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General Conclusion

General Conclusions

This master's thesis aims to enhance the control performance of VSI-based distributed generation (DG)
units 1n an islanded microgrid, focusing on power sharing, power decoupling, power oscillation reduction, and
circulating current eliminations, all while utilizing a decentralized method. The virtual impedance concept-
based droop control methods are a powerful way to improve the performance and power quality of IMGs. This
1s especially true when power decoupling, accurate power sharing, and circulating currant suppression are very
important. However, these virtual impedance-based methods also have some limitations, including increased
control complexity and potential stability 1ssues due to improper design or tuning of the virtual impedance. In

this context, we investigated an adaptive virtual complex impedance-based droop control method for three

VSI-based DG units in an IMG, and we validated its results using Hardwar-In-the-Loop (HIL) real-time
simulation and the OPAL RT OP5700 associated with the OP8660 HIL controller.

In the first chapter of this master's thesis, a briet overview of microgrids discussed 1n the literature was
presented, and then attention was focused on an IMG, which shows many advantages compared to the others,
including improved reliability and resilience, energy efficiency and reduced transmission losses, and economic
benefits, as well as its utilisation for power requirements in remote and isolated communities, critical

infrastructure and facilities (hospitals, data centres, military bases, and emergency services require a highly

reliable and uninterrupted power supply), and campus environments (Universities, research parks, and large

commercial or industrial complexes).

In the second chapter, we presented a comprehensive analysis of a three-phase voltage source inverter
(VSI) with LC filter used as a DG unit in the IMG. We divided this chapter into two main parts. In the first
part, we presented the mathematical model of a VSI-based DG module, including the dynamics ot both VSI
output current and capacitor voltages in different reference frames (abc, af, and dg). We use the model in the

dq reference trame to develop the inner voltage and current controllers, employing PI controllers to manage

the output active and reactive powers and regulate the capacitor voltages. In the second part, we simulate the
three phase VSI-based DG unit using the designed controllers in MATLAB/Simulink environment.
Simulation results demonstrate that the VSI-based DG unit responds effectively in terms of output currents,
capacitor voltages, line currents, and active and reactive powers, as well as load power requirements under any
change. These results form the foundation for constructing an IMG with three VSI-based DG units in the
subsequent chapter, where an advanced control method 1s proposed to enhance power sharing, power

decoupling, and the elimination of circulating currents within the IMG.

Two virtual impedance-based droop control methods 1n the dq reference frame have been developed 1n the
third chapter to enhance the control performance of the IMG and their dynamic responses, including power
sharing, power decoupling, reduction of power overshoot and oscillation, and elimination of circulating
current. The first droop control method 1s based on the complex virtual impedance concept, and the second

droop control method 1s based on the adaptive complex virtual impedance concept. Simulation results using
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General Conclusion

MATLAB/Simulink confirm that the virtual impedance-based droop control method 1s completely possible
for controlling the three parallel VSI-based DG units of the IMG. The method enhances power sharing,
eliminates power overshoot, and eliminates circulating current in situations where line impedances are
mismatches. However, the results obtained from this method demonstrate that any change in the IMG's
structure, such as a change in load, swiftly erases these performances. This method's main drawback stems
from the selection of the resistive and inductive values of the complex virtual impedance method 1n the 1deal
IMG scenario, rendering it incapable of adapting to any changes in the system's structure. In order to address

this 1ssue and improve the performance of the IMG, an adaptive virtual complex impedance-based droop

control method based on the output reactive power and voltage amplitude of each DG unit 1s applied. The
method's results significantly enhance the control performances of the IMG. The system shares the active and
reactive powers equally with few oscillations. It also gets rid of the three DG units' reactive power errors and
stops the circulating currents completely. It can be concluded that this control method yields favorable
performance and notable enhancements under line impedance mismatches and load changes when compared

to both the traditional droop control and the virtual complex impedance-based droop control method.

To validate and examine the performance of the adaptive virtual complex impedance-based droop control
method used for controlling the three VSI-based DG units of the IMG, HIL real-time simulations of the three
control methods are performed 1n the fourth chapter using the OPAL RT OP5700 associated with the OP8660
HIL controller. The HIL simulation results show complete similarity to those previously obtained by
simulations, further demonstrating the superiority of the proposed adaptive virtual complex impedance-based
droop control method. It's interesting to note that the HIL real-time simulations done with the OPAL RT
OP5700 and the OP8660 HIL controller pretty much match the real-time implementations. This result indicates

that the proposed control method 1s ready for practical implementation.

This master's thesis 1s open to a variety of future research avenues. We have listed some of the important

aspects of future research below.

e Practical implementation of the proposed control method;

e Applications of new control methods, such as secondary control, for power sharing, voltage, and

frequency stabilization;

e Improvement of the IMG systems by using new power VSlIs, such as multi-leg and multi-level VSIs.
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Chapter 1. Microgrid Overview

Chapter 1

Microgrid Overview

1.1. Introduction

Electricity has become vital for modern society due to its important role in the operation of its many
applications, such as lighting, heating, communication, and powering everyday devices, that have shaped the
way we live and do things. Since the first electric power station PSES “Pearl Street Electric Station” opened
for business in 1882, conventional electrical power systems have provided the energy needed for all of these
devices [13]. Because of this and the fact that our modern civilization is becoming more and more dependent
on energy, stability, resilience, security, and power quality are essential components of electrical power
systems [14].

Power substations serve as the link between the three primary components of traditional power networks,
which are distribution, transmission, and generating. Because the generation is often done at a distance from
the point of consumption, a transformer is utilized to increase the voltage and lower the losses in the
transmission system, which is connected to distribution systems to lower the voltage and provide residential,
commercial, and industrial customers with electricity at the appropriate voltage levels [15]. Furthermore,
ordinary electric power systems are regarded of as passive systems with unidirectional power flows since they

employ minimal active components, such as static synchronous compensators and static var compensators.
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This aspect raises questions about resilience and dependability because of unforeseen outages, major
disruptions, or natural disasters [16].

As a result, in order to satisfy governmental incentives meant to lessen these issues, as well as to answer
consumer desires and environmental concerns, traditional electric power networks are undergoing constant
and quick modifications. These changes are transforming existing systems. By having additional active
components, bidirectional power flows are created from unidirectional ones. In order to provide an intelligent
electric network with increased sustainability and dependability, the concept of the "smart grid" has lately
gained traction [17]. So, utilizing digital technology to regulate consumer loads to conserve energy and using
the idea of microgrids as its foundation, power will be distributed from suppliers to consumers in a way that
lowers costs and increases dependability. This idea was created to govern the growing adoption of renewable
energy resources (RESs) and provide end users the capacity to produce, store, control, and manage a portion
of their energy usage.

Distributed generation (DG), energy storage, electricity distribution lines, and local loads are connected
by microgrids, which are small groups that may function both connected and separated from the main grid
thanks to control technology. As a result, microgrids enable power to flow both ways with the main distribution
network, activating the system as a whole. Additionally, the traditional power networks' transmission and
distribution losses may be minimized by integrating distributed generation (DG), which is mostly reliant on
RESs.

Grid-connected and island mode are the two primary operating modes for microgrids. The microgrid
imports or exports power to and from the main grid in the first one. When there is a disturbance in the primary
grid, the microgrid transitions to an island mode and provides electricity to the burdens according to
importance. Furthermore, microgrids may be divided into two categories: distribution microgrids, which
consist of medium voltage lines that can span several miles and are found in places like industrial parks,
military bases, and residential areas. Conversely, low-voltage microgrids for facilities or smaller regions, such
a single building, a house, or a collection of buildings next to one another, are covered by these systems [18].

An AC microgrid linked to the main power grid is shown in Fig. 1.1. The microgrid can be disconnected
from the grid for island operation by using a circuit breaker at the point of common coupling (PCC). Given
that microgrids provide efficient, renewable, and storage

A range of fuel and energy sources may be employed to make the system more adaptable and efficient
while serving critical and non-critical loads in an emergency. This makes technologies more appealing when
combined into a single energy system. The ac-dc converter is the primary power interface in distributed
generation (DG) and a crucial component for dependable control of microgrid systems as power electronics
interfaces are typically integrated between specific distributed energy resources (DERS) and the remainder of
the microgrid [19].
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Fig. 1.1: Typical microgrid system architecture

Distributed Generation Technology
Definition

Distributed Generation Technologies mainly include new energy sources such as fuel cells, wind power

and photovoltaic power generation, energy storage devices such as storage batteries, small internal combustion

engine generators, and conventional fossil fuel generators [20]. Typically, the DG set is directly connected,

via a modular and decentralized way, to the low- or medium-voltage distribution network where the load is

placed. Its capacity ranges from several kilowatts to several tens of megawatts. According to [21], DG

technology has the following benefits over traditional large-scale power generation technologies:

1.

1.2.2.

Green, clean, and renewable energy sources are used by DG technologies to produce power. There is no
impact from the scarcity of conventional energy sources. It achieves the diversification of energy use,

resulting in energy conservation and improved energy efficiency.

. Decentralized, adaptable, and flexible in position to better utilize RESs while distributing decentralized

resources and meeting electricity demands.

. There is a reduction in the huge cost required for network loss and the upgrading of the transmission

and distribution network because the construction period is short, the area is small, the investment is
lower, and the electrical and physical distance between the electricity load and the power generation
equipment is shortened. Distributed generation provides huge power systems with strong support and a
powerful addition. According to [22], mutual backup for big power grids also increases power supply
dependability. As a result, the DG system can enhance the flexibility and dependability of the power
supply in addition to fully utilizing energy, reducing expenses, and resolving the issue of long-distance
transmission while using electricity in remote places.
Literature review of voltage source inverter-based parallel DGs control technology

Early multi-voltage source inverter VVSl-based parallel DGs technology research reveals that each

parallel unit is classified into three categories: multi-agent method, signal interconnect line method, and
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without signal interconnect line method [23]. Centralized control, master-slave control, and decentralized logic
control are all included in the signal interconnect line approach [24]. The VSI-based DG module depends on
interactive key information to support parallel operation; if this information interaction is disrupted, the parallel
system will not be able to function reliably. As a result, the parallel DG units using these methods are unable
to realize independent parallel operation. The VSI-based DG based on droop control can realize the
autonomous parallel operation in the case that the VSI-based DG has no information interaction.
1.2.3. Parallel VSI-based DGs technology relying on information interaction

In order to achieve information interaction, the VSI-based DG with parallel technology must either add a
signal interconnect line between the parallel DG units or employ common mode current, power line, or wireless
communication technologies. Due to the heavy dependency on the interaction signals, this restricts the
flexibility of the geographical distribution of the VSI-based DG and lowers the redundancy of the parallel
system [24]. These techniques can, however, produce output voltage quality and higher current sharing.
Currently, the parallel VVSI-based DG systems with a shared AC bus are the norm for parallel DG technology
with information exchange.
1.3. Essential Ideas and Importance of Microgrid

Micro-grids are one of the most important forms of distributed generation [25], and they are also the most
effective form of integration into large power grids. A micro-grid is a small-scale system for producing and
distributing power that consists of loads, distributed power supply, protective mechanisms, energy
management systems, and monitoring systems. It can operate in isolation as well as be integrated with large-
scale power grids to create relatively independent autonomous systems for management, protection, and self-
control [26]. As stated by [27], the micro-grid is going to play a significant role in the smart grid. The following
are the primary benefits of the microgrid described above [28]:

1) Boost power supply system dependability: Microgrids can guarantee power quality, lower power
consumption, and boost local power supply dependability. Moreover, it is concluded that the big power
grid's safety and stability may be significantly enhanced by the demand side management (DSM)
function that the flexible parallel operating mode of the microgrid can perform [27].

