reactive power demands among parallel
generation units without any need for external communication among inverters. This idea is derived
from the classic power system theory and mimics the synchronous generator behaviour, in which
generator frequency decreases when the grid utility power demand is increased [15]. In grid-
connected mode, the control of power generated to the grid is easy to implement using droop control
or other controllers. But, the benefit of droop control arrives in island mode, where the power-
sharing is required according to the droop curves with free communication [16]. Thus the traditional

droop control can be presented as given below:

w=w —mP

V V" 10 (2.1)
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Wherem,n are the droop parameters, andw™, V" are the frequency and voltage references, P and Q

are the measured active and reactive powers output.

To better understand the source of these equations Figure 2-2 [17] depicts the equivalent circuit of
an inverter connected to an AC bus which can be considered as a grid or a point of common

compline

=P+i -

7 0 S=P JQ Grid Voltage
- Vpccéoo or

N PCC Voltage

V<o |

Inverter
Voltage

Figure 2-2: equivalent circuit of an inverter connected to an ac bus

The apparent power injected into the bus can be illustrated as:
S=P+jQ (2.2)

Where P and Q are the active and reactive powers respectively flowing from the inverter to an AC

bus through the impedance Z and they can be expressed as follows:

P

2
(szcc COS¢— Vp;c ]cose + V% singsing

(2.3)
2
(\@ cos¢ _Vp%j sin@ _V% singcosé

Q

Where Z and 6 are the amplitude and the phase of the output impedance, respectively; Vpcc is the
common bus voltage; and ¢ is the phase angle between the inverter output and the microgrid

voltages.

Notice that the droop control is highly dependent on the output impedance of inverters, which is
depending on the control loops, and the impedance of the power lines (mainly resistive in low voltage

applications).

Figure 2-3 shows two inverters associated in parallel and providing energy to a common load. Each

inverter is interfaced through an output impedance to the load bus.
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Figure 2-3: equivalent circuit of two inverters associated in parallel

The exported P and Q powers from inverters to the load are related to the output impedance. The
output impedance can be predominantly inductive or resistive and this results in the way that the

inverter controls the exported power.

2.2.1 Case one the output impedance is pure inductive: Z=jX
By assuming that the output impedance of the inverter is mainly inductive (6=90°) due to the large

filter-inductor value. And by substituting 8 in the power flow equations (2.3) the new active and

reactive power equations became:

p_ VVpcc

sing
VVpce Vpec? 24
AL COS¢ — P

Q X X

Where X is the inverter output reactance, by assuming that phase difference ¢ between V and Vpcc

is small enough to consider sin ¢ =¢ and cos ¢ =1, thus,
VVpcc

X
Vpce
=y

P=

¢
(2.5)

Q V —Vpcc)

And hence the active power P is controlled by the power angle ¢ while the reactive power is
controlled by the voltage magnitude difference V- Vpcc, consequently a P-w and Q-V droop is

obtained as mentioned in equations (2.1)

2.2.2 Case two the output impedance is pure resistive: Z=R
By considering a resistive output impedance (6=0°) and based on the assumption that the phase

difference ¢ is small enough the power flow equations in (2.3) became:
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5 _ Vpee (V —Vpce)

vvR (2.6)
_vvpce
B ¢

Q=

Where R is the inverter output impedance, it is clear that the roles are exchanged where the active
power is can be controlled by the voltage magnitude difference and the reactive power can be
controlled by the phase difference which gives a resistive droop control as expressed in the following

equations :

o= +mQ

) (2.7)
V=V"-nP

Therefore a P-w, Q-V droop control must be used in case of inductive output impedance, and a P-V,
Q-w droop in case of a resistive output impedance. As a result, the design of an output impedance is
recommended to improve decoupling between active and reactive power and to avoid the line

impedance impact over power-sharing.

In the remains of this thesis, the inverters output impedance is considered to be inductive; therefore,
P-W and Q-V curves are adopted as shown in Figure 5. In this way, the inverter can introduce the
desired active and reactive power to the main grid, controlling the output voltage and responding to

linear load changes.

P1 P Q1 Q
Figure 2-4: P-w and Q-v droop characteristics

For the two modes of operation (grid-connected, island modes), the droop control equations are as

follows, Island mode:

w=w —mP

v V" 10 (2.8)
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Where m, n are the droop parameters, and w*, V* are the frequency and voltage references, P and

Q are the measured active and reactive powers output.

In grid-connected mode:

w=w -m(P-P")

) ) (2.9)
V=V"-n(Q-Q")

WhereP*, Q* are the references of the expected exported active and reactive power, sequentially,

and these profiles are sent by the MGCC.

Active P and reactive Q powers can be measured and averaged using low-pass filters (LPF) with

reduced bandwidth [18].

Notice that the droop coefficients m and n can be calculated using the following equations:

Aw
m=P
(2.10)
AV
n=——
AQ

Where A @ is the maximum frequency deviation allowed (typically +2%), and AV is the maximum
voltage amplitude deviation (typically +5%), and AP, AQ are the nominal active and reactive power

respectively.

Figure 2-5 shows the typical droop control diagram for a single-phase VSI.
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Figure 2-5: Diagram of droop control for single phase inverters
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Table 2-1: Typical line impedance values

Line Type R (Q/Km) | X (Q /Km) R/X
Low voltage line 0.642 0.083 7.7

Medium voltage line 0.161 0.19 0.85
High voltage line 0.06 0.191 0.31

2.3 Virtual impedance and droop enhancement

In order to defeat the problem of power coupling and current sharing created by high R/X ratio in
low voltage distribution systems as depicted in table2-1 [15], virtual impedance loops were suggested
in the literature to increase the current sharing among the inverters by standard the output
impedance of the inverters without needing supplementary physical inductors/resistors which
increase size and cost. Thus, it alleviates the effect of the network and line impedances on the droop

control [19]; the diagram of control associated with the droop control is illustrated in Figure 2-6.

Several approaches have been reported in this way, an adaptive virtual output impedance is
proposed in [20] to improve reactive power-sharing, as well as the line impedance unbalances,
including a soft starter operation to avoid the initial current peak, which results in a seamless hot-
swap operation this approach allows the modification of the transient response by acting on the main

control parameters.

I

o =
Voltage | 3| Current '—4 P —|

loop loop Generator

' = lo = Vc =
Virtual
impedance
A P
_ W ¢

Vret . < P Pand Q

VxSin(Wt+6) v || e , L, Q measurment

Figure 2-6: Multiloop control droop strategy with the virtual output impedance approach.

Similarly in [21], an adaptive droop control with virtual impedance is proposed in order to decouple
real and reactive power functions; this approach helps to improve the load power-sharing efficiency

among distributed generations (DGs) without needing knowledge of the line impedances. The
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proposed approach is more adaptive to complex impedance situations, although the limitation is
characterized by the reduction of the dynamic response with non-linear loads. Further, an enhanced
virtual impedance is proposed in [22] to improve the reactive and harmonic power-sharing by using
virtual impedance at the fundamental and selected harmonic frequencies. As a result, the accuracy
of power-sharing and PCC voltage quality is improved. Likewise, a decentralized adaptive droop
control with virtual impedances is proposed in [23]. The proposed control can operate either in
islanded or grid-connected mode to enhance the power loop dynamics. Moreover, in [24] a
comparison is shown between the impact of the resistive, inductive, inductive-resistive, and resistive-
capacitive virtual impedance loops on the development of a single-phase MG. The virtual impedance
loops have an inherent trade-off between current sharing and voltage harmonic distortion at the PCC
when harmonic loads are connected to the MG. Resistive-capacitive virtual impedance loop achieves
the most suitable trade-off among current sharing accuracy and voltage harmonic distortion which
occurs at the PCC. The resistive-capacitive virtual impedance loop reaches the minimum voltage THD
at the PCC of 2.11 % with the minimum current sharing variance of 10 % from the ideal current
output, thereby indicating its effectiveness when compared to other virtual impedance techniques;
further, a new droop control technic has been proposed in [25] in order to enhance the reactive
power-sharing by injecting a small perturbation in the active power loop. A summary of droop control

technics is illustrated in Table 2-2, showing the features and the disadvantages of each technic.

As mentioned previously, the line impedance difference between various inverters has a big impact
on droop control and power-sharing accuracy. Therefore many enhancement has been reported in
the literature: an adaptive droop-control method is presented in [26] which can decouple active and
reactive power flow. This control method can serve in grid-connected and islanded modes, with an
improved transient response unaffected by the grid-impedance magnitude and phase. In [27], an
improved droop control method is proposed based on voltage compensation by measuring the real
reactive power error between the local inverter. The main advantages of this approach are the high
power-sharing accuracy, and it does not require any complicated algorithms or the value of the line
impedance the robustness against communication failures even when the communication is
interrupted. In addition, a QV’ droop control method with V’ restoration mechanism is proposed in
[28] to improve reactive power sharing regardless of line impedance effect by adding a dynamic
relationship between the converters reactive power output and its voltage amplitude output, which

defeat the effect of line impedances on the reactive power flow. The main defects noted in this
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method are the lack of reactive power-sharing accuracy with the increment of complexity and
stability. In [29], a modified Q/V droop control is proposed for accurate reactive power-sharing based
on the above-mentioned Q/V’ droop control with the additional term. The deviation of the reactive
power set point is eliminated by the proposed V’ restoration technique and the reactive power
sharing error can be further decreased by nearly 1%. In different cases, the line impedance has no
influence on power-sharing. However, as the conventional Q V' droop control, the initial conditions
may have a big influence in this case, notice that the system may be destabilized easily. Further, a
generalized droop control (GDC) is presented in [30] to outline the active and reactive power effects
on the voltage and frequency. The GDC provides simultaneous voltage and frequency control but it’s
extremely dependent on the line parameters, which makes the implementation of this technique
more complex when the MG scales are adequately large (number of parameters, calculation time),
to overcome this problem, an adaptive neuro-fuzzy inference system (ANFIS) based GDC is used to
eliminate the influence of line parameters and MG structure. The main weak points of the proposed
ANFIS are the poor voltage regulation and power-sharing accuracy; notice that the ANFIS is not tested
for a nonlinear and unbalanced load. Another improved droop control strategy based on a
changeable reference is proposed in [31] for compensating the frequency and improving active
power sharing accuracy. This approach has high effectiveness and robustness. Unfortunately, it is

applicable only for low MGs where the line resistance is predominant.

Table 2-2: Different droop control methods

Control Concept Advantage Disadvantage
Classical e P/W with Q/V e No communication e Voltage and frequency
Droop slops e High reliability deviation
e Not complex e P&Q coupling power
control

e Slow dynamics response
e Circulating currents
e Line Impedance mismatch

effect
e Virtual e Decoupling Pand Q e Poor reactive power-
Virtual impedance loop  power control sharing
Impedance associated with ® Less harmonics ® Threat system stability
Loop+Droop  conventional circulating currents
droop method e Eliminate line
Impedance mismatch
effect
e Economic
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Adaptive e Integral loop e Good dynamic e Circulating currents
Droop and adaptive response e Complicated
Control droop control e High power-sharing e Threat system stability
® Derivative term accuracy
with adaptive e Smoothing power
droop control oscillation
® Less circulating current
Robust e Robust droop e Good frequency and e High total harmonic
Droop control voltage regulation distortion of current
performances components
e High reliability ® Poor reactive power-
evoltage drop sharing accuracy

restoration

2.4 Virtual Inertia

inverter-interfaced DGs have very poor inertia, regrouping them as grid-following units in MGs can
introduce frequency instability; in contrast, the conventional power system is mainly fed by
synchronous generators (SGs), which usually have a kinetic energy tank in the rotating mass, inertia
can temporarily provide additional energy supply with quick response, thus maintaining transient
frequency during transient power disturbances [32]. The transition toward inverter-dominated

power systems, as depicted in Figure 2-7, brings more challenges for control technics.

Coal Power Hydro Power Microturbines Energy Storage
Plants Plants Sy:;_tems

B m (== (py(t:)

Nuclear Powe PV-Wind PV Systems Wind Systems
Plants Systems

Generator Dominated Power System Inverter Dominated Power System

Figure 2-7: The transition towards an inverter-dominated power system

Traditional voltage-source-based grid-supporting control strategies only copy the steady-state

output characteristics of a synchronous generator (SG) (e.g., droop control) where they are unable
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to provide sufficient inertia aid to face large disturbance as the connection of an important load or a
ground fault. The frequency of the MG may deviate too quickly to be preserved inside the tolerance
by frequency restoration control. To address this problem, a modified droop control method is
proposed in [33], where the droop gain is modified based on the df/dt observed by the inverter during
the transition. This approach can diminish the short-term storage requirements of a MG where
frequencies are a major constraint. Another approach called virtual synchronous generator (VSG)
control is studied and compared with droop control in [34] for both stand-alone mode and grid-
connected mode. The only difference between the two approaches is that VSG has virtual inertia
with the emulation of the swing equation, while droop control has no inertia. However, droop control
can be viewed as a particular case of VSG control if inertia, parameter, and damping factor are set to
zero. The main results of this comparison are VSG has larger inertia than droop control and,
therefore, better frequency stability. The active output power of droop control is less oscillatory than
that of VSG, but this problem can be fixed by tuning the damping factor and/or the output reactance.
Likewise, a small-signal model of VSG is estimated by a droop control with a well-designed first-order
lead-lag unit in P droop. This modified droop control, which can be named inertial droop control,
suggests that VSG control and proposed inertial droop control inherit the advantages of droop
control, and besides, provides inertia support for the system. Further, an extended virtual
synchronous generator is developed in [35] to increase inertia and damping it consists of merging the
concept of the virtual rotor, virtual primary, and virtual secondary control as a virtual controller to
stabilize and adjust the system frequency. An H robust control method is proposed in [35] for optimal
tuning of the virtual parameters. This correlating is a functional and suitable approach to the optimal
and robust designing of the VSG parameters. The virtual controller presents a superior performance
in the presence of high-uncertainty circumstances and extreme disturbances. In [36], based on
adaptive virtual inertia, a virtual synchronous generator control is proposed to enhance the transient
frequency regulation of the AC MG, when the system frequency deviates happens, the adaptive
inertia control presents large inertia to slow the transient process and thus attenuate the frequency
deviation. On the other hand, when the system frequency begins to restore, small inertia is adjusted
to accelerate system dynamics with a fast transient process. Thus, this flexible inertia adaptive
property combines the merits of large inertia and small inertia, which contributes to the

enhancement and support the dynamic frequency response.
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2.5 Hierarchical Control

The major causes of developing a hierarchical control are to provide smartness and flexibility to MGs
[37] by distributing the control responsibilities over levels as represented in Figure 2-8, which help to
decouple the control parameters as well as establishing a management system for frequency and

voltage compensation [38].

For power flow direction and power-sharing, a global hierarchical multilayer control for DC and AC

MGs is presented the first time in [37] by considering three levels illustrated follow:

ertia

control

Restoration and synchronization

Primary control

Figure 2-8: Hierarchical control of microgrid.

) The primary control is based on the droop method, which allows the parallel connection of
different power sources, hence sharing loads wirelessly [39]. Besides the voltage and current
regulation in terms of a defined reference, including a virtual output impedance loop for increasing

the droop features especially active power sharing accuracy.

. The secondary control is responsible for eliminating the deviations produced by the primary
control for both frequency and voltage it can include a synchronization control loop to ensure a
seamless transition between operation modes (grid-connected or islanded). Also, islanding detection

can be included in this level [37] [40].