2) Adaptable mode of operation There are two ways that microgrids can function: islanding and grid
connectivity. Following grid connection, the microgrid must produce electricity in accordance with
big power grid instructions, power dispatching, and the ability of the microgrid's load to receive power
from either the large power grid or the microgrid. The micro-power grid can realize a large power grid
solution quickly and smoothly, ensuring that the large power grid, load, and distributed power are not
affected in the event of a disturbance caused by various faults or intermittent fluctuations of renewable
energy from distributed generation [29]. A microgrid can match the local load power supply's
dependability when it is run in islanding mode. The microgrid can function as a black-start device in
the event that the grid fails, enhancing post-disaster emergency response capabilities and assisting the
system in returning to regular operation [30].

3) Boost the effectiveness of energy use. The microgrid can logically improve resource allocation, boost

resource utilization, decrease resource waste, and lessen environmental pollution by evaluating the
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load's electrical consumption. In addition, distributed generation powered by renewable energy
sources is located nearer to the load, resulting in shorter transmission distances, lower line losses, and
lower maintenance expenses [31].

4) Encourage the growth of the electric power sector. The microgrid modifies the conventional one-way
power transmission system by integrating dispersed power sources of different shapes and sizes into
the same physical network. As a separate player in the power market, the microgrid takes part in the
marketization process, which supports consistent energy scheduling [32]. Energy management will
raise the power industry's service quality and efficiency while also fostering the stable growth of the
electrical market. In addition, widespread microgrid deployment can maximize financial gains and
lower electricity costs [33]. Businesses have the ability to save energy, cut consumption, electrify rural
areas, and significantly enhance the quality of the power supply. The microgrid holds immense
importance as a crucial component of the smart grid. In addition to fully realizing the advantages of
distributed power supply for both users and power grids, micro-power networks also address the
drawbacks of distributed power supply and increase its potential value. Micro-power networks are an
efficient use of distributed power supply and an effective supplement to large power grids. Microgrids

have drawn more attention and have tremendous development potential [34].
1.4. Microgrid Development Status

In recent years, with the continuing development of energy demand and environmental challenges, the
United States, Europe, and Japan have represented the developed countries. The area has embraced proactive
and successful initiatives and policies, as well as increased investment in distributed generation. In order to
initially construct distributed energy sources, it has actively conducted research on microgrids in conjunction
with real-life situations in many nations, based on the sustainable growth of the economy and practical issues
of its own power system. In order to confirm that microgrid operation and protection have been resolved, the
microgrid model and simulation analysis tools have independently developed control and protection strategies
and communication protocols for domestic microgrid construction. They have also established laboratory tests
and on-site demonstration projects. Microgrids' efficient integration, adaptability, and intelligent management
of distributed power supply have drawn a lot of interest and recognition in the field of distributed energy grid-
connected problem solutions [35].

1.5. Microgrid Classification

The microgrid is classified according to the network structure and functional characteristics and can be
divided into AC microgrids [36], DC microgrids [37] and AC-DC hybrid microgrids [38].

1.5.1. AC micro-grid

The AC microgrid is currently the main form of microgrid [39]. Power electronic inverters are required to
connect distributed power supply, energy storage devices, and other components of the AC microgrid to the
AC bus, as seen in Fig. 1.3. The microgrid's grid-connected operation and islanding operation modes can be
switched by adjusting the on-grid/off network switch at the common contact point PCC. In [40], a novel high

frequency AC (HFAC) microgrid is proposed in addition to the standard AC bus microgrid. In this microgrid,
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all distributed power DGs and energy storage devices are connected to high frequency bus, and then supply
power to the user's load. HFAC microgrids have certain advantages in terms of miniaturization of equipment,
reduction of harmonic influence, improvement of power quality and easy access to AC energy storage
equipment due to their high frequency of operation.

yd AC

4 KV
50 HZ

AC Bus

1D \?:&.i

Fig. 1.2: AC microgrid structure

1.5.2. DC microgrid

The distributed power source, energy storage device, and load within the system are all connected to the
DC bus, which is a feature of the DC microgrid [41]. As seen in Fig. 1.4, the power electronic inverter
equipment connects the DC network to the external AC grid. Through power electronic converters, DC
micropower grids can supply power to AC and DC loads at varying voltage levels. The energy storage device
on the DC side can also moderate load variations [42]. Two or more DC micro-grids can constitute a dual or
multiple circuit power supply mode, depending on the distributed power supply characteristics and the users'
requirements for varying levels of power quality [43]. A DC feeder used to supply power to common load

types is coupled to a distributed power source with very visible intermittent characteristics.

0.4 KV
50 HZ

i‘ﬁ’ i‘?'i_

Fig. 1.3: DC microgrid structure
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To supply power to loads with increasing demand, a DC feed line links dispersed power sources and energy
storage devices with generally smooth operating characteristics. The DC microgrid features fewer levels of
voltage conversion equipment between each distributed power source and the DC bus than the AC microgrid,
which lowers system construction costs and facilitates control implementation. Suppressing the circulation
between various distributed power sources is also more favorable because the synchronization issue between
distributed power sources does not need to be taken into account.

1.5.3. AC-DC Hybrid Microgrid

The AC-DC hybrid microgrid structure is shown in Fig. 1.5. In this microgrid, it contains both AC bus and
DC bus. It can supply DC to AC loads and can directly supply DC loads and for the hybrid AC/DC microgrid
[44], but from the overall structural analysis, it can still be regarded as an AC microgrid and the DC microgrid
can be regarded as a unique power source that is connected to the AC bus through the power electronic inverter

[45].
. OO
@+@ { I ‘ H‘ LLl%d % AC Bus

35KV 35/0.4
Grid PCC
DC Bus

Fig. 1.4: AC and DC microgrid structure

1.6. Advantages and Disadvantages of micro-grid
a) Advantages
e Ability to disconnect from utility grid during disturbance and operate independently.
e It reduces demand on utility grid thus prevents grid failure.
e We can use both electricity and heat energy so that overall efficiency increases.
b) Disadvantages
e Voltage, frequency and power quality should be at acceptable limits.
e Requires battery tanks to store which requires space and maintenance.
e Resynchronization to utility grid is difficult.
« Protection is difficult.
1.7.  AC Microgrid Operation Modes
There are two different operating modes: Grid-connected mode and Island mode. The main tasks of the
central controller in the Grid-Connected operating mode are summarized as follows:

e Ensuring synchronized operation with the main grid;
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e Monitoring system diagnostics by collecting information from the DG units and loads;
o Performing state estimation and security assessment evaluation, economic generation

e scheduling and active and reactive power control,

Moreover, the tasks of the central controller in the Islanded Microgrid (IMG) mode are as follows:

o Frequency and voltage regulation at all points of the microgrid by adjusting active and reactive power
control of the DG units;

o Adapting load-shedding strategies using demand-side management with storage device support for
maintaining power balance;

o [nitiation of a local black start to ensure improved reliability and continuity of service;

o Switching the microgrid back to grid-connected mode after main grid supply is restored without
hindering the stability of either grid;

Finally, it must be noted that the whole hierarchical microgrid structure can be implemented in a
decentralized manner as done in [30].

1.7.1  Grid-Connected Control

In the grid-connected mode, the microgrid's primary functions are to accommodate :(1) the real or reactive
power provided by the DER units and (2) the load demand. The voltage of the microgrid's point of common
coupling (PCC) is primarily set by the host grid. At the appropriate point of connection (PC), reactive power
injection from a DER unit can be utilized for (1) power factor correction, (2) reactive power supply, or (3)
voltage control.

A robust utility network's voltage and/or frequency control cannot be essentially assisted by DER devices
with modest power producing capability. In order to prevent interference with the grid's operation, the host
utility may not allow the DER units to regulate or control the PCC voltage in the grid-connected mode. As a
result, DER units that are close to the PCC (as indicated by the grid's SCwva and electrical distance) shouldn't
actively use a voltage control method [46].

1.7.2. Hierarchical Microgrid Control

Microgrids can be very complex systems just as the main grid; hence, proper control and coordination of
its components is required for stable and efficient operation. As a result, a microgrid is transformed into a
single, regulated, aggregated system comprising several distributed generation units (DGs) that may
communicate with the main grid. It also serves as a crucial part of the smart grid's implementation,
guaranteeing energy production, security, dependability, and power quality [20]. The following duties need to
be handled by the microgrid control structure [17]:

° Controlling frequency and voltage in both operational modes;
° Resynchronizing the microgrid with the main grid,;
° Coordinating DERs for appropriate load-sharing strategies;

° Managing power flow between the microgrid and the main grid;

° Optimizing microgrid resources economically.
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Fig. 1.5: Hierarchical control levels: primary control, secondary control, and tertiary control

1.7.3. Islanded Control

In the islanded mode, the microgrid operates as an independent entity and must provide voltage and
frequency control as well as real and reactive power balance. For instance, the microgrid central controller
should reduce the net generated power if the load demand is less than the total generation. The DER units are
given new set points in order to do this. On the other hand, noncritical load shedding or the activation of storage
units must be taken into consideration if the power generated inside the microgrid is insufficient to fulfill the
load demand. Applying the hierarchy of control Fig. 1.2 to an islanded microgrid looks like this:
1.7.3.1. Primary Control

Primary control is the first level in the control hierarchy, and it has the fastest response. Primary control
responds to the system's dynamics and ensures that its variables, such as voltage and frequency, follow their
predetermined values. Primary control primarily operates on a local level, utilizing locally measured signals
and conventional linear control methods [47].
1.7.3.2. Secondary control

Secondary control is the next level of control and is responsible for ensuring power quality and mitigating
longer term voltage and frequency deviations by determining the set points for the primary control. Although
an energy management strategy and a secondary controller share this responsibility [48], the latter does not
leverage (1) communication between microgrid components or (2) potential distributed storage (DS) devices
like spinning reserves.

Primary control handles the majority of the microgrid's initial transients, and the primary control loop
reaches its steady state before the secondary controller updates the set point. This is because secondary control
operates on a slower time frame than primary control, with a settling time of about a minute in a conventional
grid. Given that the secondary control employs sampled measurements of the microgrid variables, this helps
to (1) isolate secondary control from primary control [49] and (2) minimize the communication bandwidth.

1.7.3.3. Tertiary control

Tertiary control is the highest level of control and sets the long term set points depending on the
requirements of an optimal power flow, e.g., based on the information received about the status of the DER

units, market signals, and other system requirements.
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Chapter 2

Modeling and inner voltage control of Single
Three-phase Voltage Source Inverter-based
Distributed Generation in an Islanded
Microgrids

2.1. Introduction

Islanded Microgrid (IMG) is small to medium-scale power system, usually formed by connecting
distributed generation (DG) units and local load [7]. The DGs are small sources of energy located remotely or
at close proximity to the loads to be supplied. Typical DG technologies include wind power, photovoltaic (PV),
fuel cells, microturbines, small hydro, biomass, biogas, geothermal power, and reciprocating internal
combustion engines with generators. These systems may be driven by renewable energy sources or fossil fuels
[1]. Certain types of DG provide their power through the recovering of the waste heat produced by sources
such as the combined heat and power generators, which increases the efficiency and capacity of DGs [7]. DGs-
based AC IMG are usually interfaced with voltage source inverter (VSI), which is the critical element for
reliable AC IMG that able to control the voltage amplitude and frequency of the AC IMG busbar by using
local measurements of its output currents and voltages. So, this chapter reviews the fundamental circuit model

of the VSI-based DG unit and its well-established voltage/frequency control.

The block diagram of the VSI-based DG is shown in Fig. 2.1, which consists of a constant DC power
source, three phase VSI connected to the load via LC filter and coupling line impedance, and a voltage
controller. The last one ensures control of the capacitor voltage amplitude frequency to the load. Frequency is
maintained through the capacitor voltage phase angle that is used for each transformation between abc frame
and synchronous rotating reference frame (dg-frame). Whereas, capacitor voltage amplitude control is carried
out by combining outer voltage and inner current control loops in order to control both voltage magnitude and
transient currents. The two control loops can be implemented by using the well-established proportional and

integral controllers (Pl-controllers) controllers in dq frame as developed below.

Master’s Thesis, Electrical Engineering Department, University of Msila, June 2024 14



Chapter 2. Modeling and V/f control of Three-phase voltage source inverter-based distributed generation in an IMGs

! i, L s
Y
Vg i, Ly R Load

RL

b |
A
by |
A

V-f Controller

o

if.;rh- ﬁ}r,'."x' vr.'rx.ﬁc
Fig. 2.1: The basic topology of three-phase VSI based DG an islanded MG
In this figure, V. is the DC input voltage, L is the filter inductor, Ry is the filter resistance and C; is the
filter capacitor. a, b, and ¢ three-phase inverter arms from left to right. The three-phase output voltages of the
inverter are v;,, vip, V. The three-phase filter capacitor at the output is star-connected and (o) is the midpoint
of the filter capacitor. The output voltages of the inverter are the capacitor voltages v,,, vy, Veo. The three-

phase inductor or VSI output currents are irq. The three-phase output capacitor voltages are vq. The three-

phase output currents of the load are i;,;.. The establishment of a mathematical model of a three-phase VSI is

the basis for its theoretical analysis and is a prerequisite for the design of reasonable control parameters.

2.2.Modeling of Three-phase Voltage Source Inverter (VSI)

The modeling and local control of the three-phase VSI-based DG unit are critical for the reliable and
efficient operation of AC IMGs. By developing accurate models and effective control strategies, we can
enhance the performance, stability, and resilience of microgrids, paving the way for sustainable and

autonomous energy systems.
2.2.1. Voltage Source Inverter (VSI)

VS| uses semiconducting switches to convert DC voltage to AC voltage. Because the DG units rely on DC
sources, the VSIs are essential to the functioning of the IMG that is being studied. Each VSI's control system
is also used to manage the IMG locally. Fig. 2.2 shows a three-phase VSI with an output voltage vi and an
input dc-voltage Vq.. Together with the input DC voltage at the inverter, the VSI's switching determines the
output voltage vi [50]. The next part will cover pulse-width modulation, which is a common method of
controlling the semiconducting switches in the three phase VSI. This control circuit is independent from the

rest of the system.
2.2.2. Averaged VSI Model [51]

Since the operation of the VSI is based on the discrete states that arise from the switching of its IGBTS,
obtaining a more simplified, comparable model is helpful for control design purposes. Decoupling the DC and
AC components of the VSl allows for the derivation of a simpler VSI averaged model, which is a non-harmonic
model, as shown in Fig. 2.2. The power balance between the input (DC side) and output (AC-side) of the VSI

is the foundation of the model. Three controlled voltage sources with an instantaneous magnitude from the
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modulator and a current source on the DC side equal to the current needed to reach the active power injected
for a measured voltage characterize this model [52, 53].

Fig. 2.2: Averaged VSI model circuit
Equation (2.1) represents the active power on the input of the VSI, while equation (2.2) represents the

instantaneous active power on the output of the VSI.

Pdcinv = Vdcidc (21)
I:)acinv = Viaifa + Vibifb + Vicifc (22)

The DC input power P;.n, IS equal to the AC output inverter power P,.;n, if both the inverter power

losses and commutation power losses are ignored.
2.2.3. Switched Model of the VSI-based DG

The VSI depicted in Fig. 2.1 functions by turning the switching elements ON or OFF in response to the
status of the control signals (S,, S,, and S;) generated by the PWM approach. Regardless of ir, polarity, the

waveform of the VSI output voltage v;, is exclusively governed by the switching functions given by:

1ifT, iscloseand T, is open
. X=a,b,c (2.3)
is close

” {O if T, isopenand T

X+3

As shown in Fig. 2.2, the three input voltages of the VSI (Vao, Vbo, and Vo) called also the potentials of the
nodes a, b, and ¢ of the VSI with respect to the imaginary midpoint (0) are expressed as a function of the

switching states and DC voltage by:

Vd
=% (25, -1
Vao 2 ( a )
Vi, J%(zsb -1) (2.4)
Vd
=% (25, -1
Vco 2 ( c )

Using this equation, the VSI line-to-line output voltages are represented as follows:

Vao =Vao Voo = Ve (Sa - Sb)
Voe = Voo ™ Voo = Ve (Sb - Sc) (25)
Vca = Vco - Vao = Vdc (Sc Sa)
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These line-to-line output voltages are also expressed as a function of the line-to-neutral voltages by:

Vab = Van - Vbn

Vie = Von ~Ven (26)
Vca = Vcn - Van

This gives:
Vab = Vea =Van — (Vbn +Ve, ) +Va

Voe = Vap = Von — (Vcn + Vo ) + Vi, (27)

\ _Vbc :Vcn _(Van +Vbn)+vcn

Since the sum of the voltages in a balanced three-phase system is:
v, +V, +v,=0 (2.8)

From equations (2.7) and (2.8), we can write:

Van = _(Vbn + Vcn )
Voo =—(Vo + V) (2.9)

Vcn = _(Van + Vbn )

According to equations (2.7) and (2.9), the output line-to-neutral voltages of the VSI are expressed as

follows:

V. = Vab _Vca
an — 3
V,.—V
v, =X (2.10)
3
V. = Vca Vbc
cn 3

According to equations (2.5) and (2.10), the output line-to-neutral voltages of the VSI are expressed as a

function of the DC voltage and switching states (S,, S, S.) by the following equation:

Vv, 2 -1 -1)(S,
Vo p=—| -1 2 -1|'S, (2.11)
: ~1 -1 2s,

From this equation, the output line-to-neutral voltages of the VSI within its eight different switching states

are given in the abc and o stationery reference frames as in the Tab. 2.1:
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Sc Sb Sa Via Vib Vic Va Vﬂ Vi
0 0 0 0 0 0 0 0 A
V, V, 2V, Vi V. _

_ Ve _ Ve Ve - _ vV

0 0 1 3 3 3 76 N A
Vd 2Vd Vd Vdc Vdc =

_ Ve Ve _ Ve — v

0 1 0 3 3 3 J6 J2 ?
2V, V, v, 2 ,

Ve 3 c -2V v

0 1 1 3 3 3 3 0 ?
2V, V, V, 2 _

e c c -V \J

1 0 O 3 3 3 3 dc O 4
Vdc 2Vdc Vdc Vdc Vdc =

— e - v

1 0 1 3 3 3 NG NG s
V, V, 2V, Vi V. _

_de _dc — dc Vv

1 1 0 3 3 3 J6 J2 °
1 1 1 0 0 0 0 0 v,

Tab. 2.1: Possible voltage vectors of the VSI in abc and of stationery reference frames

Using the eight vector states and their correspondent output voltages in the Tab. 2.1, we provide the

switching polygon of the VSI as shown in Fig 2.3 [51].