. The tertiary control is the highest and slowest control layer in the hierarchical control,
referring to the time scale in Figure 2-9. It takes the power flow management task by importing and

exporting the active and reactive power from/to the external electrical distribution system [41].
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Figure 2-9: A typical time-scale of frequency-related dynamics in conventional

Notice that the bandwidth must be reduced with an increase in the control level to guarantee that
the command and reference signals from the highest level to the lower levels will have a low effect

on the stability and robustness performance [37].

Hierarchical control structures can be divided into three structures as reviewed in [42] [43] and
exposed in Figure 2-10 based on how the supervisory control system (secondary control), is designed
in a centralized or distributed structure, or a hybrid structure composed by combining both structures

mentioned previously.
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Figure 2-10: Hierarchical Control Structures.
2.5.1 Centralized Secondary Control
In the centralized approach for secondary control, the MG is managed and optimized by a central
supervisor controller called the MG central controller (MGCC) [44]. This latter collects all the
measurements and provides set points for local controllers. Hence this bidirectional communication

between MGCC and local controllers ensure a reliable and efficient operation of the MG by regulating

I.BENNIA 2024 Page 23



Study, Modelling and Control of a Multisource Microgrid
Chapter 2: Background and literature review of microgrid control

the voltage and frequency, and also managing the active and reactive power, which allows an optimal
operation and monitoring of the system [45]. However, the need for communication and remote
measurement threat the system stability through time delays and data drops, which degrade the
power quality as well as communication failure can interrupt the electricity supplying. Recently a PI-
CSC has been developed in [46], where the CSC is implemented utilizing LabVIEW; similarly, a CSC is
designed and implemented in [38] with the stability analysis. A CSC approach is presented in [47] for
unbalanced voltage and harmonics reduction in the PCC, aiming to limit the computation resources,
a cooperative CSC is presented in [48] based on an event-triggered approach which means fewer
controller updates are required. A CSC with a super-high bandwidth is proposed in [49]. Moreover, a
CSC based on the second-order generalized integrator-based frequency-locked loop (SOGI-FLL) is
implemented and tested under different operating conditions in [50]. Artificial intelligence has been
introduced in CSC as described in [51]. In this study, an online ANN tuning approach is applied to the
system to update the secondary controller’s gains; it has the advantages of good performances under
load changes and disturbance out of the operating point and the independence of human interaction.
Another approach is developed in [52], based on a fuzzy-Pl to coordinator between the demand
response and secondary frequency control for limiting the frequency overshoots/undershoots owing
to communication delays, as shown in [53]. Further, the communication delays effect is addressed in
many papers: in [54], the authors suggested a retuning and modifying of controller parameters.
Similarly, to deal with this issue, a model predictive controller (MPC) and a smith predictor-based
controller are proposed in [55], where the MPC approach has the disadvantage of the slowly dynamic

response compared to the smith predictor technic.

2.5.2 Distributed Secondary Control
Numerous distributed secondary control approaches for MGs have been shown in the literature; the

distributed approach proposes communication between MG units for enhanced reliability, security,
optimality, independence, and intelligence [43]. Where these units can take decisions cooperatively
by interacting with each other to reach the best-evaluated solution based on local measurements
and the sharing of information without any central control [56]; distributed control techniques are

grouped into averaging distributed consensus and event-triggered methods. multi-agent system [43].

2.5.2.1 Average-based DISC
This approach consists of calculating the average values of voltage and frequency amplitude, starting

with the local measurements of these parameters for all DGs units and then sharing them using

I.BENNIA 2024 Page 24



Study, Modelling and Control of a Multisource Microgrid
Chapter 2: Background and literature review of microgrid control

communication to generate the control signal to transfer to the primary layer eliminating the steady-
state errors [57] [58], ref [59] presented an average based DISC and performed it experimentally. An
enhanced DISC is introduced in [60] using localized information and nearest-neighbour
communication to achieve secondary control actions with fast dynamics and retain of the active

power-sharing.

2.5.2.2 Consensus-based DISC
In the literature, consensus usually refers to algorithms pointing to the agreement between all DGUs,

the robustness of this technique is established in several researchers' works even in the presence of
communication delays. With the target of compensating the voltage and frequency in the MG,
consensus-based techniques are widely used in the last years. A Pl-consensus-based DISC is
presented in [61] it has the advantages of simplicity and higher control accuracy under disturbances
and communication delays. Another optimal DISC is designed in [62] taking into account the network
design, convergence performance, network-relevant time delays, and communication costs a multi-
objective optimization criterion is suggested, and the robustness of this technique is proved by
simulation results. Moreover, a DISC-based model predictive control is proposed in [63] where the
secondary voltage control is converted to a tracker consensus problem of distributed MPC, similarly,
ref [64] proposed a distributed consensus optimization of inertia for fast-frequency, besides, a DISC

based-consensus protocol is proposed in [56] it has the ability to work in both grid-connected modes.

2.5.2.3 Event-triggered DISC
Recently a vast amount of literature discussed the event-triggered control technic to reduce the

computation burden; this approach has been increasingly used at the SC layer of MG, due to the
reduced information exchange between DGUs during maintaining stability [65] within continuous
data exchange among DGUs, the desired data can be shared when a condition is achieved, or an
event is triggered. Hence, a sampled-data control method is executed, and data is exchanged by a
predefined mechanism on ETC [66]. An event-triggered distributed model predictive control (DMPC)
is introduced in [67] based on two event-triggering conditions; this approach reached reduced
computation and communication burdens with maintaining the good performances of the dynamic
system, ref [68] developed a hybrid-triggered mechanism-based DISC where the reduction of
computational and communication burden is proved. Moreover, a distributed optimal frequency
regulation is studied in [69] using an event-triggered mechanism for the regulation algorithm building

further, based on the Lyapunov stability analysis approach, an event-triggered consensus algorithm
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is investigated in [70], which can support the plug-and-play function within the established

communication topology.

According to [71] centralized topologies generally have a higher performance and are more suitable
for large MGs than distributed ones. Likewise, this latter has a more reliable control system, a simple

control algorithm, and less expensive control hardware.

2.5.3 Decentralized Secondary Control
Communication links in secondary control reduce the reliability of the MG system; in case of a single

failure, it will affect the stability. Hence new technics which do not need any communication have
emerged. To enhance the resilience of MGs and drop out of the communication network, the

decentralized technics have been divided into three groups according to [43].

2.5.3.1 Local Variable, MPC, and time-dependent protocol-Based DESC
latterly, several papers have proposed DESC technics fully using different methods in islanded MGs

[60], a secondary switched control with no communications is presented in [72]. Based on a time-
dependent protocol to switch between two control configurations; however, the time-dependency
increases the complexity of the solution and threatens the system's stability and resiliency. Similarly,
a local frequency restoration is designed in [73] which is based on load or generation change
detection. After that, a control action following a time-driven protocol is scheduled, another
decentralized frequency restoration technic is developed in [74] by improving the frequency rate
with a constant and adopting only local information. Further, a decentralized model predictive SC is
presented in [75]utilizing a controlled auto-regressive moving average (CARMA) model, which is
enhanced the dynamic response and the power quality. Moreover, a decentralized optimal frequency
is designed in [76] with the advantages of being simple and optimal and easy to implement without
the need for switch control or event-driven protocol and no time-dependent; authors in [77] present
a decentralized adaptive frequency restoration by adding a new term of power derivative to droop
this technic can compensate the frequency deviation. However, the settling time of this is too slow;
a decentralized, scalable, robust voltage control is proposed in [78]. It has the advantages of
maintaining the system stability and presents good performance against disturbances and load

changes also the adaptability with the plug-and-play functionality.

2.5.3.2 Estimation-Based DESC and DIESC
Recently numerous papers have proposed a DESC for AC islanded MGs based on state estimation

due to their communication-free feature, the distribution system state estimation (DSSE) has been
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introduced in [79] for enhancing the robustness, and system observability, in ref [80] a DESC was
proposed based on load power demand estimation which is used to change automatically the bias of
the droop characteristics to regulate the voltage and frequency deviation, another method was
designed in [81] based on adaptive state estimator to obtain the dynamic response of the whole
system which provides for all units their own information. Similarly, based on the large-signal model
to obtain the other unit dynamics, a non-linear state estimator is developed in [82]. Moreover, a state
observer based on KALMAN filter theory to estimate reactive power and system voltages are
presented in [83], where the calculation burden of the estimator is reduced due to the reduced
model, despite the communication-free feature, the estimation based technics still depend on the
MG topology to inform the dynamics of others DGs to the local units which make it not adaptable in
case of topology changes. Likewise, one of the most interesting approaches has been proposed by
[84] using a consensus protocol and based on the unique feature of frequency as a global variable in
stand-alone MGs; this latter is used to estimate others DGs units active power which provides an
accurate active power-sharing, the advantages of this approach compared to the aforementioned

techniques is the reduced computational burden and it’s less complicated.

Distributed estimation secondary control DIESC has been addressed in [85]. This approach consists
of maintaining the equilibrium between generation and demand-side by estimating the difference of
active power using a finite time consensus protocol which allows the frequency restoration, another
estimator distributed technic based on predictive voltage control is presented in [86]. Regardless of
the advantages of DIESC they still need communication which affects the whole system in case of

interruption.

2.5.3.3 Washout Filter-Based DESC
Installed locally with droop control, the washout filter is considered as an equivalent SC; this

approach is communication-free, and it has the advantage of making the voltage and frequency
robust against load changes [87]. Moreover, a generalized washout filter control scheme is proposed
in [88] compared to the last one; this approach has the advantage of improved transient response
under load and feeder perturbation and reduced overshoot in the output voltages in case of dynamic
disturbances. Similarly, a second-order washout filter-based power-sharing for UPS systems is

designed in [89] to enhance the dynamic response under load by adding a lead filter.

The aforementioned technics are recapitulated and classified in Table 2-3, presenting their concept,

advantages, and disadvantages.
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Table 2-3: Summerise of different secondary control technics

Control Concept Advantage Disadvantage
Centralized e Central e Active and reactive power e any failure in
Secondary  Controller management Communication
infrastructure or CSC affects
Control e Harmonic cancellation the overall MG system
[ ] Real'time monitoring Of the o Communication delays and
system data drop
e Unbalanced current reduction
Distributed @ Average- e®Robust to single-point-failures e Communication
Secondary  based DISC complexity
e Easy to implement (An
Control embedded controller is enough) e Clock drifts
e flexibility and redundancy e Voltage stability and
reactive power-sharing
® less expensive control
hardware e Communication
infrastructure
° e Higher control accuracy under e Reducing the
Consensus-  disturbances and recomputation and
based DISC communication delays communication
eSimple control algorithm e Voltage stability and
reactive power-sharing
® Easy to implement
e Communication
ePlug-and-play operation infrastructure
e®Robust to single-point-failures
e Event- e Reducing the recomputation e Clock drifts
triggered and communication
DISC e Voltage stability and
® support the plug-and-play reactive power-sharing
function
® Zeno Phenomenon
e Easy to implement
e Communication
e®Robust to single-point-failures infrastructure
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Decentraliz e Washout e Fully decentralized e Steady-state error
ed Filter-Based
Secondary  DESC eLow complexity ® slow dynamic response
Control ® Easy to implement
® Local ® Fast active power responses ® Increase complexity
Variable-
Based DESC ® Communication-free e Time-dependent

eslow dynamic response

° e Communication-free e Depend on the modeling

Estimation- of the system
Based DESC @ Precise active and

e High computational
Reactive power-sharing burden

independently

2.6 Small signal modelling and reactive power-sharing

Droop control is widely considered to be the most important wireless strategy because it has the
ability to adjust the voltage and frequency at the same time, sharing the power demands among
parallel generation units without any need for external communication among inverters [16].
However, non-accurate power sharing is observed in complex MGs (complex impedance) [90],
especially reactive power due to the lack of the decoupling ability of droop control. Hence, the
efficiency and stability of the MG are easily affected by the uncontrollable coupling of the distributed
generation units. Moreover, large power circulating-currents between parallel inverters were

reported in [91]. This issue is considered a common drawback of the existing droop control methods.

In the literature, many ways have been suggested to reduce power-sharing errors. One of the
simplest is the virtual impedance loop, which is used to change the system's impedance and make
power-sharing independent of the real impedance. To enhance the system stability and restrict the
power couplings, a virtual impedance design and an implementation method were first proposed in
[19]. The improved virtual impedance control approach was used in [20] for better power-sharing
performance. It can achieve accurate regulation of DG unit equivalent impedance at both
fundamental and selected harmonic frequencies. Furthermore, the feasibility of virtual impedances
was discussed in [92] through the implementation of different virtual impedances and analyzing their

issues. Virtual admittance was introduced in [93] as a way to share harmonic currents and reduce
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transmission losses. It has the advantage of being applicable to any inverter topology and/or mode
of operation, including VSI-VCM and VSI-CCM. Further, an optimized virtual impedance controller
was employed in [94] to prevent reactive power-sharing errors. The main idea was to estimate the
network’s reactive power-sharing errors based on local load measurements. The systematic method
to determine the feasible interval and optimal value of the virtual impedance was developed in [95].
The authors developed a systematic method for determining the feasible interval and optimal value
of the virtual impedance while taking into account power decoupling, reactive power sharing, system
damping, and node voltage status. The adaptive virtual impedance was proposed in [23]. This
approach uses real and reactive power mismatches to serve as an input for the integral controllers
and then elaborates the virtual inductive and resistive components. An improved droop control
strategy via integrating coupling compensation and virtual impedance loops is proposed in [96]. The
coupling compensation includes angular frequency deviation compensation and voltage deviation
compensation, which reduces the influence of uncontrollable coupling. A MG model including virtual
impedances and phase-locked loop (PLL) is introduced in [97]. The virtual impedances were
optimized using PSO, this approach maximizes the MG stability index and minimizes the reactive
power mismatches. In [98], a dg-frame asymmetrical virtual impedance was discussed to prevent the

GFM inverters from losing synchronization in grid-connected mode under high disturbances.