Ap
i(010) —— | "~ v, (110)
/ 5 \_\
/ :
/ . |
v, (011) g vy V7 \i(100)
'| |
4 6
5
B 2
I"\\ ///
Vs (001) ——_ v (101)

Fig. 2.3: Representation of the switching polygon of the VSI

The matrix form of (2.11) yields the following equation, which defines the VSI conversion matrix:

A v 2 -1 -1|S,
Vy =21 2 1S,
vV, -1 -1 2|8,
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On the DC side, the output current is determined by:

ifa

. =[S, S, S.]| i (2.13)
i

fc

2.3. Dynamic model of the three phase VSI
2.3.1. Model of the three phase VSI in the abc reference frame

Using Kirchhoff's theorem in the Fig. 2.1, the VSI output current and capacitor voltages dynamics may be

expressed as follows:

dv,, .
f dt :Icazlfa_ILa
dv, . . .
. dth =iy =iy iy, (2.15)
dv, . . .
f dt zlcczlfc_ILc
difa H
Lf dt _Via_RfIfa_Vca
difb .
L, E =V, — Rely, =V, (2.16)
difc H
Lf dt =V — Rflfc — Ve

2.3.2. Model of the three phase VSI in the af reference frame

Using the Park transformation with power conservation named the Concordia transformation, the VSI

output voltages in the af-reference frame by:

Via
Via
{ }sz A (2.17)
Vi, '
Vic
where:
2|t _% _%
T,=43 (2.18)
' \E , B B
2 2

Similarly, the capacitor voltages are expressed in the af-reference frame are given by:
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V Vca
{ °"}:T3‘2 v, (2.19)
Vcﬂ

\Y

. i
| fa

[_“‘} =T,|i, (2.20)
: ,

It is advised to convert the three-phase system into a virtual two-phase system in order to simplify the prior

VSI model. This results in:

After converting the dynamics of the capacitor voltages and VSI output currents in equations (2.15) and

(2.16) from the abc-reference frame into af-reference frame, we obtained:

dvca — |
f ca = fa La
dt
2.21
dv,, o (2.21)
f dt =l =k,
difa -
Lf d =V, Rflfﬁ Veu
it (2.22)
dlfﬁ .
L, ot =V, =Rl , =V,

The input DC current of the VSI in equation (2.13) is given as function of the switching states and output

current in the afS-reference frame as follows;

lye =S,ic, +S4i¢, (2.23)

where:

[S. S,]=T..|S, (2.24)
S

c

2.3.3. Model of the three phase VSI in the dq reference frame

By applying the direct Park transformation on the VSI output voltages in equation (2.17), we obtained

these voltages in the dq reference frame as follows

Vid _ Via
|:Viq :| - TPark |:Viﬂ:| (225)

where:
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coswt  sinwt
Tow =| . (2.26)
—SIinwt cos wt

Also, using this transformation, we convert the capacitor voltages from the af-reference frame into the dq

reference frame as follows:

\Y) \Y)
{ Cd}Tm{ } (2.27)
ch ch,

Similarly, we obtained the output currents of the VSI in the dg-reference frame as follows:

ifd I a
. =Tpar{i’ } (2.29)
Ifq fp

After converting the dynamics of the capacitor voltages and VSI output currents in equations (2.21) and

(2.22) from the af-reference frame into dq reference frame, we obtained:

. ey =i, +a@C,V,
dt - ) (2.30)
Y i e,
dt cq Cl
L%y R, L,i
fF_Vid_ g T oLl —Vyq (2:31)
di . . |
L, d—:'zviq —Ryiy — by -V,

The input DC current of the VSI in equation (2.13) is given as function of the switching states and output

current in the dg-reference frame as follows:

Iy =Sqieg +Sqig (2.32)

2.4. Instantaneous active and rective powers in abc frame
2.4.1. Instantaneous active power (P)

In a three-phase VSI in Fig. 2.1, the instantaneous active power is provided by:

P= Vcaila + Vcbilb +Vccilc (233)

2.4.2. Instantaneous rective power (Q)

The instantaneous reactive power in a three-phase system can be defined in terms of the cross-products of
the capacitor voltages and VSI output currents. One common definition uses Clarke transformation to
transform the abc-frame quantities to the af-frame and then compute the reactive power. However, in the
abc-frame, an alternative approach involves defining a power that represents the energy exchanged between
phases, which does not contribute to the net energy transfer to the load. This definition is less straightforward

but can be understood as:
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Q= %[(Vca _Vcb)ilc + (Vcb _Vcc)ila + (Vca _Vcc)ilb] (2.34)

2.4.3. Instantaneous active and rective powers in af -frame
By taking into account balanced three-phase systems and defining capacitor voltage and VSI output current
phases as \7mﬁ =V,, + V., and I_,aﬁ =1, — ]l , respectively, the apparent complex power in a-frame may be

written as follows [54]:
S=P+JjQ=Vo,l, =(Veu + Ve ) (1, = i11y) (2.35)

The active and reactive powers as functions of capacitor voltages and VSI output currents in the af-frame

can be expressed by rearranging equation (2.35) as follows:

ca ' la cpgIp (236)

Q=V, 1, -V,I

P=V_I,+V,I
cf la

2.4.4. Instantaneous active and rective powers in the dg-frame

Similar to this, the apparent complex power in the dg-frame may be found by using \7qu =V, + Jv,, and

I, =1 — Ji,, as the capacitor voltage and VSI output current phases, respectively [54]:

S=P+jQ :\quﬂdq,ef :(Vcd + jch)(lld - jllq) (2.37)

The active and reactive powers as functions of capacitor voltages and VSI output currents in the dq

reference frame can be expressed by rearranging equation (2.37) as follows:

P=V_I, 6 +V_I
{ cd " Id cqlg (238)

Q=V, 1, -V,

cq - Id

2.5. Low-Pass Filter (LPF)

The three phase VSI output filter circuits are essential components in power converter systems, particularly
in applications where the quality of the output waveform is crucial, which has an important influence on the
dynamic and static performance of the VSI output voltage and current control. These filters help to reduce
harmonic distortion, mitigate high-frequency noise, and shape the output voltage waveform to meet specific

requirements. There are three common types of output filter circuits: L, LC, and LCL filters.
2.5.1. Inductive Filter (L Filter)

A single inductor filter, also known as an L filter, is a basic type of output filter commonly used in power
electronic systems, including VSiIs. It consists of a single inductor L connected in series with the output load.
This configuration forms a low-pass filter that attenuates high-frequency harmonics while allowing the
fundamental frequency component (desired output frequency) to pass through with minimal attenuation.this

filter is shown in Fig. 2.4:
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L
nm

Vi Vo

Fig. 2.4: L Filter
2.5.2. Inductive-capacitive Filter (LC Filter)

The LC filter is typically used to removing the higher-order harmonics from the outputs of the VSIs. The
cut-off frequency (fc) of this filter is a trade-off between VSI control bandwidth and harmonic attenuation
effect. Decreasing the cut-off frequency increases the harmonic attenuations; but can limits the VSI control
bandwidth.

Vi =C Vo

Fig. 2.5: LC Filter
Advantages:
e Simple and economical.

e Provides basic filtering for reducing harmonic distortion.

Disadvantages:
o Limited effectiveness in attenuating high-order harmonics.
e Can introduce resonances if not properly designed.

2.5.3. Inductive-capacitive-inductive Filter (LCL Filter)

The LCL filter is an advanced version of the LC filter, incorporating two inductors (Ly and L) and a
capacitor (Cx). It provides better harmonic attenuation and improved filtering performance compared to the LC
filter. The additional inductor (Li) helps to mitigate resonances and provides additional filtering of higher-

order harmonics. this filter is shown in Fig. 2.6:

Advantages:
e Better harmonic attenuation compared to LC filters.

o Helps to suppress resonances and improve stability.

Disadvantages:
e More complex and expensive compared to LC filters.

e Requires careful design to prevent resonance and ensure stability
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L1 L2
nm nmm

Vi = C Vo

Fig. 2.6: LCL filter
In this theses we are speak to LC Low-Pass filter that show in Fig. 2.5:

2.5.4. Parameters tuning of LC Filter

Usually, the cut-off frequency is maintained between and three times the fundamental frequency and one-

five of the switching frequency as [7]:
3f, < f. < (1/5)fy, (2.39)

The inductance of the LC filter (Ly) is chosen such that its voltage drop remains within 3% of the VSI

output voltage as follows [7], [55]:

| X (27 Ly ) < 0,03V, (2.40)

where:

I+ max 1S the max of the inverter output current.

According to equation (2.40), the inductance of the filter is expressed by:

Ly <(0.08V,, )/ (1 e x(27F) (2.41)

The cut-off frequency of the LC filter is expressed as a function of the inductance and capacitor by:

A (2.42)

° 2z L. C,

According to this equation, the filter capacitance can be calculated as follows:

c, - —*t (2.43)

(2rf, )2 L,

According to the system parameters in Tables A.1 and A.2 for Imax = 15 A and f; = 150 Hz, we obtained:
Ls =2 mH and Cs = 150 uF.
2.6. Transmission Lines (feeders)

Usually, in IMGs, feeders are critical components that distribute power from DGs to various load points

within the IMG. Feeders can be classified based on the voltage level of the IMGs into three types, which has
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resistive feeder (Low Voltage IMG), inductive feeder (High Voltage IMG) or resistive- inductive feeder
(Medium Voltage IMG) as shown in Tab. 2.2 [56].

Type of Line R [Q/km] X [Q/km] Ratio, R/X
Low Voltage 0.642 0.083 7.7
Medium Voltage 0.161 0.190 0.85
High Voltage 0.06 0.191 0.31
Tab. 2.2: Typical feeder parameters for differnt IMG voltage levels.
2.7. Load

As shown in Fig. 2.1, a resistive-inductive linear load was selected in our thesis to study the characteristic
of the DG outputs (active and reactive powers, DG output currents and voltages, and line currents) of the
investigated microgrid system, which has chosen to model a residential load, as given in the benchmark
microgrid [57]. This load is modelled as a constant impedance (Zo=Ro+jXo) and it adjusted to provide the

nominal active, reactive, and apparent powers at the nominal voltage of the IMG as follows:

So — VPZCC
Z0
V 2
P, =-—fc¢ (2.44)
RO
— VPZCC
Q = X,

2.8. Design of inner voltage and current controllers in the dg-frame

As shown in the general control schema of the three phase VSI-based IMG shown in Fig. 2.7, both
capacitor voltages and VSI output currents are controlled using the Vector Oriented Control (VOC) concept,
which consists of two control loops: the outer capacitor voltage control loop and the inner output current
control loop. The basic principle of this method is to convert the three-phase capacitor voltage and output
current quantities from the abc reference frame to the dg-frame and control them as constant vectors in the
steady state with the goal of eliminating the static errors of both vectors by using PI controllers. The
transformation of the three-phase capacitor voltage and output current quantities into the dg-frame is achieved
using the Park transformation with power conservation named the Concordia transformation, in which the
phase angle is provided using the phase locked loop (PLL). The details of different parts of the general control

schema are described in the next subsections.
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Vch-_ Load
L i
*
max
Veq 0

Fig. 2.7: Block diagram of single three-phase VSI based DG of an Islanded Microgrid with control.
2.8.1. Output currents and capacitor voltages dual classed loop controllers in the dq reference frame

The main goals of controlling the capacitor voltages are to maintain them pure sinusoidal and balanced
under linear and nonlinear; balanced and unbalanced loads, as well as to provide the suitable reference of the
inner output current control loop. This latter is used to control the output current for the objectives of
controlling the active and reactive powers, decoupling the d-axis and g-axis, i.e., decoupling the active and
reactive powers, protecting the VSI circuit against the overcurrent, and to provide the proper VSI output
voltage references used in the PWM stage for the generation of PWM switching-states of the VSI to generate
good output voltages. In this work both outer voltage control and inner output current control loops are

achieved using the PI controllers as shown in Fig. 2.5.

According to the capacitor voltage dynamics in equation (2.27), we obtained the capacitor currents in the

dqg reference frame as follows:

. dv
i, =C, d':d - aC,V,,

(2.45)

L =c, Y ey
f dt f Ted

dv,,

dv
The terms C, " and C, d—:“ are obtained with the opposite of coupling terms from the regulation of the

capacitor voltages in the dg frame using Pl-controllers as follows:

dv, . Ky \/o»
C, dtd +aC,V,, =1y = (K, +?)(Vcd —V,)

e Moy o (k I‘iV)(v* v.)
— - =l = +— -
f dt f Ved cq pv S cq cq (246)
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The opposite of the coupling’s terms is determined by the Pl-regulators to compensate the coupling
between d-axis and g-axis of the capacitor voltages.

- - H kiV * i
Iy =g T = (K, +?)(Vcd — V) = @C Vg iy
(2.47)

*

. Ky \/ o .

Iy =l +i, = (K, +?)(ch —V, ) +@C v, +i,

According to the VSI output current dynamics in equation (2.47), we obtained the VSI output voltages in
the dq reference frame as follows:

=L a R,i L,i
Vig = fTJ’_ flig —OLlg +Vy

(2.48)

di
— fq i i
Vi =Ly WJF Rl + ol iy +v,

represent the inductance drop voltages, which are obtained

di, _ di, _
The terms L, FJF Ri and L, WJF R,

with the opposite of coupling terms from the regulation of the VSI output currents with their references

obtained from the regulation of the capacitor voltages in equation (2.47) using PI controllers as follows:

di, o Koo
Lf F"' Rflfd +a)Lf|fq =Uy :(kpi +?)(Ifd _Ifd)
(2.49)

di
L, —%+R,i

it q oLy =Uu, = (kpi +?)(lfq —|fq)

Subtracting equation (2.49) into equation (2.48), we obtain the VSI output voltage references as follows:

. . Koo, . .
Vig =Ugy TV = (kpi +§)(Ifd _Ifd)_a)l‘flfq +Vy
(2.50)

*

P Kivyio - .
Vig = U +V = (K, +?)(|fu| —lig) +ob iy +v,
Also, in this control loop, the opposite of the coupling’s terms is determined by the Pl-regulators to

compensate the coupling between d-axis and g-axis of the VS| output currents.

According to the two equations (2.47) and (2.50), the bloc diagram of both control loops is given in the
Fig. 2.8:

Ved -, -
§
Ved
oC i
v ot i l!q
o
- . i ;n's + kh — ¥
¥ + + [+
o H
i i
q of

Fig. 2.8: Block diagram of dual loop voltage and current regulations in the dq reference frame
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2.8.2. Parameter tuning of PI controllers

In steady state, when considering that the coupling terms of both control loops are compensated, the outer
capacitor voltage close loop control and inner output current close loop control output current are given,
respectively, in Figs. 2.9 (a and b).

vcriq [ k k 2 t"dff 1 vcdq

+ » >
i (Cys)
f
vcdq T
@)

iqu k;'f ; v{i’!{f ; if‘qu
S s rp[ T

£ fug 4

(b)

Fig. 2.9: Outer capacitor voltage and inner current close loop PI controllers. (a) Outer capacitor voltage close loop Plv control,
(b) Inner output current close loop Pl control

According to Fig. 2.9.a, the closed loop transfer function F,(s) of the capacitor voltage controller is given by:

1
—(k_s+k

Vedq Cf( o IV)
F(8)=—"= K (2.51)

cdqg SZ+ pv S+ kiv
C, GC;s

By identifying this transfer function with the closed loop transfer function of the second order system F(x)

given by equation (2.52), we obtain the gains of the Pl as in equation (2.53):

ka?

F(s)= < 2.52
(5) s°+ 28w 5+ o} (252)
Koy 2
— = (0)

Cf “ kpv = 2éa)cvcf
= ) (2.53)
kiv 2 I(iv = a)chf
- =
Cf
Similarly, we calculate the gains of the PI;controller according to Fig. 2.9.b as follows:
The closed loop transfer function Fi(s) of the output current controller is given by:
_ i(kpis +k; )
_ l1gq _ Lf
Fi(s)=-% = ” (2554)
Iqu 52+(Rf+ pi)s_i_ﬁ

L L
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By identifying this transfer function with the closed loop transfer function of the second order system F(x)
given by equation (2.55), we obtain the gains of the Pl as in equation (2.56):

ka?

F(s)= ¢ 2.55
) s° +2Ew, S+ af (259
R, + kpl 2

L, ‘! Kpi = 28041, —R;
- 2 (2.56)
K 2 ki = o5l
T T
L
where :

&, and & are respectively the damping factor of the PI, and PI; controllers. wc and w.i are respectively the
cut-off frequency of the PI, and PI; controllers.

To achieve well-damped oscillations and a slight overshoot, the voltage and current controllers have chosen
a damping coefficient, & and & of 0.707. To obtain the correct response, it is therefore possible to determine
the natural frequency, wc and wci for each controller. The condition of choosing wcvand w.iis knowing that the

cut-off frequency of the voltage control loop is too low comparing to the cut-off frequency of the current

control loop @, >10w,, [51]. The outer voltage loop's lower cut-off frequency ensures stability and

robustness by making the system less sensitive to high-frequency noise, disturbances, and unmolded dynamics,
while the inner current loop's higher cut-off frequency provides fast response, better disturbance rejection, and

decoupling. Both factors contribute to the system's robustness and stability.
2.9. Simulation results and discussions

To verify the characteristics of the three phase VSI-based DG unit, the system with its inner voltage and
current in Fig. 2.3 is simulated under the change of load in both cases balanced and unbalance load using
MATLAB/Simulink. The parameters of system and simulation are given in the Appendix A. The results of

both cases are presented in the Following subsections:

2.9.1. Characteristics of the VSI-based DG unit under balanced loads

The simulation results of this test when the DG is feeding the three loads are shown in Figs. 2.10 to 2.16.
Figs. 2.10 to 2.13 show the steady and transient waveforms of DG output currents and voltages in the abc
reference frame, as well as their dg components. These results demonstrate that the DG with its inner voltage
and current controller, can track the change in load and provide good output voltage and current waveforms,
as well as can perfectly reject the disturbance of load. Both output voltages and currents are sinusoidal and can
track their references with a steady state tracking error near zero and with very fast dynamic responses under
the change of three phase load. Also, we can observe that the DG can increase its output current to track the

change in load and meet its active and reactive power requirements as shown in Figs. 2.15 and 2.16.
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Fig. 2.11: VSI-based DG output currents in the dq reference frame.
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Fig. 2.12: Three phase DG output voltages (capacitor voltages)

’s Thesis, Electrical Engineering Department, University of Msila, June 2024

30



Chapter 2. Modeling and V/f control of Three-phase voltage source inverter-based distributed generation in an IMGs
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Fig .2.13: DG output voltages in the dq reference frame
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Fig .2.15: DG output active power

Master’s Thesis, Electrical Engineering Department, University of Msila, June 2024

31



Chapter 2. Modeling and V/f control of Three-phase voltage source inverter-based distributed generation in an IMGs
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Fig .2.16: DG output reactive power

Figs. 2.17 and 2.18 show the three phase IMG voltages and its RMS value, respectively. Both figures

demonstrated that the three phase IMG voltages are sinusoidal under the three loads, with a decrease in its

RMS voltage value under any change in load due to the increase in MG impedance drop voltage.
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400

325

-325
-400 1 1 I 1

0 05 1 15 2 25 3
400 . o= ; 400 1 - 400 oy
nst - . £ V. 325 ;——

\ A 1 ¥ 1A \ A Y
o v oty £y N / \i— o \ / Y
Y \ .’I \ y .I ‘\ { ! 1
{ T !

P by ) anb A A Ay i 200| A / A\
st st N AN 3V
A0 400 A0

05 a5 052 053 054 15 1.61 1.52 153 1.54 5 251 252 53 254

Fig .2.17: Three phase IMG voltages
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2.10. Conclusions

Fig .2.18. RMS voltage of IMG

In this chapter, a three-phase voltage source inverter with LC filter used as distributed generation unit in

an IMG is studied. In the first part of this chapter, the mathematical model of a VVSI based DG unit including

the dynamics of both VSI output current and capacitor voltages are presented in the three well knowing frames.

The obtained dynamic models of the VSI output currents and capacitor voltages in the dq reference frame is

Master’s Thesis, Electrical Engineering Department, University of Msila, June 2024

32



Chapter 2. Modeling and V/f control of Three-phase voltage source inverter-based distributed generation in an IMGs

used to develop the inner voltage and current controllers in the dq reference frame to control the output active
and reactive powers and regulate the capacitor voltages of the VSI-based DG unit. For both the VSI output
current control loop and the capacitor voltage control loop, PI controllers are used. In the second part of this
chapter, the characteristics of the three phase VSI-based DG unit are tested and analyzed using the controllers
that are designed before. The obtained simulation results show the good responses of the VSI-based DG unit
in terms of output currents, capacitor voltages, line currents, active and reactive powers. Based on these, an
IMG with three VSI-based DG units is constructed in the next chapter, in which an adaptive virtual complex
impedance-based droop control method combined with the inner voltage and current control loop is proposed
in the control of the IMG to improve the power sharing among the three DG, the power decoupling, and the

circulating current eliminations.
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Chapter 3

Adaptive virtual impedance-based droop control
of an islanded microgrids

3.1. Introduction

As described in the previous chapter, IMGs have become a practically effective system to fully utilize
distributed renewable energy sources, including wind power, photovoltaic (PV), fuel cells, microturbines,
small hydro, biomass, biogas, geothermal power, and reciprocating internal combustion engines with
generators [1]. DG units should regulate the voltage and frequency on the islanded microgrid (IMG) and supply
loads according to their respective capacities. The traditional droop control method with inner voltage/current
controllers, which can automatically achieve adequate power sharing between DG units without the help of
communications, has been widely used [4]. However, unlike active power, the sharing accuracy of reactive
power tends to be barely satisfactory due to mismatched line impedances. Also, under extreme situations, poor
reactive power sharing may result in severe circulating currents among the DG units and even cause system
instability, which poses a great challenge to the parallel operation of DG units in IMGs [60], [68]. In the
literature, one of the most widely used methods to address these problems is the adaptive virtual-impedance-
based control method. This method can be used according to the type of line impedance, which has adaptive
virtual resistive impedance for IMG with pure resistive line impedances, adaptive virtual inductive impedance
for IMG with pure inductive line impedances, and adaptive virtual complex impedance for IMG with complex
line impedances. Our work focuses on IMG control with complex line impedances. In this regard, this chapter
will present a detailed study of the adaptive virtual complex impedance-based droop control method of three
parallel VSIs operating as part of an IMG with complex line impedances. To verify the performance of this
control method, a comparison between this method and both the fixed virtual complex impedance-based droop
control method and the traditional droop control method is performed under the change of load using
MATLAB/Simulink.