However, due to the lack of inertia in such systems, the unpredictability and variation of the output
power of renewable energies (RES) caused by intermittency and load consumption changes, small
perturbations, such as transient power impact, voltage and frequency deviations, overshoots, and
transient oscillations, can easily threaten dynamic stability [99]. Small-signal stability analysis can be
used to evaluate MG stability around the equilibrium operating point; several parameters, such as
power controllers, voltage and current controller coefficients, and LCL filter parameters, are
important in MG stability [100], [7], [101]. A small signal state-space model of the entire MG from
droop controller to network and loads was derived in [102] and the stability ranges of key parameters
were defined, which have a high effect on the damping frequency of oscillatory components in the
transient response. The modified droop control was proposed in [103] to enhance the dynamic
response and stability margin. As a result of this study, the lack of stability of inverters prevents the
use of higher droop parameters. In addition, the effect of reconfiguration and network type
(mesh/radial) on the small-signal stability margin is analyzed in [104] for an autonomous MG. It is

noted that the reconfiguration and network type have a significant impact on the small-signal stability
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margin. An evaluation of MG stability under different active power sharing conditions was performed
in [105] using small signal stability, and optimal droop gains were used to improve the stability.
Although the internal model-based current and voltage controllers were compared to conventional
Pl controllers by using a state-space model and performing eigenvalue analysis on an islanded
inverter [106]. Further, the parametric uncertainties were studied in [107] using a small signal
stability strategy. Using lead compensators cascaded in series for real power-frequency droop control
in [108] resulted in an improvement in the MG small-signal stability. Likewise, the generalized
theoretical framework for small-signal stability analysis was proposed in [109], where the generator
and load frequency-domain characteristics, primary and secondary control loops, as well as
communication latency, were synthesized. The effect of the time constant and the droop constant
on small signal stability for autonomous MGs was investigated in [110], and it is observed that high
values of these parameters could lead to unstable operation regions. In contrast, the MG is robust to
variations of cable length, power factor, and scenarios of generation. Comprehensive small-signal
stability analysis for SG-based MGs was developed in [111] in order to assess the effect of loading
conditions on the small-signal stability of droop-controlled and PQ-controlled SGs, and it is observed
that droop-controlled SGs present less stability or even instability in light loading conditions. In
contrast, the presence of PQ-controlled SGs in the presence of droop-controlled SGs can result in
better stability of SG-based MG at light loading conditions. The eigenvalues analysis and parameter
optimization for islanded MG using small-signal stability were proposed in [112], and it was
discovered that wide range parameter optimization can significantly improve stability. A novel
technique to assess the small signal stability based on state space and graph theory was proposed in
[113], which allows the reduction of the computational burden of high-dimensional system.
Furthermore, it is capable of coping with the uncertain parameters and system structure. Based on
an optimized nonlinear droop relation, a complete small-signal state-space model of the MG system
was developed in [114] considering the dynamics of the overall system and is updated periodically.

The PSO algorithm was adopted for the optimization.

2.7 Conclusion

The state of the art of MG’s modelling and control has been reported in this chapter, starting with
the definition of the MG concept, and after that, the most used control technic for parallel inverters.
Droop control is well explained with its advantages and drawbacks. The droop control enhancement

and the virtual impedance approaches are reviewed. The virtual inertia concept for more grid-
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forming MG is illustrated and reviewed. The hierarchical control with its three layer of control is
discussed with more focus on the secondary control with its three topologies of control. Finally, the

small signal modelling and the reactive power-sharing technics to reduce the power mismatch caused

by the different line structures is reviewed.
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Chapter 3: Modelling, Analysis, and Design of Hierarchical
Controlled Parallel Three-Phase Voltage Source Inverters based
MG

3.1 Introduction

This chapter focuses on modelling, analysis, and design of hierarchical controlled parallel three-phase
voltage source inverters in islanded MG. A mathematical model for the three-phase VSIs based on a
synchronous reference frame is developed. The voltage and current controllers consist of two
feedback loops an outer feedback loop of the capacitance-voltage and an inner feedback loop of the
output inductance current. The outer voltage loop is employed to enhance the controller response
speed and to minimize the steady-state error. The inner current loop is used to provide active
damping for the resonance created by the LCL filter. The hierarchical control scheme is adopted for
the MG control including two layers of control to achieve a high level of reliability, stability, and
power quality. The primary control involves the use of the droop method and virtual impedance loops
to share active and reactive power, while the secondary control restores frequency and amplitude
deviations caused by the primary control. Additionally, a synchronization algorithm is proposed to
connect the MG to the grid. The performance and robustness of the MG hierarchical control

architecture are demonstrated through simulation results.

3.2 Description and modelling of the power system

In a power-electronic interfaced MG, DG units are equipped with voltage source inverters (VSI) which
can operate in stand-alone and grid-connected modes of operation. VSIs are the block stone of MG,
VSI’s used as an interface between distributed generators and loads, their main role is to convert the
dc power into ac power and supply the entire MG. The VSIs are controlled by the pulse width
modulation (PWM) signals which generate harmonic components that decrease the power quality.
Thus filters are required to mitigate harmonics and avoid disturbance caused by this latter to not
affect the other loads which lead to enhancing the power quality of the whole system. The current
harmonic limitations are defined in [115], and to reach the recommended limitations, the LCL filter
is considered to be the most adapted topology for its cost due to the reduced size of the passive
elements and its high capability to attenuate the high-frequency harmonics, for better quality MG
current [116]. The LCL topology is adopted in this work as can be seen in Figure 3-1 the inverter is

associated with the LCL filter to form the VSI. A mathematical model of the VSI will be developed in
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the next section to help for designing the cascade loops of the zero layer which contains the voltage

and the current compensators.

VS
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Figure 3-1: Three-phase inverter single line diagram interfaced using LCL filter

3.3 Mathematical models of the VSI
By applying Kirchhoff's current law on the circuit in Figure 3-1, the relation between the currents

flowing through the LCL filter can be described by:

if,abc :io+iC (3-1)

And by applying Kirchhoff's voltage law, the voltages can be described by the following equations:

H dlI b
Cavc = It II,abc + Lf ﬁ +Vo,abc (3.2)
dv i
ot — (1/ C:f )Ic,abc (3.3)
dt
di
Vo,abc = rcio|abc + Lc g:bc +VPCC|abc (34)

With

€.0c : Inverter output voltage

L, : Output inductance inverter side

I'; : The equivalent series resistance

i,vabc : The current flowing through the L;inductance inverter side

Vo anc - Capacity voltage

I.BENNIA 2024 Page 34



Study, Modelling and Control of a Multisource Microgrid
Chapter 3: Modelling, Analysis, and Design of HC MG

C : Filter capacity
I .5 - Current flowing through the capacity
Lc : Output inductance grid side/coupling inductance

I, : The equivalent series resistance

io,abc : The current flowing through the L, inductance grid side

Viccane : The voltage at the point of common coupling PCC

The inverter output voltages €,,. are obtained through the switching devices (IGBTs) using the PWM

technic. The switching frequencies generate harmonics that are attenuated using the LCL filter which

acts as a low-pass filter.

A dg transformation is used to transform the system from the natural ABC frame to the dq

synchronous reference using Park transformation.

After transformation and rearrangement using the Park transformation, the relationship between

currents in the dqg frame is given by:

by =log Tl
iI =i+

q oq cq
And the transformed voltage equations are given by:

{ed = LSiy + ey + Vg — 0Ly

€, = LSl +1¢l

thy +Voq + ol

Iy =C8V, —conqu
leq =CfsvOq +aC vV,

{Vod =Tl + LCSIOd *+Veccd _a)Lcloq

Vog = Felog + LCSIOq +Vpceq T ol i,

Where w is the MG frequency and s is the Laplace operator.

By substituting (3.7) in (3.5), and after the rearrangement, we obtain:
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f Yoq

{i,d =C,SV,, —@C,V,, +i, (3.9)

g = C Vo + @C Vg +14,

3.4 Voltage and Current Loops

For the voltage and current controllers, a cascade loop has been used; the current loop must have
the fastest response and hence the highest bandwidth. The voltage loop must be slower than the
current loop and it must be quick enough to guarantee that the system operates properly, a Pl
controller has been employed for both regulators. This choice has been made due to the
straightforward design of the PI controller gains and the simplicity of modelling it in dq reference

frames for developing a small-signal model for MG in the next chapter.

3.4.1 Currentloop model
The current loop state space model can be modelled as follows:

X, =AX, +BU, (3.10)
Y, =C, X, +DU,

Based on the equation (3.10) and (3.6) the state space representation of the current loop is

described as follows:

I -0 0
Lf
i [ e, —V,
.Id r, -Id 1 d d
S|y |[=| @ —L— 0 g [T € —Voq (3.11)
i|o f r i|o f € — Voo
0 0 —L—f
— f_

The system (3.11) is assumed to be balanced, which means that the homopolar sequence is nul and

the rest of the current loop model is written as follows:

Iy
i L - i 11e—V
| —
i ] -
hg o K hg | L[ €~ Voq
Ly
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The terms wai|q and @Li in equation (3.6) represent a coupling between the two equations €,

and€,. In other words, a variation of the current lj; will create a variation of the current i,q and

vice-versa.

3.4.2 Voltage loop model
The voltage loop state space model can be modelled as follows:

XV = A\/XV + B\/UV (313)
Y, =C,X, +D,U,

Based on equations (3.13) and (3.9) the state space representation of the voltage loop is as follows:

S|:Vod:|:|:o —a)j||:vo,d:|+i|:i-ld _?odj| (3.14)
Voq @ 0 |[Voq | Cf[hg—lyq
3.5 Inner loops control design

The objective of any control system is to shape the response of the system according to a given
reference and to maintain the stability of the system in the closed loop, with the desired
performance, while minimizing the effect of disturbances, measurement noise, and avoiding the
saturation of controllers, despite the uncertainties of modelling, variations of parameters or change
of the operating point. The control diagram in Figure 3-2 consists of an external voltage loop which
provides the current reference and an internal current loop that provides the signals for the PWM
block. This type of control is called multi-loop voltage control or cascade control. It is usually chosen
for current and voltage control of VSI’'s MG’s due to its superior disturbance rejection performance

and current limiting capability [117].

A

B3 . ¢y i

Micro
‘44 Aaslil ﬁ Ak Grid

e Icf abc abc
= dg = |9 dq
E ildg vodq iodq
edq* A A 4
e idg* 4 Voltage
o Current Voltage <_@<_ A
dg controller controller Generator

Figure 3-2: Inner loops (voltage and current controllers)
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When using the grid forming configuration, the voltage and frequency references are offered by the

local controller such as droop control.

3.5.1 PI controller:
The classic Pl (proportional, integral) controller is the most used technique for several decades in

various applications, in particular for inverters current-controlled because of its simplicity and
straightforward implementation. However, it is considered an unsatisfactory solution for alternative
current regulation due to large steady-state tracking errors. This error can be reduced by increasing
the Pl gain and bandwidth, unfortunately, it also pushes systems towards their stability limits. The PI
controller can be adaptively combined with artificial intelligence technics such as fuzzy logic, neural

networks, etc. to increase its robustness and adaptation [118].

3.5.2 Current loop design:
The current control loop is responsible for the characteristics of the injected current. It is highly

desirable that the inverter current be free of low-order harmonics. High-frequency harmonics can be
eliminated with the LCL filter. Current control for the inner loop is developed using standard feedback

control. The current control can be expressed by the following system of equations:

e; = (kpc + I(ic /S)(I;; _i|d )_Q)Lfim +V°d (3 15)

€ = (Kpo +kie /) (i =i ) + 0L iy +V,q

Where: e; and e; are the d and q axis components of the voltage modulation signals, respectively;
i|d and i|q are the values of the inductance current for the d and g axis components, respectively; kpC

and kicare the proportional and Integral Pl regulator parameters for current control. L represents

the inductance of the filter inverter side.

Figure 3-3 shows the detailed diagram of the current control loop. It should be noted that all the
current control loops, all signals in the loop feedforward and the feedback loop are direct quantities

[119]. The control of the current loop is achieved by the following steps:

1- The current references i,tj and i;; of the dq axes are compared to their measured current

values i|d eti|q according to the following equations eid=i;,—i|d and eiq =i|2—i,q,

respectively.
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2- The error between the two values of the current eid and eid of the two axes d and g passes
through the controller of the internal control loop which is represented by the Ki(s)to

generate Uid and Uiq
3- The PWM input signals ed * and eq * components are produced by ed * = Uid + Vid + Vod et
80 * = Uiq + Viq + Voq where Vid and Viq are two signals that allow the decoupling of the

control loop between the direct ild and quadrature ilq currents; similarly Vod and voq are

two supplementary signals added to suppress their impact on the current loop.

Vf)d
eid ]
ild* — Ki(s) |
ild » wl
Decoupling
ilg > wiL jw-q
< ' uiq N eq”
ei
ilg* — 9 Ki(s) | —
+
I
Voq

Figure 3-3: Block Diagram of Current Controller Loops

3.5.3 Synthesis of the current loop PI controller
The transfer function of the d component of the current loop is identified by:

iy (S) 1L,

= 3.16
eq(s) s+r /L (3.16)

With ed * = ed
For the inner loop current regulator, the following properties are desirable[120]
1- fast transient response with minimal overshoot

2- precise current control
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3- zero static error in steady state
4- less sensitivity to parametric uncertainties of the system

In order to decouple the dynamics of the loops, the internal loop (current loop) must be designed to
have faster dynamics compared to the outer loop (voltage loop). Also because the dynamic current

is much faster.

From Figure 3-3 it can be considered that the two current control loops of the two axes d and q are
similar; thus the corresponding controllers can also be identical. Since the switching frequency is
significantly higher than the line frequency, sample delays can be neglected in controller synthesis

[121].

In Figure 3-4, Ki(S)is the PI controller, i|d * is the current control signal and i|d is the measured

current.

" eid . uid 1/Lf .
r K > > jld
ild (s) s+ e/ Lf :

: eiq . uiq 1/Lf :
Jg — Ki(s > il
" % (5) s+ It/ Lf q

Figure 3-4: Block diagram of the closed-loop control for current

\4

The transfer function of the current Pl regulator is:

K, (s) =k, +k? (3.17)

From the block diagram in Figure 3-4, the closed loop transfer function for the current loop is as

follows:
i kpc S+k, /kpc
Pl (3.18)
g Lf S2+ I +kpc S+ kic
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By assimilating the equation (above) with the quadratic characteristic equation the damping factor

and the natural oscillation frequency can be obtained as follows:

(r +ky )/ L,

= 3.19
5T fk /L, 319
o =k L (3.20)

Hence, the parameters of the current regulator can be designed as follows:

kpc =28 w,L; —r;
(3.21)

ki = L; a)nzi

According to the theory of optimal techniques (fi =0,707 and @,; are based on the time domain
specification. Usually, the natural frequency is selected as @, = @, /150, with wy is the switching
frequency.

3.5.4 Voltage loop design:
Voltage regulation is required to inject good-quality energy. The external voltage control loop is

developed using the standard feedback/feedforward control and commonly it uses a Pl controller.

The voltage control can be expressed as:

iy = (Kpy Koy /8) (Vg —Vog )~ 0CV

f Toq + I:Iod

iy = (Ko Ky, 18)(Vag =Vog )+ @C Vg + Fig 3.2

Where i;, and i;; are the d and g axis inductance current references, respectively; V;d and V;qare the
voltage references; @ is the MG frequency; kpvand kiv are the proportional and integral parameters of

the PI regulator. For voltage control; C, represents the capacitance of the filter and F is the

feedforward current gain. Figure 3-5 shows the block diagram of the voltage control loop. The voltage

control loop is achieved by the following steps:

1- the dq voltage components V;d and V:q are compared to their measured values V3 andV,, as

follows evd= V,, =V, et evq = V;q —V,q respectively
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2- the voltage errors evd and evq passe through the external loop controller which is

represented by KV(S), the outputs of the controller are uvd and uvq

3- The dq current set points ild*andilg*are obtained using ild* = Uvd + iVd + iod et

ilg*= uvq +ivq +ioq Wwhere; iVd et ijvq are feedforward signals that allow the

decoupling between the two voltages Vy; and V,, . iod and ioq are feedforward signals which

permit the attenuation of the dynamic effect of the load on vod and vog meanwhile

accelerate the dynamic response.

jod —
* evd
vod — Kv(s) |
vod > wCf
Decoupling
voq » wCf
< evg
voq" — Kv(s) |

iog—

Figure 3-5: Block Diagram of voltage Controller Loops

3.5.5 Synthesis of the voltage loop PI controller

The transfer function of the voltage loop in the d-axis is:

Voa (5) 1

i (S)—i(s) C;s

For voltage control, the following properties are desirable:

1- fast transient response with minimal overshoot

2- precise voltage control

w
1

zero static error in steady-state

4- less sensitivity to parametric uncertainties of the system
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According to Figure 3-5, we can consider the same remarks as the current loop of the

corresponding controllers can be identical [122]

d
vod— )Y Kv(s) uvd Cis » vod

) 4

evq

vod"—*%—» Kv(s) uvq C%s »voq

Figure 3-6: Block diagram of closed-loop control for voltage

) 4

The transfer function of the voltage Pl regulator is

k.
K, (8) =Ky, +-2* (3.24)

From the block diagram in Figure 3-6, the closed-loop transfer function of the voltage loop is

as follows:
u, 1 K, +kaS
= (3.25)
ud Cf 32 +&S+&
Cf Cf

Similar to the process of designing the current loop controller, the damping factor £,and the

natural oscillation frequency w,,,, of the voltage loop can be obtained as follows:

£ = % (3.26)
w’, =k, IC, (3.27)
Hence the voltage regulator parameters can be designed as follows:
{ k, =Cra (3.28)
kpv =2.Cm, '
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&, is chosen equal to 0,707 and w,y, is chosen as w/500.

3.6 Primary control

3.6.1 Droop control and virtual impedance loop
In order to share the power equally between the paralleled inverters and to ensure the power
flow, the reference of the voltage control loop vref is provided by the primary control that
comprises the droop controller and the virtual impedance loop. The amplitude and the phase
of the voltage reference are generated by the droop control according to the measured active

and reactive powers. The droop functions can be expressed as follow [7]:

=0, —mP
Vg =V, —N,Q (3.29)
Vo, =0

Wherew;, Vo*are the nominal frequency and voltage references,M,, and N, are the droop

coefficients for the frequency and the voltage, respectively. Notice that the d-axis is aligned
with the phase A voltage in a three-phase system, thus the g-component is equal to zero.

The droop coefficients M and N, can be selected based on the following equations:

m, =Aw/AP

3.30
n, =AV/AQ ( )

Being Aw and AV are the maximum frequency and voltage amplitude deviations,
respectively, AP and AQ are the rated active and reactive powers, respectively.

The averaged power can be calculated through a low-pass filter to attenuate the high-

frequency noises as illustrated as follows:

o 3/ . .
P= s+ca)c E(vodlOd +v0q|0q) -
3, . . '
= : _(Vod qu _Voqlod)
Stw, 2

A virtual impedance loop has been added in the primary control to improve the current
sharing between the VSIs by fixing and normalizing the output impedance of the VSI which

will determine the P/Q power angle/amplitude relationship (inductive droop) thus avoiding
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using additional physical inductors/resistors. Figure 3-7 shows the additional block of the
virtual impedance loop, the output impedance of the VSI must be inductive sufficiently. Thus

the additional block of the virtual impedance loop can be expressed as shown follows [38]:

{Vvird = Rv : iod _a)Lv : ioq (3 32)

Vvirq = Rv ’ ioq + a)Lv : iod
Where R, and L, the virtual resistance and inductance value, Viigg@nd iy44 are the virtual
voltage compensation and output current in dq — frame respectively.

The closed-loop modelling and the stability analysis of the virtual impedance loop have been

studied in previous works [10], [19] and will be not addressed in this chapter.

W} 4 L«

I\

L . : o AN
- PWAALNS e o e A e
% /\/\,‘”fvn\—fwT—»"f \—f‘——'\/\/\roW“—’:%\—i:
—IK} ‘”\/A} —IK} ) P el o dqabcee

vod*
= m,
Rv  olViejod—vod n
-olv  Rv od* - n
v q
i -

iog Power measurment
PWM and ineer loops Virtual impedance and droop control

ioq

calcualtion

voq

Figure 3-7: Block diagram of the droop controller and the virtual output impedance in dq synchronous
frame.

3.6.2 Coordinated synchronization loop
Before connecting the VSIs to the MG or the connection of the MG to the utility grid for grid-
connected operation a synchronization process is needed, the synchronization process
provides a seamless connection which mitigates the current fluctuations and maintains the
system stability. The synchronization is achieved through the synchronization control loop in

a synchronous dq reference frame as presented in Figure 3-8.
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Figure 3-8: Block diagram of the synchronization control loop of a droop-controlled MG.

In case of scheduling a grid-connected mode operation, the synchronization is released by

using the direct and the quadrature voltage components of the grid and the MG, Vdqg and

vdg.

Similarly, for connecting an incoming VSI to the MG, the direct and the quadrature voltage

components of the MG and the incoming VS| are used. The synchronization is achieved when

the voltage components are equal VdMG=Vdg and VgMG=Vqg, for this a synchronization

structure is needed.

The synchronization structure includes a three-phase PLL, a low pass filter and a Pl controller

for both axis direct and quadrature.

In) kpSS+kis

Eqne = (Vag _V"MG)HC@C - (3.33)
. k SS + kis
Dy =(vqg Vs ) S+°a) £ 5 (3.34)
C
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Where kpS and kisare the Pl parameters, which are the same for both axes and @, is the filter

cut-off frequency. ESync and @, are the synchronization controller output signals to be added

for the droop controller functions P-w and Q-v respectively, at each VSI to synchronize itself.
Notice that the three-phase PLL is used to extract the phase angle of the utility grid that is
used after to transform both grid and MG voltages from the abc reference frame to the dq

reference frame.

3.7 Secondary control for frequency and voltage restoration

The secondary control is introduced to compensate the steady-state error caused by the
droop control deviations after load connection to meet the grid standard. Secondary control,
also called Load-Frequency Control (LFC) in Europe or Automatic Gain Controller (AGC) in
USA, should maintain the frequency deviation within the allowable range, e.g.+- 0.1 Hz in
North of Europe or +- 0.3 Hz in the Union for the Co-ordination of Transmission of Electricity,
Continental Europe. The secondary control compensators for frequency and voltage can be

expressed as follows [40]:

pF (CO::AG - COMG)-l- kiF I(a)MG - O)MG)dt

(3.35)
pE (EMG _EMG)+kiE -[(EMG _EMG)dt

Where ka ,kiF, ka and kiE are the control gains of the secondary control regulators, notice

that @, and E., must be saturated to not exceed the maximum and minimal limits of the

voltage and frequency drops.

The entire control system including inner loops, virtual impedance, droop control and

secondary control is depicted in Figure 3-9.
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Figure 3-9: Block diagram of the entire control system of the MG
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3.7.1 Frequency Restoration

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

(Dve

Figure 3-10: Block diagram of the frequency secondary control

To design the frequency secondary controller gains and to ensure the system stability, the model

depicted in Figure 3-10 is used, it consists of three main blocs; the droop control bloc to determine

the MG frequency, a reduced first-order PLL model to measure the MG frequency and the secondary

control compensator Gfsec(s) associated with a delay transfer function Gd(s) to mimic the

communication lines delay. From the developed model in Figure 3-10 the equation can be obtained:

O = GfseC(S)Gd (S) o mG, o (S)
- 1+Gfse°(S)Gd(s)GP'-'-(s) " 1+GfseC() d(S)GPLL(S)

P (3.36)

Where the transfer function of each bloc is as follows:

k £S+Ki

(S) -
(S)zr/(s+z')

fsec

1
G, (8)= ——,
o(5) s+1.50,
Giee (S) = S‘i);’c ,

Consequently, the closed loop transfer function P-to-WMG can be obtained as follows:

Ma,s(s” +sa+b) o (3.37)
Wy = — :
Me o st s c+s?d+se+ f

With the following parameters:
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a=7+15T,
b=1.5Tr
c=15T,+w,+7
d=e, (15T, +7)+7(L5T, +k, )
e=7(m, (ke +L15T, ) +kg )

f =7k,

Figure 3-11 depicts the step response of the model in (3.37) for a P step change. This model allows
us to adjust properly the control parameters of the secondary control and to study the limitations

of the communications delay.
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Figure 3-11: Transient response of the secondary control model for frequency restoration

3.7.2 Amplitude Restoration
A similar method has been followed to adjust the voltage secondary controller parameters

[38], the obtained block diagram, in this case, is depicted in Figure 3-12

EMG

E
Emc™ GEsec (S) == (G4 ) =<

Figure 3-12: Block diagram of the amplitude secondary control
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By the same procedure the closed loop voltage dynamic model is:

. Gt o (5)G4 (5) NG e (S
E — E sec d E _ LPF 338
¥ 116 (5)G, (5) ™ 146y (5)G, (5) 2 (3.38)

Being G (S) is the voltage compensator

_ kas+ K

Geee (9) (3.39)

S

Thus the closed loop transfer function of the voltage secondary controller from Q-to-EMG can

be expressed as follows:

nw,s(s+1.5)
s +as’ +bs+k.m,

(3.40)

EMG =

Where
a=kyg+wo +1.5

b= e, (ke +1.5)+k;

c=k.o,

By using this model, the dynamics of the system for a step change in Q can be obtained as

shown in Figure 3-13.
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Figure 3-13: Transient response of the secondary control model for amplitude restoration
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3.8 Implemented MG Control Analysis

In order to implement and test the feasibility of the theoretical analysis developed above, a MG
model was built in Matlab-Simulink as illustrated in Figure 3-9. The used parameters are listed in
Table 3-1. The MG model consists of two VSls interfaced using LCL filter and connected to each

other through a line, and they are supplied a local load.

Table 3-1: microgrid parameters

Inverter parameters (10 kVA rating)

Parameter Value Parameter Value
fs 8 kHz Cs 50 F
Lt 1.35mH re 0.10Q
Lc 0.35mH re 0.03Q

Line and Load parameters
rline 0.1Q rload 250
Lline 0.35 mH Lload le-5mH
Primary control parameters
mp 9.4e-5 (= 0.3% droop) Ngq 1.3e-3(= 2% droop)
Wn 314.16 rad/sec Vn 311V
Wc 31.41 rad/sec
Rv 0.0370 Lv 0.0200
Voltage and current Controller parameters
Voltage controller Current controller
Kov 0.037 Kiv 393
Kpc 10.5 Kic 16e3
F 0.75
Secondary control
KpE 0.2 KiE 0.05
KpF 0.01 KiF 5
T 50ms

3.8.1 Voltage and current waveforms
Figure 3-14 shows the voltage and the output current waveforms of the VSI supplying a local load,

and Figure 3-15 depicts the dynamic response of the voltage and the current loops in the dq frame

for both axes.
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Figure 3-14: Output voltage (a) and current (b) waveforms of a VSl
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Figure 3-15: Ineer loops voltage and current components

Figure 3-16 shows the output currents of the two paralleled VSls controlled using droop control in
stand-alone mode, at the beginning both inverters share the load equally, after that at t= 1s the
second inverter is disconnected and the other one carried out the feeding of the load which ensure
the continuity of supplying energy in case of one of the inverters is tripped. This test shows the
strength of the droop control in sharing power among inverters without any need of communication

which increases the system reliability.
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In case of one of the inverters is tripped it needs to be reconnected to the MG another time. Before
the connection of the incoming inverter, it needs to be synchronized to the MG as demonstrated in
Figure 3-17, the same synchronization process will be used to synchronize the incoming inverter to
the MG. Figure 3-17a shows the frequency of both the MG and the incoming inverter, at t=0.5 s the
synchronization process is enabled and which resulted in frequency fluctuations of the incoming
inverter. At t=2s the synchronization is achieved and the incoming inverter is connected which is

immediately started sharing active power with the other inverter as can be seen in Figure3-17b.

3.8.3 Secondary control performances
This test demonstrates how secondary control restores the voltage and frequency of the MG. The

voltage rms value and frequency of the MG are successfully recovered, and the static deviations
caused by the droop control were removed. As can be seen in Figure 3-18a the secondary control is
activated at t=0.5s and the system starts recovering the frequency to its nominal value, after that the
system subjected load changes at t= 2s and t=4s, the secondary control acted for both sudden
changes and eliminates the deviation similarly when the inverter two is disconnected at t=6s the

secondary control is acted quickly and the frequency is kept at its set point after 2s.

The same dynamic response is remarked on the voltage rms curve since the transfer function

presented in this section are very close for this the result is not depicted here.
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Figure 3-18: Active and reactive power (a) and frequency (b) during load step changes (t=2s and t=4s) and
sudden disconnection of inverter 2 (t=6s).

3.8.4 Impact of communication time delays:

Communication infrastructures play a critical role in MG operation by providing and exchanging the
data between the MGCC and the DG units local controllers. In secondary control, the voltage and
frequency correction signals are sent using the MGCC through a low-bandwidth communication
infrastructure to restore the deviations caused by the primary control. For this, the communication
delay effect on the secondary control has been investigated for different time delay amounts. Figure
3-19 shows the voltage and frequency during the restoration process, it is clear that the
communication delays cause oscillations in both voltage and frequency, and the increase of the time

delay results in high oscillations up to 300 ms where the system stability becomes threatened.
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Figure 3-19: Secondary frequency dynamics under different communication delay
3.8.5 Synchronization with the main grid
Synchronization is necessary for the transition mood from island mode to grid-connected mode to
avoid high current fluctuations and equipment damage. The synchronization process between DG
unit and the main grid is illustrated in Figures 3-20a and 3-20b as can be seen at the start of the

synchronization the voltage waveforms are not synchronized yet and the voltage difference between
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the MG and the grid is high, during the synchronization process the voltage waveforms are started
becoming closer to each other Figure3-20b and the voltage difference is start decreasing as can be
seen in Figure 3-20a, at the end of the process the voltage waveforms are matched and the voltage
error value is decreased to zero which ensures a seamless transition mode, notices that the
synchronization process has no impact on the system stability since the bandwidth is much more

reduced.
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Figure 3-20: Synchronization process (a) voltage difference (b) Grid and MG voltages

3.9 Conclusion

This chapter proposes a systematic method for designing a hierarchical controlled three-phase MG.
Based on a dqg synchronous reference frame, the control structure was designed until the secondary
control including two layers of control. The inner loops or the zero layer of the VSI consist of the
voltage and the current controller based on Pl controller. The primary control comprises the droop
control and the virtual impedance approaches, which are responsible of sharing the active power
equally among inverters. Synchronization loops were illustrated for seamless connection in case of

performing a grid-connected mode or connecting an incoming inverter to the MG. The secondary
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control based on a centralized topology using communication links, is established in order to

eliminate the voltage and frequency deviations caused by the primary control.

Each control layer has been modelled, and the closed-loop system dynamic response of the
secondary control has been analysed to simplify the compensator parameters selection. Simulation

results have illustrated the highly reliable performances of the MG system.
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Chapter 4: Decentralized secondary control for frequency
regulation based on fuzzy logic control in islanded
microgrid

4.1 Introduction

Hierarchical control topology is the most adopted approach for MG control and it attracted more and
more attention due to its capability to meet MG’s control challenges [37]. Hierarchical control is
divided into three layers, first one is primary control which is based on droop control [16], virtual
impedance, voltage and frequency control loops, this layer is fully decentralized and no
communication infrastructures are needed, their main task is to maintain voltage and frequency
regulation, and to share active and reactive powers between voltage source inverters equally [121].
In contrast, the tertiary layer requires communication to manage the power flow among the MG and
the external electrical distribution system, the secondary control layer (SC) permits compensating
the voltage and frequency deviations caused by the inherent characteristic of droop control in the
primary control layer [43], the SC is classified into three categories according to the implementation
topology as illustrated in Figure 4-2, the first one which is the most recognized is the centralized

topology as can be seen in Figure 4-2(a), the centralized SC use a microgrid central controller (MGCC)
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Figure 4-1: Fundamental structure of a microgrid
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[123] to send and receive information using a communication infrastructure [124], the second one is
the distributed control approach Figure 4-2(b), where the DG units work cooperatively by
communicating with each other to attain an agreement situation among all DG units [125], the last
one is the communication free decentralized technique as depicted in Figure 4-2(c), which is

implemented locally like primary control.