3.2. System description
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The synoptic structure of the investigated IMG in our thesis is illustrates in Fig. 3.1. It is composed of three
DG units connected in parallel via three identical LC-filters to powering three phase loads via three different
feeders, in which every DG unit provides a part of the needed power. In each DG, the dc power supply is

connected to the PCC through a three-phase VSIL.
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Fig. 3.1: The basic topology of three parallel three-phase VSI based DG an IMG

3.3. Basic principle of traditional droop control and power sharing analysis

The traditional droop control technique has been successfully used in IMGs, which has the “plug-and-
play” feature without communication [58, 59]. Due to the random integration locations of DG units, the
transmission line impedances of the three DG units are usually different. The local droop controller is used to
control the active power and reactive power of each DG unit, as well as the output voltage and frequency.

The droop control technique is developed from the operation of an alternator (i.e. when there is a large
demand for active power, the alternator speed increases resulting in drooping the frequency). Similarly, when
the reactive load on the alternator is increased, its voltage droops slightly. This principle has been generalized
in controlling the three DG-based IMG. The equivalent circuit of multiple DGs in an IMG is shown in Fig.
3.2,

DGI SRS

DG2 —Em—=

DG3

Fig. 3.2: Simplified equivalent circuit of a typical IMG based on three DG units
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where Z,/Z0,(i=1, 2, and 3) is the equivalent impedance of the IMG, which consists of the VSI output

impedance and line impedance that can be expressed by:

ZZo. =R + jX, =R,

+ J X + R+ X, (3.1)
The load equivalent impedance is given by:

Z,£0,=R,+ jX, (3.2)
where R and X are respectively the output resistance and output reactance of each VSI-based DG i. Where

Rz; and X7; are respectively the line resistance and line reactance of each VSI-based DG i. V, . £ 0. is the ac bus

voltage amplitude. 77 are the VSI-based DG output voltages; 6; is the VSI-based DG output voltage phase
angles; d; is the total impedance angles of VSI-based DGs; i is the output currents of VSI-based DGs; i, is the

load current.

The equivalent circuit impedances Z, are:
Z; =R + JX; (3.3)

The output current of each VSI-based DG unit is given by:

I“ e Vrézgt N VFL’['A&J {34)
ZLS,

The output power of each VSI-based DG is given hy:

S,=P+j0O =V,/20,i (3.5)

where i is the conjugate of the output current of each DG. P; and O, are the outputs active power and reactive

power of the VSI-based DG, which are expressed according to Fig. 3.2. as follows [60]:

(I{.Vm. cos@ -V, )cosé‘l + V¥, 806 sin S,

= 3.6
; Z (3.6)
e (VW oo 080 =V, )s; 8, =V ¥, sin@ sin g, 7,

Normally, the line impedance ratio R/X is small enough in high- or medium-voltage microgrids, and isolated
transformers or coupling inductances are usually introduced at the output terminals of VSIs, so the line
impedances are assumed to be dominantly inductive [61]. Thus, Z; = Xj, d; = 90°. Usually, the value of g, is

assumed to be very small, and sin6; = 8,, cosé, = 1. Therefore, equations (3.6) and (3.7) can be simplified as:

P=_t Lt g 38
1 X‘, i { )
Voce
G (V. Vo) (3.9)

As can be seen from these two equations, reactive power is only related to the voltage amplitude difference,

whereas the active power output by the distributed unit is only related to the phase angle. Consequently, by
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varying the system's active and reactive power output, the interface VSI’s power angle and voltage amplitude
can be adjusted. In real-world scenarios, the phase angle difference is acquired through frequency integration,
and it is simpler to achieve the adjustment frequency than the phase angle difference through direct adjustment.
The relationship of phase-shift angle 4, and the angular frequency w, of each DG unit is derived as e, = ddi/dt.
Consequently, the frequency is controlled by adjusting the DG output active power, and the voltage amplitude
is controlled by adjusting its output reactive power. The traditional droop control equation can be obtained
as [62]:

o, =@, —m,F (3.10)
V=V, -n,0, (3.11)

w, and ¥, are the rated frequency and voltage of the IMG, m, is the P- droop coefficient and np is the Q-7
droop coefficient, w; and I’ are the nominal frequency and output voltage of each DG unit, P’ and Q" are the
filtered active and reactive powers of each DG unit obtained from the filtering of the measured DG active (£))

and reactive (O;) powers using 2™ order low-pass filter (LPF) which can be represented as:

@’

P=—r—*—_P (3.12)
s+ 28w.5 + W,

. @’
P — 313
o s +28ms+ @’ ¢ @12

where & and o, are respectively the damping factor and cut-off frequency of the 2°® order LPF.

The second order low-pass filter is used in our work to filtering the output powers due to its significant
advantages such as better attenuation, settling time, flexibility, dynamic performance, and overshoot reduction.
Conventional droop control adjusts the frequency and voltage amplitude of each DG output by comparing
the output active power and reactive power to their rated power values. The drooping characteristics of

Conventional (P-f and O-F) droop control are shown in Fig. 3.3 (a and b) [63]:

o LN, o .
\P " \Q

.

@ por ~\ ref \

[ .
> L

P P:’ef Q Qrff

(a) (b)

Fig. 3.3: Conventional droop characteristics

Prorana Orer are respectively the maximum output active and reactive powers of each VSI-based DG unit. w.ris
the system's permitted minimum operating frequency. V. is the system's permitted minimum output voltage

amplitude.
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3.4. Control of IMG using conventional (P-w/Q-V) droop control method

The schematic diagram of the traditional droop control method-based IMG is shown in Fig. 3.4. Due to
similar structure and control strategy of the three parallel DG-based IMG, we present only one DG with ifs
controller to avoid the redundancy. The considered IMG is maintained and operated using two control loops.
The outer-loop control which is the traditional droop control used for power sharing among the DGs while the
inner-loop output voltage and VSI current control, which is designed in the dq reference frame is responsible
of proper turning on/off of the IGBTs of VSI-based DG units in order to generate the desired output voltage.
The output voltage and frequency references obtained from the droop loop are used to build the output voltage
references in the abc reference frame, which they then transform into the dq reference frame to provide the
output voltage references that used in the output voltage controllers. The outputs of these controllers are added
to the line current feedforward to provide the VSI output current references used in the VSI output current
controllers. The inner-loop control of the VSI-based DG units is discussed in detail in section (2.8.1) of

chapter-2 and it will not be repeated here.

L R.
v, J__ Via > nrYC\ _f Veg
ac ] 4
T_ VS —’—P—':,m M ——— L;.lui
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o i
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Fig. 3.4: Block diagram of three-phase VSI-based DG of an IMG with traditional droop control method

The output voltage references in the abc reference frame are given by:

v :JEVJ’ cos(0)

: 3

. 2 . 2

==V cos(@ —— 3.14
Vn.m \j;a ( i 3 ) ( )

3 3

These voltage references are transformed into the dq reference frame using Concordia transformation, which yields:

A
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* vmi
Vt'dr .
{vt = TP«‘}'* 7;.1 v('hj' (3 i I 5)
egi Va

3.5. Simulation results

To verify the performance of the traditional droop control method-based IMG in terms of power sharing
and circulating current elimination under mismatched line impedances (see Tables A.1 and A.2 in Appendix
A), the IMG with three DG units is built in a MATLAB\Simulink based on the block diagram shown in Fig.
3.4. The performances of the traditional droop control method-based IMG are evaluated under four stages of
simulation according to load changing and DG turning off. These stages are:
¢ 1% stage: t=0-1s: 3 DGs ON, load 1 connected,
o 2" gtage: t=1-2s: 3 DGs ON, loads 1 and 2 connected,
e 3" stage: t=2-3s: 3 DGs ON, loads 1, 2 and 3 connected,
o 4% stage: t=3-4s: 2 DGs ON (third DG is disconnected), loads 1, 2 and 3 connected.

The main parameters of the target system and their values are given in Tables A.1 and A.2. The simulation
results of the traditional droop control method-based IMG are shown in Fig. 3.5 to Fig. 3.11.

Figs. 3.5 and 3.6 show the three DG units output active and reactive power sharing performance. In stage
1, the IMG operates with the three DG units between t = 0 and 1 s, feeding only the first load. Att=1 and 2
s, the IMG rests with the three DG units, and connects to both loads, 2 and 3, respectively. This not only
triggers a step change in the load but also modifies the IMG structure. The IMG rest feeds the three loads
before t = 3 s, at which point the third DG unit (DG3) disconnects. It can be seen from these figures that the
traditional droop control method can provide good steady-state active power sharing with poor dynamics under
the change of load in the four stages, as shown in Fig. 3.5, whereas reactive power sharing exhibits poor steady

state performance in the four stages due to the mismatched in line impedance, as shown in Fig. 3.6.