The centralized and distributed secondary control topologies are highly dependent on
communication infrastructures which increase the complexity and the cost. Moreover, the needing
for a communication system reduces the reliability and the resiliency of the MG due to uncertainties
such as communication delays [126] and data-drop out, also communication systems expose the
system to cyber-attack threats [127], as a result, many literatures proposed fully decentralized
technics, an equivalent secondary control based on a washout filter is proposed in [87] it has the
advantage of low complexity, however, it suffers from steady state-error and slow dynamic response
which need to be improved in future works. Based on state-estimation new approaches have been
addressed in [82] their major superiority is in the accurate active and reactive power-sharing
independently; however, these approaches related to the system model which serve as an
alternative of communication infrastructures by estimating the state of the remains DG units in the
MG system , thus a high computational burden is required and hence leading to increase the
complexity and cost which reduce the efficiency of the system, further a decentralized secondary
control approach (SC) utilizes the active power estimation is developed in [84] unlike the above-
mentioned state-estimation techniques, which require a complete knowledge of the MG topology to
estimate the variables, this approach uses the unique property of the frequency in islanded MGs as
a global variable in steady state to estimate the active-power, the only drawback is the slow dynamic
restoration up to 2s, in [72] a switched secondary frequency compensation is proposed based on
switching between two configurations as the secondary control is established using a low-pass filter
which exhibits design trade-off between transient response and accuracy, this approach breaks this
design trade-off and provides fast transient response with small error in steady-state while using a
time-dependent control which increases the complexity, especially the parameters design which
decreases the system stability, although a decentralized optimal secondary controller is developed
in [128] based on a quadratic cost function in the form of a linear quadratic regulator (LQR) solution

with a straightforward and simple design procedure, a frequency self-restoration based on droop
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control is presented in [129], it has a fast dynamic response, but it suffers from overshoots with the

presence of ripples in the steady-state response.

As can be observed from the previous paragraph, the existing decentralized technics suffer from
many drawbacks such as steady-state error, slow dynamic response, time and system dependent,
complexity and high computational burden. In addition, no study investigated the effect of
interferences such as emergency control, plug, and play of DG units with a high-priority task.
Therefore, this paper proposes a decentralized secondary control for frequency regulation and active
power-sharing based on fuzzy logic control in islanded MG, the fuzzy logic can be used as an
intelligent approach to deal with the imperfections of the conventional controllers aiming to cover
the complex systems with their uncertainties and inaccuracies, the proposed secondary control is
fully decentralized, except in the emergency conditions where the system is controlled using a MGCC
and tertiary control. Based on a fuzzy logic controller and on the unique feature of frequency in
islanded MGs as a global variable in steady state, the objective was to elaborate a robust control for
the frequency while at the same time respecting the dynamic constraint and treatment-time to
achieve a fast dynamic restoration without overshoot and ripples in a steady-state regime, an
enhanced dynamic behaviour of a Pl regulator was used for the design of the fuzzy controller,
simulation results show the high performances and capabilities of the proposed technic. The main

contributions and novelties of this paper can be listed as shown in:

- This model takes advantage of the unique feature of the frequency in islanded MGs as a global

variable to develop a decentralized topology.

- Developing a fuzzy controller to eliminate frequency deviation of microgrids meanwhile
ensuring the precise active power sharing between inverters, the proposed controller offers a quick
dynamic frequency recovery and it is much faster than conventional controllers with accurate active

power tracking and its design with implementation are straightforward.

- In contrast of distributed approach, the proposed method is communication-free.

Event detection, time dependent-protocols, and state estimation are not required.

- The settling time is improved by 50% compared to the conventional Pl controller.
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- Similarly in the presence of 30 % and 70 % of packet losses the settling time is improved by

81% and 90 % respectively which confirms the high performance.

- No overshoots and oscillations in frequency are presented in case of the presence of

communication delays and no ripples in the steady-state response.
- It shows high flexibility and robustness during plug-and-play operation.

- Interferences such as emergency control and economic dispatch have no impact on the

proposed controller.

The rest of this chapter is structured as shown in: Section 2 the secondary control function in a
multilayer control structure with the proposed method are described, moreover, the existing
secondary control technics were listed and compared in terms of their advantages and
disadvantages. Section 3 exhibits the simulation results based on multiple scenarios including the

comparison, the results were discussed in the same section. Finally, the conclusion in section 4.
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Figure 4-2: Secondary control topologies; (a) centralized SC, (b) distributed SC, and (c) decentralized SC
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4.2 Method

The first layer of the hierarchical control is represented by the droop control which adjusts the
frequency and voltage according to the measured active and reactive power based on the droop
coefficient m; and n; calculated according to the small-signal analysis presented in [130], it can be

expressed as:
=0 -mP (4.1)
V,=V'-nQ (4.2)

Being, w; and w™are refer to the angular frequency and its reference respectively, P; is the active
power output, V; and V*refer to the voltage amplitude output and its reference, Q; the reactive
output. As shown in (4.1), w; and V; are used to synthesize the three-phase reference voltage to be
provided for the inner current and voltage control loops. It is clear from the above-mentioned
equation that a change in both active and reactive powers leads to frequency and voltage change
respectively, especially when adding loads this leads to the frequency and voltage droops, which

result in steady-state errors that need to be compensated.

The secondary control eliminates these deviations by providing an extra term to the primary layer
and it can be expressed mathematically by:

lime, (t)=0 (4.3)

tot;

limv (t) =v* (4.4)

Practically, it is impossible to achieve perfect voltage regulation and reactive power sharing using
only the droop method in (4.2) since the voltage is a local output variable of the MG. In this sense,
this paper focused only on the MG frequency compensation and supposed that the Q-V droop
control loop adjusts the V; for the DG units. Thus, to attain an accurate active power-sharing and
impose the reference frequency without steady-state errors, the SC level provides an extra term to

(4.1) as shown in:

o=0 —-m_ -P+odm (4.5)
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The additional control term dw; provided by the SC to the primary layer and w; is the corrected
frequency of ith DG unit which leads to maintaining the frequency at its nominal value as can be seen
in Figure 4-3. Noticing that another extra term is required for the synchronization and to ensure a
seamless transition between operation modes, either for synchronizing the DG units between each
other in case of plug-and-play operation or to synchronize the MG with the classical grid in case of
grid-connected mode generally the synchronization loop considered as part of SC; moreover, an

islanding detection approach also can be included in this level.

Secondary
correction term

Slope = = m;

Figure 4-3: Primary and secondary control actions

Table 4-1 summarizes the advantages and disadvantages of different secondary control technics
including the proposed one. As mentioned before for the centralized topology the need for
communication and remote measurement threat the system stability through time delays and data
drops, which degrade the power quality as well as communication failure can interrupt the electricity
supply. Similarly, the distributed approach proposes communication between microgrids units for
enhanced reliability, but, in case of a single failure of communication, it will affect the entire stability.
Hence new communication less technics have emerged, to enhance the resilience of MGs and drop

out of the communication network.

The proposed secondary control is fully decentralized, except in emergency conditions where the
system is driven using the upper layer which is the tertiary control. Based on a fuzzy logic controller
the objective was to design a robust control for the frequency meanwhile respect the dynamic
constraint and treatment time, the structure of the controller is depicted in Figure 4-4. The use of
fuzzy logic controllers in the last decade has been widely increased for power systems and power

electronics applications [131], [132] the conventional secondary controller based on Pl regulators
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suffers from many drawbacks due to their design which is tuned on a predefined operating point, any
change in the operating conditions outside the operating point leads to the loss of system stability
due to the incapability of the Pl controller for providing suitable performances, moreover, it has a
slow dynamic response which can affect the sensitive loads such as data centers. Fuzzy logic can be
used as an intelligent approach to deal with the imperfections of the conventional controller aiming
to cover the complex systems with their uncertainties and inaccuracies. A fuzzy-PI structure is used
to perform the fuzzy controller based on a Pl behaviour profile, the gains are adapted in function of

the frequency error and the derivative of the error.

The input error e, and their derivative de,, values are normalized as shown in:
e, =K, (o (k)-a (k) (4.6)
de, =K, (e, (k)—e,(k-1))/T, (4.7)

Where T, is the sampling time and K, , K., are the normalization gains or the scaling factors. The
output generates the variation of the corrective term which is after the integration and normalization
gives the external signal w;. The scaling factors are very important in the design of the controller to
adjust the sensibility of the fuzzy controller and the stability of the system, it allows the normalization
of the inputs and the outputs in the required gap of the universe of discourse, these parameters are
obtained after trial and error method. Fuzzification is the process of transforming a crisp input value
into a fuzzy value that is achieved by the use of the information in the knowledge base. Although
various types of curves can be used. Triangular, gaussian, and trapezoidal membership functions
which are the most popular in the fuzzification process. The implementation of these types of

membership functions can be easily achieved using embedded controllers.
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Table 4-1: Summerise of different secondary control technics

Control Concept Advantages Disadvantages
Centralized - Central - Active and reactive power - any failure in Communication
Secondary Controller management infrastructure or CSC affects the
Control [133], [134] - Harmonic cancellation overall MG system
- Real-time monitoring of the - Communication delays and
system data drop
- Unbalanced current reduction
Distributed - Average- -Robust to single-point-failures - Communication complexity
Secondary based DISC - Easy to implement (An - Clock drifts
Control [125] embedded controller is enough) - Voltage stability and reactive
- flexibility and redundancy power-sharing
- less expensive control - Communication infrastructure
hardware
- - Higher control accuracy under - Reducing the recomputation
Consensus-  disturbances and and communication
based DISC communication delays - Voltage stability and reactive

[135], [136]

-Simple control algorithm, easy
to implement

-Plug-and-play operation
-Robust to single-point-failures

power-sharing
- Communication infrastructure

- Event- - Reducing the recomputation - Clock drifts
triggered and communication - Voltage stability and reactive
DISC[134], - support the plug-and-play power-sharing
[137] function - Zeno phenomenon
- Easy to implement - Communication infrastructure
-Robust to single-point-failures
Decentralized - Washout - Fully decentralized and easy to - Steady-state error
Secondary Filter-Based implement - Slow dynamic response
Control DESC [138] - Low complexity
- Local - Fast active power responses - Increase complexity
Variable- - Communication-free - Time-dependent
Based DESC - Slow dynamic response
[139], [128]
- - Communication-free - Depend on the modeling of
Estimation- - Precise active and Reactive the system
Based DESC power-sharing independently - High computational burden
[140], [141]
- Proposed - Communication-free - Fuzzy controller scaling factors
DESC based - Quick dynamic frequency are selected based on trial and
fuzzy logic recovery error method.
controller - No overshoots and oscillations
in frequency
- Accurate active power-sharing
- Easy to design and implement
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-No steady-state error
-No impact of interferences
- Less computational burden

The membership functions are defined mathematically with many parameters. To enhance the
performances of the fuzzy logic controller these parameters can be adapted to obtain the desired
outputs. The distribution and the number of the membership functions in the universe discourse are
very crucial, and the calculation time of the algorithm should be considered especially for the
practical implementation a good design mean less computational burden and hence less cost. The
design steps are illustrated in Figure 4-5. Triangular and trapezoidal membership functions have been
selected for the input and output variables distributed in five symmetric and equidistant subsets are
selected as can be seen in Figure 4-5(a). The universe of discourse gap is determined between [-1.5
1.5], this choice makes the fuzzification easier because it decreases the computation time in the real-

time implementation.
The different groups are defined using the following linguistic variables:

- NL: Negative Large
- NS: Negative Small
- ZE:Zero

- PS: Positive Small

- PL: Positive Large
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Figure 4-4: Proposed decentralized secondary control for microgrids
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The rules base plays an important role in the behaviour of the fuzzy controller, hence a good design
of the table of rules leads to better performances, generally the construction of the interference table
is based on qualitative analysis of the process. From the previous study [133] of the closed-loop
system behaviour using a Pl controller and based on the expertise, fuzzy rules are established to tie
the inputs and output. The general form of the step response and the derivative of the error are
shown in Figure 4-5(b). Depending on the amplitude of e, and the sign of de,,, the response is divided

into four intervals (from (1a) to (4a)) such that:

a e >0etde, <0
a,:e,<0etde, <0
a,:e,<0etde, >0 (4.8)
a,.e,>0etde, >0

For instance, at the start of the compensation (point 1) the response is strongly inferior to the
reference, and hence the error is PL and their derivative value is ZE, thus the output control signal
should be PL. When the error is near zero (point 2) and their derivative value is NL the output signal
changes to ZE to avoid a big overshoot value, after the overshoot (point 3), the error is NL and their
derivative also, thus the output signal should be strongly reversed to NL, in case of the overshoot still
exist and the error is NS with the response is near to the reference (point 4), thus the error derivative

value changes their sign to PS, in this case, the output signal should be ZE to minimize the undershoot.

Since there are five fuzzy sets, this implies twenty-five possible combinations of these inputs, and

therefore twenty-five rules.

The rules are like this:

1- If (e,, is NL) and (de,, is NL) then (Adw; is NL)
25- If (e, is PL) and (de,, is PL) then (Adw;i is PL).

Hence the inference matrix deduced according to the reasoning of "McVicar-Whelan" is as shown in

Table 4-2, The Mamdani method is used for the interference method.

Defuzzification is the process of converting the fuzzy output sets produced by the inference

mechanism. To generate the most certain low-level controller action. Many methods exist in
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literature to perform the defuzzification, the most popular is the center of gravity method which is
used in this case due to its reputation in the control field to obtain the variation of the external term,
where the Adw; is determined from the geometric center of the variable fuzzy output, their discrete

equation is as shown in:

::1560(Xi)ﬂ5w(xi)

2t (%)

Notice that as mentioned before the fuzzy controller gain values play a crucial role in obtaining the

Adw =

(4.9)

suitable dynamic response, previous tests of the controlled system are helpful in the selection of the
initial values of the fuzzy logic controller gains. If there is a lack of information about the controlled
system, the suitable parameters can be calculated by trial and error method or using optimization
algorithms such as particle swarm optimization as presented in [142]. The PSO approach is an
excellent optimization methodology and a promising method for solving the optimization problem
of the fuzzy logic controller and defining the suitable parameters, further, a quasi-oppositional
harmony search (QOHS) algorithm is adopted in [143] which is a new variant of derivative-free
metaheuristic algorithm that mimics natural and systematic phenomena. Figure 4-5(c) depicts the
output surface for the fuzzy controller,it gives the first output variable according to the first two input

variables.

Table 4-2: Table of rules

€u NL NS ZE PS PL

dew

NL NL NL NL NS ZE
NS NL NL NS ZE PS
ZE NL NS ZE PS PL
PS NS ZE PS PL PL
PL ZE PS PL PL PL
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Figure 4-5: Fuzzy logic controller design steps Membership functions (a) the deduction of the rules from a
temporal analysis (b) and (c) output surface plot of the fuzzy cotroller

4.3 Results and discussion

To evaluate the effectiveness and the performance of the proposed technic, a MG simulation model
is set up on MATLAB software as shown in Figure 4-6. It consists of two DG inverters with the same
rating powers forming an islanded MG and LCL filters are used, a low pass filter is integrated into the
output of the power measurement units in the primary level to suppress harmonics. The electrical
and control parameters are listed in Table 4-3, all parameters have been adjusted based on the

developed model, the proposed controller is studied and analyzed in the following parts.
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Table 4-3: Simulation Parameters

Parameter Symbol Value
Powerstage

Nominal Voltage vV 311V
Nominal Frequency f 50 Hz

Input / Output Inductance of LCL filter L/L, 800 /250 uH
Filter Capacitance C 60 uF

Line 1 R1/L1 0.5/1 mQ/uH
Line 2 R2/L2 2/3 mQ/uH
Load 1 - 500 W

Load 2 - 500 W

DC Voltage Vge 400V
Primary&Voltage/Current P Control for DG1/DG2

Voltage proportional gain/integral term 0.2/100

Current proportional gain /integral term 5/400

Proportional frequency droop m 0.0003 W/rd
Proportional amplitude droop n 0.001 Var/V
Decentralized Secondary control

Scale factor proportional term for error Keyw 1

Scale factor proportional term for error derivative Kedw 0.1

Integral term K, 1000

4.3.1 Frequency restoration and active power-sharing during load disturbances
This test is performed to evaluate the frequency compensation and the accuracy of sharing active

power, the obtained curves are exhibited in Figure 4-7. It consists of comparing the conventional P-
w droop control method with the proposed decentralized secondary control. First at t=0s until t=3 s
the MG system is running under the conventional droop control and the two load are connected as
can be seen in Figure 4-7(a) and 4-7(b) from t=0 s to t=3s the droop mechanism is adjusting the
frequency magnitude according to the measured active power and a considerable frequency

deviation from its nominal value is presented, while the active power-sharing is well maintained by
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the droop mechanism until t=3 s the communication free proposed control is activated thus the
deviation is compensated while maintaining an accurate active power-sharing (see Figure 4-7(a)). A
load change is applied to the MG system to confirm the high performance of the proposed control,
as shown in Figure 4-7(a) at t=6s load 2 is turned off the active power is decreased and the frequency
is perturbed by presenting an overshoot for a certain time, however, this perturbation is removed
due to the fast response of the proposed controller and the frequency is restored to their nominal
value within an acceptable range. The current is decreased smoothly without presenting
disturbances Figure 4-7(c), the load 2 is turned on another time at t=9s similarly, the proposed SC
compensate the error quickly and fixed the frequency to their reference value, the current is
increased to supply the loads Figure 4-7(d). The reactive power-sharing is not equal as shown in

Figure 4-7(d) due to the inherent limitation of the droop control method [25].

4.3.2 Synchronization and plug-and-play capability
The black start and synchronization process of the two DGs units is performed in this test. The

connection and disconnection of the second DG unit to the MG system is realized as can be observed
in Figure 4-7(e) from the interval t € [0,1s] the black start occurred where the two sources are
synchronized to each other and they immediately start feeding the load meanwhile sharing the active
power equally. At t=1s the second DG unit is intentionally disconnected, and the rated power of the
first DG unit is increased immediately to ensure supply continuity. At t=2s DG unit two is reconnected
and the active power signals are matched after 0.5s which confirms the capability of maintaining the
active power sharing during these circumstances. The frequency drop in Figure 4-7(f) during the black
start and load disturbance refers to the droop mechanism, similarly for the frequency overshoot at
the load disconnection, the action of the proposed DSC compensates this deviation quickly and
restores it to its rated value with a better dynamic response. Noticing that every reconnection to the
MG system necessitates a synchronization procedure often using a PLL to match the frequency and
the phase angle with the MG to minimize circulating currents among DG units besides eliminating

fluctuations and disturbances.

4.3.3 Impact of communication latency
Communication infrastructures for data exchange are a crucial part of MGs, especially in the

secondary control layer. To show the communication less feature of the developed controller this

latter is compared with a centralized SC as presented in Figure 4-8. The centralized SC suffers from
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major drawbacks represented by time delay and data drop-out. Firstly a communication time delay
is simulated using the same electrical parameters for both MG models to achieve an accurate
comparison using centralized and decentralized SC under an amount of communication latency equal
to 200 ms. As observed in Figure 4-8(a) the frequency response of the centralized topology presents
damped oscillation with a big settling time equal to 1.7s, the increment of the time delay leads to the
loss the system stability, however, the decentralized SC f Figure 4-8(b) isn’t impacted by the

communication because it implemented locally, with a reduced settling time estimated by 0.2 s.

4.3.4 Comparative study of dynamic response
To verify and confirm the superiority of this method, the fuzzy logic controller is compared with the

conventional Pl controller used in [40]. The comparison investigates the dynamic response of the
system and the compensation time, as can be seen in Figure 4-8(c). The compensation for the fuzzy
logic controller starts after 0.06s from the drop of frequency, however in the case of the Pl regulator
the compensation starts after 0.15s; moreover, the fuzzy controller reaches the nominal value in 0.5s
on the other hand 1.3s for the Pl controller which confirms the flexibility and the rapidity of the
proposed control, the same way in case of adding or removing loads the dynamic response of
proposed controller is quick than the Pl controller with a neglected overshoot. The above-mentioned
tests show the flexibility of the proposed technic under different disturbances constraints and their

behaviours against this test are very satisfactory.

4.3.5 Effect of data drop-out
Data drop-out or packet loss is one of the major drawbacks of communication systems. It can directly

affect and degrade the performance of the system outputs. The performance of the proposed SC in
the presence of packet losses has been tested and compared to the Pl controller in real-time
simulation considering the different amounts of data drop-out, 30%, and 70%. As shown in Figure 4-
9 it can be observed that both controllers have acceptable performance in eliminating the frequency
deviation for 30% data drop-out when data drop-out is up to 70%, the proposed SC can recover the
system in 0.5 s; however, the Pl controller is unable to recover the frequency quickly, it takes about
3 s to restore the system into their nominal frequency, comparing to the Pl controller the proposed

SC has a fast and flexible dynamic response which guarantee the stability of the system.
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4.3.6 Effect of interferences
In real systems, there may exist interferences. In the case of a MG system interferences can be

represented in emergency control, plug and play of DG units with a high priority task. In this test the
simulation involves an interfering node sending disturbing traffic and disturbing high-priority tasks
executing in the controller node, it can be seen in Figure 4-10 that the interferences with high-priority
tasks have no impact on the proposed SC and the recovering time and the dynamic response are not

affected which confirm the high performance of the proposed controller.

The purpose of this paper was to elaborate a decentralized secondary control that is achieved using
a fuzzy controller and based on the unique property of the frequency in islanded MGs as a global
variable. The performed tests and scenarios show the main features of the developed SC,
represented in a reduced settling time compared to the conventional Pl controller about 50%
improvement, high flexibility against the plug-and-play operation with a smooth transition at every
connection and disconnection of DG units no current fluctuations were observed, the packet losses
almost has no impact on the SC and the system, in contrast of the conventional control which tends
to have a slow dynamic response, interferences such as emergency control were simulated using the
real-time toolbox to analyze the performance of the controller in real condition and results have
shown high robustness against interferences. The performance of the proposed controller are

evaluated through time domain specifications in Table 4-4.
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Table 4-4: Table 4. Performance evaluation of proposed scheme through time domain specifications.

Test scenario Type of Type of Max. Min. Peak Settling
response Controller overshoot undershoot time(s) time(s)
1 Frequency frequency Fuzzy 5e-3 5e-3 0.066s 0,461s
restoration deviation controller
Figure 7(b)
2 Plug and play frequency Fuzzy 5e-3 5e-3 0.07s 0,537s
test deviation controller
Figure 7(f)
3 Frequency frequency Fuzzy 0 0 0.2s 0.2s
restoration deviation controller le-1 3e-3 0.3s 1.7s
under Figure 8(a) and Pl
delay (b) controller
4 Comparison frequency Fuzzy 7e-3 le-3 0.66s 0.48s
test deviation controller 5e-3 7e-4 0.2s 1.21s
Figure 8(c) Pl
controller
5 Under packet frequency Fuzzy 0 0 0 0.6s —
losses deviation controller 0 0 0 0.65s
30% - 70% Figure (9) Pl 1.6s -
controller >2.5s
6 Under frequency Fuzzy 8e-2 5.6e-1 0.073s 0.5s
interferences deviation controller
Figure 10
2024 Page 78
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4.4 Conclusion

In this chapter, a decentralized secondary control for frequency regulation and active power-sharing
in autonomous microgrids is introduced. The proposed communication-free SC was achieved using a
fuzzy logic controller based on the local frequency error to generate an extra term to compensate
the deviation and maintain accurate active power-sharing. The main contribution of this paper
compared to the previous SC topologies was its decentralized control topology. Moreover, it offers a
quick dynamic frequency recovery and it is much faster than conventional controllers with accurate
active power tracking, its design and implementation are straightforward, no overshoots and
oscillations in frequency are presented and no ripples in the steady-state response, it shows high
flexibility and robustness during plug and play operation, further it is not impacted by the
interferences. These performances are verified by simulation results and the comparison with the
conventional Pl regulator confirms that the proposed fuzzy controller is very effective in improving
the transient stability of the overall system during load changes, data drop-out, and interferences

especially in settling time where the improvement is estimated by 50%.
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Chapter 5: Optimized virtual impedance design to improve
reactive power sharing and microgrid stability

5.1 Introduction

Microgrid is key element for integrating renewable energy sources, however, its control tasks include
many challenges, such as sensitivity to load changes and tripping events due to the existence of low
inertial devices, moreover, each subsystem presents good stability in its nominal sets, but, the entire
system stability could suffer due to serious interactions and coupling between subsystems,
additionally, MG suffers from reactive power sharing issues due to the characteristics of the line
impedance. The purpose of this study is to control and maintain the stability of parallel inverters
forming an islanded MG while sharing the reactive power equally. This chapter proposes a novel
approach to improving MG stability and reactive power sharing while maintaining other performance
characteristics. Firstly, a novel small-signal model for autonomous MG including virtual impedances
has been developed. Secondly, optimal virtual impedances are designed based on a new optimization
algorithm using genetic algorithm. The eigenvalue analysis finds the stability ranges, and the
optimization algorithm keeps the reactive power-sharing error at its lowest value throughout the
objective function. The proposed approach is tested using MATLAB-Simulink software, and the
results show the effectiveness of the proposed approach in enhancing the MG dynamic stability and

minimizing the reactive power-sharing error.

The main contributions and novelties of this chapter can be listed as follows:

) First, an improved small-signal model for the island MGs with virtual impedances is proposed.
. The small-signal stability analysis is then carried out using the MG dynamic model.
) The optimal virtual impedances for converters in the MG are chosen using genetic algorithm

(GA) that enhances the MG stability and eliminates reactive power mismatches without

compromising MG performance.

. A novel objective function that makes it easier to accomplish the objectives simultaneously is
proposed as part of the proposed optimization algorithm, which analyzes the MG stability at all

feasible operating points.

o The investigations in [101], [7], and [102] are improved by this study.
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. A systematic method to design virtual impedances to reduce reactive power imbalances
between converters and boost the critical eigenvalues of the MG is suggested, and the stability of

the MG's operation in the presence of virtual impedances is ensured.

This chapter is structured as follows. Small-signal analysis and MG modeling are introduced in Section
2. The virtual impedance design algorithm is described in Section 3. Section 4 contains the simulation

results and discussions. Finally, the chapter is concluded in Section 5.

5.2 Microgrid modelling and small-signal stability analysis

A mathematical model of an islanded MG is developed in order to study and assess the added virtual
impedance loop behaviour and its influence on system stability. This model has been created using
state space representations of the latter's many components. Because the state space models are
nonlinear, the small-signal model is formed by linearizing them around an operational point and
combining them in a single reference frame. The MG seen in Figure 5-1 is split into three subsystems:
inverters, lines, and loads. Each inverter is represented on its own reference frame, and its rotation

frequency is determined by its local droop controller.

VSC1

— rf Lf rc Lc p, Rl0adi=25Q
===/ |vconwv1 VO vRL

Xline1=0.1Q

VSC2 Rlinei= 0.23Q

VConva Vb2

iz Cf Iuc “os”  Rload:=200
Figure 5-1: Confi;uration of tested MG
5.2.1 Power measurement-droop control and interface circuit
In islanding mode, operation DG units are interfaced to the MG using voltage source converters in a
grid forming topology where the voltage and frequency set points are handled by the droop control
as depicted in Figure 5-2. The active P and reactive Q powers can be obtained by calculating them

using the dg components’ voltage and current outputs and averaging them using a low-pass filter
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(LPF) with reduced bandwidth. Therefore, the measured power P and Q are defined by the following

equation:

1) : 3 . .
P=—"—p=P=-Pa, +=(V, -i4+V,"I
S+60C p c 2( od ‘od oq oq)
(5.1)
a)c

Q=

: 3 . .
St 'qu:_Qa)c—i_E(voq'lod ~Vod 'qu)

Where wc is the cut-off frequency of the low-pass filter, vod, Vog, ioa, and ioqg are the sensed voltages
and currents in the dqg reference frame. Hence, the linearized model of power control can be

expressed as follows:

AP =~ AP + @, (1,4 AVyg + 1,0 AV, VoAl +V, Al )

i (5.2)
AQ =-0,AQ+ @, (1A, — 14 AV, Voo Ay +V Al )
(T T T we ST T T TTTTTTTTTTTTTTTTTTTTTTT T T T T T T N
GRID
= il rf Lf Vo io Rc Lc
g p— MA—TY T MWA—vY i I /_
J_ PCC
I Cf
il g
ab abc ]
dqa c o 0 o 0 8
ildg vodq iodg Power measurment and droop control

Virtual impedance

vod
iod
voq
ioq
vod
10q
voq
iod

Figure 5-2: Proposed control scheme of a VSl in island mode
5.2.2 Virtual impedance equations
As written in equation (3), the virtual impedance is added in the droop control voltage loop, where
Rv, Xy, and V.;- are, respectively, virtual resistance, virtual reactance, and virtual voltage drop.
According to the control strategy, the g-axis voltage component is fixed at zero. In the next section,
the optimization algorithm will be used to figure out the parameters of virtual resistance and virtual

inductance.
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Vvir (Rv'iod _Xv'ioq)

) ] (5.3)
AV, :(Rv Al = X, 'Aloq)

As previously stated, the voltage and frequency set points are determined by the voltage source

converters throughout the droop control, as can be seen in the following equation:

o =w,—-m x(P-R)
Aw =-m, xAP
Vo*d :Vodn - nq (Q_QO)_Vvir
AVyy =—n, xAQ—AV,,

(5.4)

Where V,4, and w, denote the nominal voltage and frequency, and m,, n, denote the droop

coefficients.