5200 | i_“
— PZ >I —-
P.‘

P,

Active power (W)

o 05 1

lig. 3.5: Output active power of the three DG units
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Fig. 3.6: Output reactive power of the three DG units
Fig. 3.7 shows the absolute value of the reactive-power sharing errors ¢4(%) of the three DG units. This
figure demonstrates that the traditional droop control method can lead to larger reactive-power sharing errors,
which can escalate as the load power demand increases. Table 3.1 lists the absolute values of these errors
during the four stages.
The reactive-power sharing errors of the three DG are calculated as follows:
3
Z] Qi
E,i (%) =3 '/:sii_gl
9

1

(3.15)

1

& 8

Reactive power errors (Var)
8

0

40
0 0s 1 15 2 25 3 as 4

Fig. 3.7: Absolute value of the reactive-power sharing errors

R;:ﬁ:gefr:‘;:r Stage 1 | Stage2 | Stage3 | Stage4d
£q1(%) 2.5 5 5.5 15
£42(%) 24 25 26 15
£43(%0) 23 20 20 /

Table. 3.1: Absolute values of these errors

Figs. 3.8 and 3.9, respectively, show the first phase line currents with their zooms in the four stages, as
well as the circulating currents of the three DG units. These figures show that the mismatch in line impedance
prevents the traditional droop control method from achieving line current equalization between the three DG
units, which can offer larger peak circulating current values between the three DG units in the four stages. The
peak values of the circulating currents escalate as the load power demand increases. Table 3.2 lists the peak
values of the circulating currents during the four stages.

The circulating currents between the first phases of the three DG are calculated as follows:
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Fig. 3.8: First phase line currents with their zooms in the four stages
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Fig. 3. 9 Circulating currents of the three DG units

‘Ef(?l];;?i:ezuﬁ:gfs Stage 1 | Stage2 | Stage3 | Stage 4
Lei(A) 1.4 3 9 6
Icc Z(A) 2 4 7 /
I cc 3(A) l 1 . 5 2 /

Table. 3.2: Peak values of the circulating currents

(3.16)

Figs. 3.10 and 3.11, respectively, display the RMS voltage values of the IMG and the output of the three
DGs. These figures show that both voltages follow the same profile, with the IMG voltage having a lower
value due to the voltage drop across the line impedance. The IEEE 1547 Standard, IEEE 2030.7 Standard, and

IEC 62257-4 Standard also confirm that the maximal IMG voltage drop does not surpass the system

regulations.

o ThelEEE 1547 Standard serves as a framework for interconnecting distributed resources with electric
power systems. This standard provides requirements for the interconnection of distributed energy
resources (DERs) with eleciric power systems, including microgrids. It includes voltage regulation
requirements and specifies that the voltage deviation should not exceed +5% of the nominal voltage
at the PCC [64].

o The IEEE 2030.7 Standard provides a specification for microgrid controllers. This standard defines
the functions and features of microgrid controllers, including voltage regulation. It recommends that
the voltage deviation not exceed +5% of the nominal voltage at the load terminals [65].
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o JEC 62257 Series of Standards for Renewable Energy and Hybrid Systems for Rural Electrification:
These standards cover the design, installation, and operation of microgrids, particularly in rural
areas. The IEC 62257-4 standard specifies that the voltage drop in distribution lines should not exceed
5% of the nominal voltage at the load terminals [66].

RMS of PCC valtage (V)

Fig. 3.10: RMS voltage of the IMG

230 v
a8
S V.
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The three DGs output RMS valtages (V)
n
1

o 05 15 2 25 3 15 4

Fig. 3.11: Output RMS voltage of the three DGﬂ

The results of this test demonstrate that the mismatched line impedance in an IMG can significantly affect
the performance of both power sharing and circulating current suppression, and the traditional droop control
strategy makes it difficult to evenly share the reactive power and restrain the circulating current among multiple
parallel VSI-based DG units in an IMG. The next subsection of this chapter investigates a complex virtual
impedance-based droop control method to address the issues with the traditional droop control strategy,
enhancing the accuracy of active and reactive power sharing, power decoupling, and circulating current

suppression.

3.6. Virtual complex impedance-based droop control method

Multiple parallel VS8I-based DG units widely use the concept of a fixed virtual impedance-based droop
control method to overcome the challenges of the traditional droop control strategy and enhance the accuracy
of active and reactive power sharing, power decoupling, and circulating current suppressions. In this method,
a virtual impedance loop is introduced in parallel with the traditional droop control loop to provide the output
voltage references of the output voltage controllers. This virtual impedance loop emulates the behavior of
physical impedances, such as resistors or inductors, in the microgrid system. The key aspects of the virtual-
impedance-based control method are as follows:

1. Virtual impedance loop: In this loop, a virtual impedance is introduced between the output of each

VSI-based DG unit and the PCC in the IMG. This virtual impedance can be resistive, inductive, or a

combination of both.
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2. Power decoupling and sharing: The virtual impedance loop helps to decouple the active and reactive
power flows in the IMG, allowing for more accurate power sharing and circulating currant
suppressions among the VSI-based DG units even under mismatched line impedance and unbalanced
load conditions. This is achieved by introducing a phase shift between the voltage and current at the
output of each DG.

3. Voltage regulation and stability: The voltage compensation provided by the virtual impedance loop
helps to maintain tight voltage regulation at the PCC, improving the overall power quality and
stability of the IMG.

You can use this method based on the type of line impedance, such as virtual resistive impedance for IMG
with pure resistive line impedances [67], virtual inductive impedance for IMG with pure inductive line
impedances [68], and virtual complex impedance for IMG with complex line impedances (medium-voltage
microgrid) [69]. This study looks at an IMG that has a complex line impedance of the inductive-resistive type.

To control it, we will use the fixed virtual inductive-resistive impedance-based droop control method.

3.6.1. Concept of the fixed virtual complex impedance-based droop control method
Fig. 3.12 depicts the equivalent circuit schematic of the investigated IMG with virtual complex impedance.
The virtual complex impedance is included at the output of each DG units to adjust the equivalent output

impedance of each DG.

PCC Bus

Vm-(-ét)‘"

0

Fig. 3.12: Equivalent circuit of a typical IMG including virtual complex impedance

where Z,, 26, is the line impedance of the IMG, Z,.£0,, is the virtual impedance of the IMG, after using the

virtual impedance, the equivalent circuit impedances Z; in equation (3.3) is becomes:

Z‘- = Z\'FAHI-':’ + Z!réga = Ru’ # ,}‘Xm' + R."_J' + JIXL:' (3' 1 7)

where R;; and X7; are respectively the line resistance and line reactance of each VSI-based DG i. R, and X; are
respectively the virtual resistance and virtual reactance of each VSI-based DG i.

The virtual complex impedance is given by:

Z,=R,+X, (3.19)

The VSI-based DGs output current in equation (3.4) is becomes:

| W8V, 25,
i Zw'égrf + Zf.a"d:gf

(3.20)
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3.6.2. Reactive Power Sharing Errors Analysis
According to [68], [70] and when we assume that the inner capacitor voltage control loop can force the

DG output voltages to perfectly track their references in each DG unit, so we have V" =V and @ =@®,, and
when considering that the output voltage phase angle &, is very small [71, 72]. Thus, the voltage drop across

the line impedance can be approximated as:

_ PR+ XQ
V.

a

AV (3.21)

where R and X represent the equivalent IMG resistance and reactance between each DG output and the
PCC after adding the virtual impedance, P and Q represent the active power and reactive power flowing
through the transmission line impedance, respectively. Based on the simplified equivalent circuit of the three
DG units in Fig. 3.12, the voltage and current phasor diagram of DG, is obtained in Fig. 3.13, and its output

voltage (V.r) is expressed as in equation (3.22) [71]:

Fig. 3.13: Voltage phasor diagram of the first DG with the virtual complex impedance
Vi =Vece + AV, + AV, (3.22)

where: AV, is the voltage drop across the line impedance and AV is the virtual voltage drop across the

virtual impedance.

Using the voltage drop across the line impedance approximation in equation (3.21), the DG output voltage

(V.;) in equation (3.22) becomes:

= JDI"]?J'.[ +XLIQ] 4 })l‘Rl'i + X\']Q-i

Vo #Vpec (3.23)
Similarly, the output voltages of the DG- and DG; are expressed as follows:
BR;+ X0, PR+X.0,
Vi 86 Fpe + =12 L2 s 7 B (3.24)
PR .+ X, BR.+X .0
,/:3 z!/p(‘('_}h 7 i V )QL?» s V _QJ (325)

a [

Because the active power sharing is always accurate in the steady state [62], so P; = P,. When we Assume

that DG, and DG: have the same droop coeflicients (mr: =me2, nor =ng: = ng) to simplity analysis. By solving
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the equations (3.11), (3.21), (3.23) and (3.24), the error of the reactive power sharing between the first and

second DG units can be expressed as follows:

- Q1 (Mu.u +X, _X|.-[]+ ‘FJ'(&RLI.LE +R, - er)
n,V

[

AQ (3.26)

where AX!.]J.E =X, =X, AR =R, - R,

L1LLZ ' i

Equation (3.26) indicates that both virtual resistance and inductance (R,, and .X,;) should be simultaneously
adjusted to compensate the mismatched line impedance among DGs in order to eliminate the reactive power
sharing error in equation (3.26). As a result, reactive power sharing is accurately achieved, and its dynamic
performance is guaranteed even if the load changes. In addition, the circulating current is suppressed due to
the balanced voltage drop between the DG and PCC.

The drop voltages across the virtual impedance in each DG are expressed in the abc reference frame by:

7
v\'rrh'.f: Rv.i iﬁ'ahru'+ L\'J" % (3 27)

These drop voltages are given in the dq reference frame as follows:

di, .
+ I~ @ i

Vi RI'U'J un vi dr wi g
& (3.28)
L, ..

L tai F

Vo= R‘__,,.s,q,.+ L, " +wl i,

The drop voltages across the virtual impedance in each DG are implemented in the dq reference frame as

oy by

i Vydi
L R, +sL | »@

shown in Fig. 3.14.

Fig. 3.14: Block diagram of the drop voltages across the virtual impedance in the dg reference frame

The new voltage references are obtained by subtracting the drop voltage across the virtual impedance from

the output voltage references obtained from the droop control loop in equation (3.15) as follows:

di
- oo I =
J vru'{_',r.’ﬁ i Vm’.r' Rw’ !M'r' Llu’ df + (oLI.'f J.fqi

(3.29)

; o R . L di.'(,u' L -
lr'l(_'.l’qrr'_ vc'ql' l'r'!.hp" vi df @ \'Jfl’r.’i

The schematic diagram of the fixed virtual complex impedance-based droop control method-based IMG is

shown in Fig. 3.15. The considered IMG is nearly similar to the one utilized in the previously section except
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that in this section a virtual complex impedance has been added to eliminate the lines mismatch through
adjusting the obtained voltage references from the droop which leads to accuracy reactive power sharing and

circulating current elimination.
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Fig. 3.15: Block diagram of three-phase VSI based DG of an IMG with fixed virtual complex impedance-based droop control

method

3.7. Simulation results

To verify the performance of the virtual complex impedance-based droop control method for the IMG, a
simulation test was performed using MATLAB/Simulink based on the block diagram shown in Fig. 3.15 with
the same parameters and loads that adopted in previous section (see Tables A.1 and A.2 in Appendix A). The
obtained simulation results are shown in Fig. 3.16 to Fig. 3.22.