A common reference frame is required to build the small signal model. Hence the reference frame of
one of the inverters is defined as the common D-Q reference frame. To translate the variables from
an individual inverter d-q frame reference frame into the global D-Q frame, the angle difference 6

for each inverter is defined as below:

{ §=l(0-0u)

AS = Aw-Aw, =-M AP-Aa,, (5-3)

Where w.,n, is the angular frequency of the common frame. As depicted in Figure 5-3, the axis set
(D-Q) is the common reference frame rotating at a frequency w.,,While axes (d-q): and (d-q). are

the reference frames of the second and third inverters rotating at w; and w,, respectively.

q2 A q1:Q
a3 d3

03
. 82 : >
01= dcom=0 d1=D

Figure 5-3: Reference frame transformation
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5.2.3 Voltage controller loop
A typical proportional and integral (PI) regulator is used in the voltage control loop. The Pl controller's

input is the signal formed by comparing the sampled output voltage to the power controller's
reference value, and a feed-forward gain is applied to correct for output current disturbances and

provide the dq current reference components, as illustrated below:

aés _ -

dt Vod Vod
A¢d = AV:d - AVod

dg,

q _ *

Ag, = Av,, —Av,, (5.6)
IItl = I:iod _a)ncfvoq + va (V:d —Vog )+ Kiv¢d

Ay =K Ady + K AV, —K AV, —0,C AV, + FAi,

g = Floyg +@0,C(vyy + K, (vOq —voq)+ Ky,

Ay = K Ag, + K AV +0,C AV, — K AV, +FAi,

Where Ky, and Kj, are the voltage controller’s proportional and integral gains, respectively; Cris the

LC filter’s per-phase capacitance; and F is the feed-forward voltage controller gain.

5.2.4 Current controller loop
Similarly to the voltage controller, the current controller uses a Pl regulator to eliminate the error

between the sensed current and the reference one and then generates the PWM signal as shown in

the equation below:

97, _ i, —i
dt Id Id
Ay, = Ay — A,
4y =i —i
dt lg g
Ay, = Ay, — Ai, (5.7)

Vig = Voq — @, Ll + K, (Ilti — iy )"‘ Kie?4
Av; =K, Ay, + KpCAi; - KpCAild -, LfAiIq

Vig =Voq t @, Le1y + K (l,q —|,q)+ KicZq

Avy, = Ki Ay, + K Ay + o, L Al — K A

I.BENNIA 2024 Page 84



Study, Modelling and Control of a Multisource Microgrid
Chapter 5: Optimized virtual impedance design to improve reactive power sharing and microgrid
stability

Where K, and Kic denote the proportional and integral gains of current, respectively; i, and i

denote the filter dq currents; and Ly is the per-phase inductance.

5.2.5 LCL filter model
To eliminate the harmonics created by the PWM switching inverter, an LCL filter is interfaced

between the inverter and the point of coupling. The LCL filter dynamics are represented by the state

equations below in (5.8), which assume that the inverter generates the desired inverter bridge

voltage.
iy _ —L iy + 0l + Vg —ivOd
dt L, ; .
%= M g v Y
d L, ¢ Lo
dv,, : 1.
d_:a)voq +_|Id __Iod

t f f (5.8)

oy =—aV +i| : i
dt “c, " oc, ™
di, . ) 1
M —_Cj 4+l +—V _ ——V
dt LC od oq . od Lc bd
di,, -r . 1
dt = C qu —Ct)lod +—CV0q L—chq

The state-space equations in (5.9) are obtained by linearizing (5.8) around the operational

points:
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. Ry . .1 1
Aly =——Aly + 0, Al —— AV, +—AV, + | Ao
Lf Lf Lf

. . Ry o1 1
Al =—@,Alyy —— Al ——AV, +—Av, — | ,Aw
Lf I-f Lf

. 1 . 1 .
AVod = C_Alld +a)OAV0q _C_AIOd +VoqAa)

f f (5.9)
. 1 .. 1 .
Av,, = C—Al,q —@,AV,, —C—Aloq -V, Ao
f f
: 1 R .. . 1
Al = rAvOd —L—A|Od + @, Al _rAVbd + 1A
. 1 . R, 1
Aly, = L—Avoq —w,Al 4 —L—Aloq _L_Aqu -1 Ao

Where vpd, Vg are the dq axis nodes voltages; vig, Vig are the inverter voltages in the dg frame

respectively; wo, lid, lig, Vod, Vog, lod, log are steady-state values at the examined operating point.

5.2.6 Complete inverter model
To interface the output variables ioqq to the entire system model, they must be transferred to the

common DQ frame using the transformation matrix as exhibited in (5.10) and (5.11):

cos(5) —sin(5)

[iODQ] = [T]I:iodq:| = Lin(é) COS(5) j||:iodq:| (5.10)

The obtained linearized model of the output currents of the inverter is shown in (5.11):

[Aiom]{cos(ao) —sin(50)}[&0“}+[—Iodsin(5o)—|0q003(50)][A5] .

sin(d,)  cos(d,) 1,4€08 (8, ) = 1,48in(5,)

Similarly, the bus voltage is the input signal to the inverter model, which is stated in the DQ global
reference frame. The bus voltage must be converted to the local inverter reference frame using the

reverse transformation illustrated below:

B cos(6) sin(&)
[V =T }[VbDQ}:[—sin(@ cos(5)}[VbDQ] (5.12)
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The obtained linearized model of the output voltages of the inverter is shown in (5.13):

cos(6,) sin(d,) —V,p8in (8, ) +V,,c08(5,)

[Avbdq]: ~sin(s,) cos(s,) [AVbDQ]+ —V,pC08( 8, ) —Vyosin (S, ) [47] (5.13)

0 0 0

As a result, a standard inverter model in the common frame can be obtained by aggregating the state-
space models shown in equations (5.1)-(5.13). A 13-order small-signal state space equation and the

output equation of a single inverter unit can be expressed as follows:

[Axinvi] = A [Axinvi ] +Byi [AVbDQi :I +Bicom [Aa’com] (5.14)
Aw. )
|: -a). } _ |:CIvaI:|[AXinVi] (5.15)
AIoDQi Ciwvei
Where
[Axinvi] = [Aé‘iAPiAQiA¢diA¢in7di quiAildiAilinvodiAvoiniodiAioqi :IT (5.16)

The entire state-space matrices of one inverter are presented as follows.

Ajnyi
-m,
—Wc Iadwc quwc Vodwc Voqwc
—Wc _[oqwc Iadwc Voqwc _Vodwc
—n, -1 0 -R, -X,
0 0 -1 0 0
_vanq K, -1 —Kpy Crw, F—R,,va — XKy
0 0 Ky -1 0 Cray, Ky 0 F
, —KpcKm;nq KiKpe K. —Kpc—Ry —K K _CfKPCwn KPC(F—R,,KW) Xqu,,Kpc
~ham L L o L ®o = ®n L L L L
f f f f f f f f
= KKy K —Kpe—Ry  —CpKpe®  —K,,K, FK,.
Ildmp E—— — W, -, 0 -
Ly Le Ly Le Ly Ly
1% ! 0 0 -1 .
-V.m — , —_—
oq 0
14 Cf Cf
1 0 -1
Voam - —W, -
P ¢ ¢
—Vppcos s + Vyosin g 1 —R.
L _loqmp L L o
c c c
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5.2.7 Parallel inverters model
A small-signal model of the MG depicted in Fig.1, which is composed of three parallel inverters, can

be obtained based on the model of individual inverters developed in (5.14) and (5.15), as below:

[Axle ] = Ay [AXINV ] + By [AVbDQ] (5.17)

[AioDQ} =Chwe [Axle ] (5.18)

Where

[AXINV ] = [AxinleXinvaXinv3 ]T

[AVbDQ ] - [AVmeAVbDQ 2AVbnq3 ]T

AINV1 + Bla)comCINle
AINVZ + BchomCINVwZ

Ay =

AINV 3 + BchomCINV ®3

CINVCl

Biw1
C

Ble = Blez ;CINVC = INVC2

BINV3 CINVC3

5.2.8 Subsystems models (lines and loads)
For the MG presented in Figure 5-1, the small signal state-space model network can be obtained, as

shown in equation (21), noticing that the model is in the common DQ reference frame:

[Ai‘line DQ] = Aer I:AilineDQ ] + Biner [AVbDQ :' +Byerdo (5.19)
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[AilloadDQ:I = ALOAD |:AiloadDQ :' + BlLOAD [AVDDQ :' + BZLOADAw (5_20)
Where
— R -
_ " linel @,
LIinel
_a)o _ Rlinel
_ I‘Iinel
ANET - R
" line2 )
0
I‘Iinez
_a)o _ Rlinez

L I‘IineZ B
1 N |

I‘Iinel I‘Iinel

1 N
L in Lin
And BlNET — linel 1 linel 1
I‘Iine2 I‘Iinez
L 1

L I-Iinez I‘Iine2 _

The matrix coefficient of the load model is almost the same as the network model above, for this is

not developed here.

5.2.9 Entire microgrid model
To well predict the effects of load perturbation, the input variables vbDQ must be translated into

states. This is achieved by adding a large enough virtual resistance RN between each node and
ground. This resistance has a neglected impact on the dynamic stability of the system. Kirchhoff's
voltage law can be used to find the equations that describe the bus voltage in terms of the inverter,

load currents, and line currents given by (5.21):

I:AVbDQ] =Ry (M INV [AioDQ :I +M om0 [AiloadDQ ] + M e I:AilineDQ :I) (5.21)
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Where Myy maps the DG connection points onto MG network nodes, MLOAD maps load connection
points onto nodes, and MNET maps the connecting lines onto nodes. Fig. 1 consists of s=3 DG, n=2

lines, p=2 loads, and m=3 nodes.

-1
g o0 o
RN = ! M oo = 00 0
0 2mx2m -1 0
1 _1_2mx2p
1 -1 ]
1 0 -1
MINV = 1 M 1 0 -1
» ViNgr =
1 0 -1
1 10
L 1- 2mx2s L 1 J2mx2n

Thus the 47 (2n + 2p + 13s) order small signal of the entire MG model can be obtained as follows:

A).(le AXle
Ai|ine DO |~ AMG Ailine DQ (5.22)
AiIoadDQ AiIoadDQ

Where AMG is presented following

AINV + BINVRNMINVCINVC BINVRNMNET BINVRNMLOAD
AMG = BlNETRNMINVCINVC + BZNETCINVw ANET + BlNETRNMNET BlNETRNMLOAD
BlLOADRNMINVCINVC + BZLOADCINVw BlLOADRNMNET ALOAD + BlLOADRNMLOAD

5.3 Eigenvalue analysis and virtual impedance optimization

In order to investigate the effects of virtual impedance variation on the system stability and to
determine the virtual impedance stability limits for further use as constraints in the optimization
algorithm, an eigenvalue analysis is performed using the linearized system developed above. The

steady-state operating point can be obtained using time-domain simulations in MATLAB-SIMULINK.

Figure 5-4(a) depicts the eigenvalue spectrum of the system, which is extracted from the system state
matrix Amc with Ry and L, equal to zero. It can be observed that a large range of frequency
components exists, and they can be grouped into three clusters. As analyzed in [144], the

participation factors of the different states in the eigenvalues plot showed that the eigenvalues
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located closer to the origin (cluster 1), which is considered the dominant system mode, that highly
sensitive to the state variables of the power controller. Cluster 2 represents the medium frequency
modes that are highly sensitive to the state variables of the inner loop controllers, and the output LC
filter blocks. Cluster 3 is the high-frequency mode that are far from the origin. Analysis showed that
they are sensitive to the state variables of the LC filter, the output inductor, the inner loops of the

inverters, and the network line currents.

5.3.1 Effect of virtual impedance parameters on system eigenvalue spectrum
The best way to observe the effects of parameter variations on system eigenvalues is to vary them in

a predefined interval of the parameters of interest and observe the migration of system eigenvalues.
To investigate the effects of the virtual impedance parameters Rv and Lv, on system stability and due
to the simple system configuration, this approach is adopted in the following. Fig.4(b) shows the
migration of the eigenvalues as a function of the virtual resistance Rv in the interval of [0, 10 Q] (the
same value of Rv was used for all three inverters), the arrows show the direction of the migration for
the eigenvalues, it can be observed that the increase of Rv causes a migration of low-frequency
modes eigenvalues far from the origin which means more damping and more stability for the system,
however, the medium frequency modes eigenvalues migrate toward the rightwards which make the
system more sensitive to state variables of the inner loops controllers, and the output LC filter, thus
a trade-off is needed to benefit from the low-frequency modes eigenvalues without a considerable

impact on the medium frequency modes eigenvalues.

Similarly, Figure 5-4(c) shows the trajectory of the system eigenvalues during changing the virtual
inductor Ly in the range [0, 0.1H] (the same value of L, was used for all three inverters), the arrows
show the direction of the migration of the eigenvalues, it can be seen that the increase of L, results
in two steps migration for the low-frequency modes eigenvalues the first step is toward the leftwards
which enhances the transient response, moreover, it makes the system less sensitive to the power
control loops, however, the second step is toward the rightwards which eliminates the

aforementioned advantages, the remaining clusters are migrated towards the leftwards.

5.3.2 Virtual impedance optimization
The stability limits of the virtual impedance parameters are determined from critical values using

eigenvalue analysis, therefore the system stability will be guaranteed during the optimization

operation, and improves computational efficiency. The limits of stability for the virtual impedance
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parameters are [0, 8 Q]; and, [0, 0.03 H] for the virtual resistance and the virtual inductance,

respectively. The main objective of the proposed optimization approach is typically minimizing the

reactive power sharing error in steady-state and enhancing the transitory response of the system

based on optimal virtual impedance design. Among the metaheuristic algorithms, Genetic Algorithm

GA is a very famous population-based stochastic algorithm that is adopted in many research works

such as renewable energies (including MGs design and control) to solve optimization problems. GA

is an appropriate solution for this kind of application because it has the advantages of the inherent

trait to deal with continuous/discrete problems, constraints are integrated into the genes, search is

performed from multiple points as well as easy implementation.
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Figure 5-4: The eigenvalue spectrum of the system (a) without virtual impedance (b) effect of increasing
the virtual resistance(Rv): 0 <R,<10Q, (c) effect of increasing the virtual inductance (Lv): 0 <L,<0.1 H
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Figure 5-5: Flowchart algorithm for virtual impedance optimization

As aresult, GAis adopted in this work to find the optimal virtual impedance values and hence improve

reactive power sharing. Further details about GA algorithm can be found in [145].

The reason for adopting droop control is their high capability of sharing active power without using
communications. However, it’s not the case for reactive power, the mismatch in line impedance
causes errors in reactive power sharing. Thus, the integral summation of the reactive power
mismatches for all DG units multiplied by their reactive power droop coefficients is to be minimized.

As a result, the objective function to be minimized must be relevant to the reactive power as follows:

NG Nbg

O.F =min) >’
i=1 j=1
j#i

niQi _anj‘ (5'23)
Where Q; and Q; are measured reactive powers of DGi and DGj, respectively, similarly nj and njare

the voltage droop coefficients of DGi and DG;j, and n is the number of DG units.

The optimization constraints are determined as mentioned in equation (5.24):
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m|n < R\/ < max
1=
m|n max
< sz < Rv2
m|n max
< Rv3 - Rv3
mm < Lv < max
1—

m|n<Lv
2 —

mm max
< Lv3 3

(5.24)

The main purpose is to minimize the fitness function (5.23) based on the constraints in (5.24).

The flowchart of the proposed optimal virtual impedance design is depicted in Figure 5-5 that can be

resumed as follows:

. Initialization of the optimization variables which are Lv1, Lv2, ..., Lvn,and Rvl, Rv2, ..., Rvn

in the predefined range which is considered as the stability limits of the system.

. The GA population and the other parameters of the algorithm are assigned, and the GA

algorithm is run, thus the selection, crossover, and mutation of the initial population occur.

. The time domain simulation under MATLAB Simulink at time=t according to the desired

operating points.
) Calculation of the objective function

) If the convergence condition which is the number of iteration is satisfied the algorithm pass

to check the voltage limits else another iteration will be started.

. The voltages in MG must remain in an acceptable range, if the voltage limits are not respected
the algorithm returns to the first step to decrease the voltage drops because minimizing the reactive
power exchanges implies voltage drops which need to be respected, another solution is to change

the voltage set points within the respected boundaries.

. If the voltage limits are respected, the algorithm returns the optimal parameters for virtual

inductances and resistances.

Noticing that the optimization algorithm is run off-line and the obtained virtual impedances are then

used in converter controllers.
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Using the GA algorithm for a population size of 20 and a number of iterations equal to 40. And after
performing the algorithm depicted in Fig.5. The final optimal values for the virtual resistances and

inductances are described in Table 5-1, which are used in the converters control loops.

Table 5-1: Optimized virtual impedances

va RVZ Rv3 Lvl Lv2 Lv3
0.037 | 0.016 |0.064 |0.02 |0.018 |0.017
Figure 5-6 shows the eigenvalues maps with the installed virtual impedance and without it, it is clear

that the low-frequency modes eigenvalues with the optimal virtual impedance were shifted toward
the leftwards part, which enhances the system stability and the dynamic response by offering more

damping for the system.
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Figure 5-6: Eigenvalues trace comparison with and without virtual impedance

5.4 Validation of the proposed approach
A 3-BUS MG developed in [144] as mentioned in Fig.1 was implemented in MATLAB Simulink based

on the obtained optimal control parameters in order to test its steady-state and transient
performance in islanded operation mood. A constant voltage for the dc buses is considered in this
simulation, the inverters parameters are demonstrated in Table 5-2. The main objective of the
proposed optimal virtual impedances is to ensure a good dynamic response and enhance the reactive
power sharing under different operating conditions, the transient performance was simulated by
applying a step change in the load at busl number one from 0.5 to 1s which lead for large

disturbances in active and reactive power sets.
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5.4.1 Inverters output power and frequency
Fig.7 shows the injected active/reactive power and frequency under the proposed method compared

with the control method in [7]. From Figure 5-7(d) it can be observed that in steady-state operation
the active power sharing was equal for all the inverters under both methods, moreover, during the
transient time in the black start or after the load disturbance at 0.5s a large overshoot followed by

low-frequency oscillations are observed in[7].

6000 4000 50.01

——DG1(proposed)
——DG2(proposed)

50 ¢

ropose
3000 =
o
49.99
-
TR

5000

4000 Z' 2000 -
7 49.98
g < )
5 5
3 H 3
S 3000 £ 1000 S 49.97
o o E
2z Z g b“- - P
3 5 £ va
2 ] 49.96
2000 £ 0 A,
49.95
1000 oo -1000
49.94 o
2000 R
0s os o7 o8
0 -2000 49.93 : : : :
0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16 o 02 04 06 08 1 12 14
(a) Time(secondes) (b) Time(secondes) (c) Time(secondes)
6000 4000 50.01
____________ | o 501
5000 i ! 3000 -
i i
| ! 49.99
I
1 f’Oo.—' _
4000 N Z 2000 - 49.98
= = ¥
- - k4
g g 34097
3
S 3000 S 1000} S A\, - A —
o o ]
2 N | 2 & 49.96 w
2 Ve Vo 5 &
o

2000

o0 49.95
4000 49.94
1000 o -1000 - 7 tt)o”""

49.93

0s o6 07 o8
[Us -2000 49.92
0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16 0

(d) Time(secondes) (e) Time(secondes)

0.2 04 0.6 08 1 12 14
(f) Time (seconds)

(d) (e) (f)

Figure 5-7: Comparison of control method in [7] with the proposed virtual impedance (a) active power; (b)
reactive power; (c) frequency /using the proposed method, (d) active power; (e) reactive power; (f)
frequency/ using method in [7]

In contrast, the proposed method in Figure 5-7(a) presents less overshoots and less oscillations with
faster settling time than the former method. A comparison between the time domain characteristics
of both methods was conducted in Table 5-3, the rise time (tr), peak overshoot (Mp), and settling
time (ts) are elaborated at the instance 0.5 to 1s in order to highlight the dynamic improvement of
the nd Mp are much better for the enhanced scheme. the proposed method during load
disturbances, the rise time of the active power using the method in [7] is faster than the proposed

scheme, this is directly related to the peak overshoot which is greater for all inverters using the

conventional method, however, the ts a
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Figure.5-7(b,e) lllustrate the reactive output of the inverters, although there is no reactive loads
connected to the system and due to the line impedances mismatch there is an exchange of the
reactive power between inverters, for the method in [7] the amount of the reactive power exchange
is huge especially before the introduction of the load disturbance as can be seen in Figure 5-7(e) (-
1.5k Var, -0.5k Var, 2k Var) with the presence of big overshoots and low frequency oscillations, after
the introduction of the load on the bus 1 this amount is reduced due to the power coupling and the
location of the disturbance (-0.2k Var -0.7k Var 0.9k Var ) but still a big amount which is one of the
droop control imperfections, in comparison to the proposed method in Figure 5-7(b) the amount of
the circulating reactive power is very small (-0.05k Var -0.13k Var 0.18k Var ) without the presence of
the low frequency oscillations and less overshoots, this amount can be neglected after the load
disturbance introduction (-0.02k Var -0.08k Var 0.1k Var ) which confirms the effectiveness of the
proposed method for enhancing the reactive power sharing. From Table.5-3 the peak overshoot of
DGs using the enhanced method are much lower than the conventional one, in addition, it is to be

noted that higher overshoot implies a higher settling time for the conventional method.

5.4.2 Converters output current components
Figure 5-8 presents the dg-axis output currents components of the inverters, it can be observed that

the dynamic response of the d-axis current component of each inverter mimics its active power
response, similarly to the g-axis current component and the reactive. During the black start, the d-
axis current components applying the method in [7] shows higher overshoot (DG1=9.5 A, DG2=7.8 A,
DG3=16 A), however using the proposed method which exhibits lower overshoot except for the third
inverter which is near to the load and hence it needs to respond quickly for the current demand
(DG1=7.5 A, DG2=7.2 A, DG3=16 A), that is an important advantage of the proposed approach,
noticing that the low frequency are more presented in the conventional method than the proposed
one, the g-axis current component without applying the optimal virtual impedance shows different
values (DG1=4 A, DG2=1 A, DG3=-5 A), in contrast, the presence of the optimal virtual impedance
reduced them to an identical value (DG=DG2=DG3= 0A). The proposed optimal virtual impedances
successfully illuminate the g-component current exchange between DGs, the time domain
performance specification after the load connection are presented in Table.3, similarly, the settling
time is faster using the optimal virtual impedance and the system is well-damped for both dg-axis

components current.
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Figure 5-8: Comparison of output currents in control method in [7] with the proposed method (a) inverter1;

(b) inverter 2; (c) inverter3

5.4.3 Converters voltage components

Figure 5-9 depicts the dg-axis output voltages of the three inverters, the g-axis voltage component

(voq) for both methods is equal to zero in the steady-state regime because it is fixed to zero in the

control diagram. The d-axis output voltage has the same values for the three inverters and using both

methods which are around 380 V (+1v), the load changes haven’t a considerable effect on the voltage,

this latter is kept in a permitted interval for both approaches and its drop is less than 3% which is in

the acceptable range.
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Figure 5-9: Comparison of voltage outputs in control method in [7] with the proposed method (a) inverterl1;

5.4.4 Reactive power step

(b) inverter 2; (c) inverter3

An additional test scenario is performed in order to confirm the reactive power sharing effectiveness,

this test consists of a reactive load step on the bus number 1 (5k VAR) using the Simpower system

load which is not a real case.
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Figure 5-10 presents the reactive power sharing using the conventional droop control and the
proposed virtual impedance, it is clear that the proposed method shares the reactive load equally

between the inverters, however

using the conventional method the reactive load is supplied using the inverter one since it is the
closest and the reactive power sharing is far different for the three inverters (DG1=4.1k Var,
DG2=0.6k Var, DG3=0.3k Var) which ensure the high performance of reactive power sharing of the
proposed optimal method, noticing that the voltage drop should be taken in consideration in the

design procedure to maintain it in an acceptable range usually by changing the voltage sets.
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Figure 5-10: Comparison of reactive power sharing using the proposed method and the conventional
method in [144]

5.5 Conclusions

This chapter presents an optimal approach for controlling parallel inverters in island MG. A small-
signal model including virtual impedance is developed. Afterwards, the analysis of the eigenvalues is
performed to determine the impact of virtual impedances parameters on the stability of the system.
An identification of the limits of stability is carried out with an investigation of interactions between
subsystems to ensure the stability of the system. An optimization algorithm is run offline taking into
consideration the voltage drops in the flowchart process to keep the power mismatch at their
minimum. The comparison of conventional approach with the proposed one shows significant
improvement in terms of the dynamic response during load changes which confirms that the system
is well-damped, moreover, less overshoots and less oscillations are presented, with faster settling
time compared to the conventional method, time domain specification are measured to clarify the

improvement of the optimal control. The proposed method shares the reactive load equally between
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the inverters all of this without affecting other performances such as voltage which is maintained in

its limits. At the end the proposed approach based on the small-signal model came with superior

performances regarding the dynamic and steady-state response.

I.BENNIA

Table 5-2: Microgrid parameters

Inverter parameters (10 kVA rating)

Paramet | Value Parame | Value
er ter
fs 8 kHz Cs 50 F
Lt 1.35mH re 01Q
Lc 0.35 mH re 0.030Q
Droop control parameters
mp 9.4e-5 Ngq 1.3e-3
(= 0.3% (= 2%
droop) droop)
Wn 314.16 Vn 381V
rad/sec
Wc 31.41
rad/sec
Voltage and current Controller parameters
Voltage Current
controller controller
Kov 0.037 Kiv 393
Koc 10.5 Kic 16e3
bandwid | 400 Hz bandwi | 1.6 kHz
th dth
F 0.75

Lines and Loads parameters (see Fig.5-1)
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Table 5-3: Comparison of time domain specifications between the conventional method in [144] and the
proposed control diagram

SI. No |Parameters Proposed [0,0.5s] Conventional (ref [144])
[0,0.55]
1 Active Power (P DG1 DG2 DG3 DG1 DG2 DG3
)
tr (s) 0.079s |0.069s [0.022s |0.102s [0.072s [0.015s
Mp (%) 7.0% 2.0% 8.3% 30% 5.5% 54%
ts (s) 0.15s 0.10s [0.16s [0.46s [0.31s 0.49 s
2 Reactive Power DG1 DG2 DG3 DG1 DG2 DG3
(Q)
tr (s) 0.06 s 0.06s [0.07s [0.06s 1[0.07s 0.07 s
Mp (%) 0.5% 4.0% 3.5% 39% 17% 30%
ts (s) 0.09s 0.09s [0.10s |0.48s 0.40s 0.50 s
3 iod DG1 DG2 DG3 DG1 DG2 DG3
tr (s) 0.04 s 0.02s 0.0007 s |0.07 s 0.03s 0.0007 s
Mp (%) 24% 11% 80% 50% 22 % 86%
ts (s) 0.2s 0.15s [0.2s 0.49s [0.45s 0.49 s
4 iog DG1 DG2 DG3 DG1 DG2 DG3
tr (s) 0.02s 0.006s [0.01s 0.05s 0.014s 0.3s
Mp (%) 10% 13% 25% 60% 44% 43%
ts (s) 0.1s 04s 0.13s [0.48s [0.4s 0.47 s
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General conclusion

In conclusion, this comprehensive study on Microgrid (MG) modeling and control represents a
significant contribution to the understanding and advancement of MG systems.

The initial exploration provides a foundation by defining MG concepts and offering an in-depth
analysis of various control techniques, including the well-explained droop control, virtual impedance
approaches, and hierarchical control. This establishes a comprehensive overview of the current state-
of-the-art in MG modeling and control.

The subsequent proposal of a systematic approach for designing hierarchical controlled three-phase
MGs demonstrates a meticulous consideration of control structures, synchronization loops, and the
dynamic response of the closed-loop system. The simulation results not only validate the proposed
method's reliability but also underscore its effectiveness in enhancing MG system performance.

The introduction of a decentralized secondary control for frequency regulation and active power-
sharing in autonomous microgrids signifies a paradigm shift. The innovative communication-free
approach, employing a fuzzy logic controller, not only demonstrates superior performance in
dynamic frequency recovery and transient stability but also showcases accurate active power-sharing
without the complications of conventional controllers.

The optimization of parallel inverters in island MGs, detailed in the subsequent section, further
reinforces the study's depth. The utilization of a small-signal model with virtual impedance and an
offline optimization algorithm significantly enhances dynamic response, stability, and reactive load
sharing. The proposed approach stands out, offering improvements over conventional methods in
terms of reduced overshoots, fewer oscillations, and faster settling times.

Looking ahead, the outlined perspectives for future research, including the development of advanced
synchronization techniques, optimal supervisory controllers, and experimental validation, highlight
the commitment to continuous improvement in MG systems. These proposed directions aim not only
to enhance the theoretical understanding but also to ensure practical implementation and the
robustness of MG systems in real-world scenarios. In essence, this study contributes to the broader
landscape of sustainable and resilient energy systems.
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Résumé : La thése se concentre sur le développement de nouvelles techniques de contréle améliorées pour les micro-
réseaux a base d'onduleurs afin d'améliorer leurs performances et leur fiabilité. La thése décrit les modes de
fonctionnement et les techniques de contrdle des micro-réseaux. Elle présente une conception de contréle hiérarchique
pour les onduleurs a source de tension en parallele dans un micro-réseau avec des niveaux de contréle interne, primaire
et secondaire. La thése propose également un contrdle secondaire décentralisé basé sur la logique flou pour la
restauration de fréquence et le partage de puissance active. Aussi cette thése propose une technique de contrdle

améliorée qui maintient la stabilité et partage la puissance réactive de maniere égale dans les micro-réseaux isolés.

Mots-clés : Micro réseau, Control statisme, Onduleurs paralleles, Control hiérarchique, Control secondaire décentralisé,

Logique floue, Mode isolé.

Abstract: The main focus of this thesis is to conduct fundamental research regarding control techniques of inverter-based
microgrids (MG). It aims to develop new and enhanced control techniques to improve performance and reliability. It
emphasises on the modelling, stability analysis and hierarchical control design of parallel inverters in a MG. This thesis
presents a general outline of MGs operation modes and control technics, starting by outlining the stand-alone and grid-
connected modes besides the transition between them, additional power converters in AC MGs are classified, droop
control, and virtual impedance are reviewed.; the hierarchical control layers are exhibited, especially the secondary
control with their three classifications centralized, distributed, and decentralised. The diagram of the hierarchical control
consists of inner, primary, and secondary control levels. The inner control commonly referred as zero level is used to
regulate the VSI output voltage. The primary control is based on the droop control method and the virtual impedance
loop to share the power accurately regardless of the line impedances. Secondary control is used to regulate the voltage
and frequency to their rated values. Also this thesis proposes a fuzzy-based decentralized secondary control for frequency
restoration and active power-sharing in an islanded MG. Further, this thesis proposes an improved control technique that

maintains stability and shares reactive power equally in isolated MGs

Keywords: Microgrid, Droop control, Paralleled inverters, Hierarchical control, Decentralized secondary control Fuzzy

logic, island mode.

I.BENNIA 2024 Page 111