Figs. 3.16 and 3.17 show the three DG units output active and reactive power sharing performance in the
four stages. These figures demonstrate that the virtual complex impedance-based droop control method for the
IMC can effectively meet the increases in load power demand. It ensures accurate sharing of both active and
reactive powers, minimizing overshoot during load changes and DG unit disconnection. Furthermore, Fig. 3.18
shows a significant reduction in reactive power sharing errors compared to the traditional droop control
method. However, as shown in these figures, these results cannot meet the required power sharing
performance. The power oscillations and reactive power sharing errors have not been completely eliminated.

Table 3.3 lists the absolute values of the reactive power sharing errors during the four stages.
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Fig. 3.16: Output active power of the three DG units

7000

o
S 4500
s
-
g 3100 AR
z 0, | o,
w 1800
bt
= 200
ol 0,

0 0s 1 15 2 25 3 35 4

Fig. 3.17: Output reactive power of the three DG units
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Fig. 3.18: Absolute value of the reactive-power sharing errors
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Table. 3.3: Absolute values of the reactive power sharing errors

Figs. 3.19 and 3.20, respectively, show the first phase line currents with their zooms in the four stages, as
well as the circulating currents of the three DG units. These figures demonstrate how the virtual impedance-
based droop control method mitigates the impact of line impedance mismatch, enabling the overall control of
the IMG to achieve line current equalization between the three DG units. This, in turn, reduces the peak values
of the circulating current between the three DG units in the four stages. The peak values of the circulating
currents escalate imperceptibly as the load power demand increases.

Table 3.4 lists the peak values of the circulating currents during the four stages. However, examining these
circulating current peak values reveals that the virtual impedance-based droop control method fails to deliver

satisfactory circulating current performance, especially after the first stage.
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Fig. 3.19: First-phase line current of the three DG units and their zooms in the four stages
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Fig. 3.20: Circulating currents

g:ﬁ;ﬂ;:éﬁﬁ; Stage | | Stage2 | Stage3 | Stage 4
Leei(A) 1 1.2 1.4 2
Tec 2(A) 1 0.9 1 /
Lee 3(A) 0.6 0.6 0.8 /

Table. 3.4: Peak values of the circulating currents

Figs. 3.21 and 3.22, respectively, display the RMS voltage values of the IMG and the output of the three
DGs. These figures show that both voltages follow the same profile, with a maximal IMG voltage drop that

does not surpass the system regulations.
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Fig. 3.21: RMS voltage of IMG
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Fig. 3.22: Output RMS voltage of the three DGs

The test results indicate that the fixed virtual complex impedance-based droop control method improves
power sharing, suppresses circulating current, and reduces reactive power sharing errors when compared to
the traditional droop control method. However, it fails to deliver satisfactory performance during load changes
because the virtual resistance and inductance values are not suitable in this case, which are challenging to
calculate in such cases.

In order to address the difficulties posed by the virtual complex impedance-based droop control method
that relies on its fixed parameters, and to further enhance reactive power sharing accuracy, circulating currant
elimination, and reduction of power oscillations, the following subsection introduces an adaptive virtual

complex impedance-based droop control method.

3.8. Proposed adaptive virtual complex impedance-based droop control method

One of the primary objectives of using virtual impedance is to ensure accurate reactive power sharing
among DG units. However, without an adaptive term, the system cannot adjust for real-time variations in
reactive power output and voltage conditions. This rigidity leads to persistent errors in reactive power sharing,
which not only affects the efficiency of the IMG but also its ability to maintain balanced power flows.

Adaptive virtual impedance is an advanced control technique crucial for modern microgrid operation [72].
It addresses the limitations of traditional impedance matching methods by dynamically adjusting the virtual
impedance of DG units to improve reactive power sharing accuracy and voltage stability. This is achieved by
incorporating real-time local measurements of each DG unit's output reactive power and voltage amplitude
into a formula with an adaptive coefficient. The calculated adaptive virtual impedance effectively modifies the
equivalent line impedance seen by each unit, compensating for mismatches that can negatively impact power
sharing and IMG stability. By enhancing reactive power sharing and mitigating line impedance mismatches
without requiring communication infrastructure, this locally implemented approach enables more reliable,
efficient and optimized IMG control compared to other methods. Adaptive virtual impedance control thus
represents a critical strategy for addressing impedance mismatch challenges in the pursuit of stable and high-
performance IMG operation. This method can dynamically adjust the virtual impedance based on real-time
local measurements of the DG output reactive power (Q;) and voltage amplitude (Vo). The adaptive term of

the virtual impedance is given by:

Azw'ri :Avari +ijva'ri (3.30)
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According to this equation, the adaptive virtual impedance can be expressed as:
Zyipi = Ry = ARy )+ jeX Ly + ALy, ) (3.31)

In order to eliminate the reactive power sharing error, the virtual resistive and inductive terms (AL.; and
AR,,;) are adaptively tuned as a function of the DG output reactive power and voltage amplitude as in the

following equations;

AL

e VQ- (3.32)

Cmax;

virt

ARN.”- = k\-‘k VQ (3 3 3)

cmaxi

The coefficients 4z and k»r represent the adaptive virtual resistive and inductive terms' coefficients,
respectively. AR, is oppositely tuned against the reactive power sharing error due to the counter impact
between P and Q in the IMG with complex line impedance. The virtual resistive term can adjust the damping
resistance to ensures accurate active power sharing during the transient and the steady state, as well as reducing
the power oscillations by damping the resonant frequency caused by the LC filter and system resonances [73].

The drop voltages across the adaptive virtual impedance in each DG are given in the dq reference frame

as follows:

+(L, +AL, )Q

1" : (Rl'l' T AR wr J
dt

virdi

vir )Idi - w(Lvi +: AI‘\'.r'r )ilfw'
) (3.34)
di,,

+a(L, +AL, )iy,
14

v

virgi T

(Rrr' = ARm- )ia’qi+ Ll'r’r'r’
The adaptive virtual complex impedance with their drop voltages in each DG are implemented in the dq

reference frame as shown in Fig. 3.23.

i’r 0 [V emaxil

mechanism

Adaptive complex
virtual impedance

Fig. 3.23: Block diagram of the drop voltages across the adaptive virtual complex impedance in the dq reference frame
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The new voltage references are obtained by subtracting the drop voltage across the virtual impedance from

the output voltage references obtained from the droop control loop in equation (3.15) as follows:

* di. "}
_ o I It .
Vc'!‘c-_'}i!i"' Veai Rr}'n'rl'di L\'r’n’ dt + ({'}L'I-f.l'llzfqi
(3.35)
* 3 d“iqi y
Vc'rc-'_,-‘qi': ]"‘c'qi' - R\'J'rr'fl’q:'_ L\'r‘n’ dt = Q}Lri'rf!fdi

The schematic diagram of the adaptive CVI-based droop control method-based IMG is shown in Fig. 3.24.
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Fig. 3.24: Block diagram of three three-phase VSI based DG of an IMG with adaptive virtual complex impedance-based droop
control method
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3.9. Simulation results of the proposed adaptive virtual complex impedance-based droop control
method

To verify the performance of the proposed adaptive virtual complex impedance-based droop control
method for the IMG, a simulation test was performed using MATLAB/Simulink based on the block diagram
shown in Fig. 3.24 with the same parameters and loads that adopted in previous sections (see Tables A.1 and

A.2 in Appendix A). The obtained simulation results are shown in Fig. 3.25 to Fig. 3.31.

Figs. 3.25 and 3.26 show that the adaptive virtual complex impedance-based droop control method focuses
primarily on improving reactive power sharing, but its benefits extend to active power sharing as well. The
proposed method improves reactive power sharing by dynamically adjusting the resistive and reactive terms
of the virtual impedance based on real-time local measurements, ensuring accurate and balanced power sharing
in the four stages, as well as can perfectly reduce the power oscillations, as shown in Figs. 3.25 and 3.26. Also,
these figures demonstrate that the proposed method increases system robustness and flexibility, allowing

effective response to varying operational conditions and minimizing power losses and inefficiencies. Overall,
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it fosters a more reliable, flexible, and efficient IMG operation, improving both the stability of the IMG and
quality of the power supply.
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Fig. 3.25: Output active power of the three DG units
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Fig. 3.26: Output reactive power of the three DG units

Fig. 3.27 shows a significant reduction in reactive power sharing errors because of the adaptive nature of
the proposed method, which addresses the inaccuracies observed with fixed virtual complex impedance-based
droop control method. By continuously tuning the virtual impedance to match real-time conditions, the system
minimizes reactive power sharing errors during the four stages, as shown in Table 3.3.

100

Reactive power errors (Var)

05 1 15 2 25 3 s 4
Fig. 3.27: Absolute value of the reactive-power sharing errors

iiii:g:ﬁ:;:r Stage | | Stage2 | Stage3 | Stage 4
£41(%) 0 0 0 0
£42(%) 0 0 0 0
eg(%) 0 0 0 /

Table. 3.5: Absolute values of the reactive power sharing errors

Figs. 3.28 and 3.29, respectively, show the first phase line currents with their zooms in the four stages, as

well as the circulating currents of the three DG units. The figures show how the adaptive virtual complex

impedance-based droop control method makes the flow of current more stable and efficient. Additionally, it

Master’s Thesis, Electrical Engineering Department, University of Msila, June 2024

52



Chapter 3. Adaptive virtual impedance-based droop control of an Islanded Microgrids

reduces the impact of line impedance mismatch, enabling more effective control of the IMG and equalizing

the line currents among the three DG units (Fig. 3.28). This, in turn, minimizes the differences that cause

circulating currents, which reduce the peak values of the circulating current between the three DG units in the

four stages as shown in Table 3.4.
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Fig. 3.28: First-phase line current of the three DG units and their zooms in the four stages
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Fig. 3.29: The circulating currents

Peak values of the

circulating currents Stage | | Stage2 | Stage3 | Stage4
]cd(A) 0.7 0.7 0.8 1
Lee5(A) 0.3 0.4 0.4 /

Table. 3.6: Peak values of the circulating currents

Figs. 3.21 and 3.22, respectively, display the RMS voltage values of the IMG and the output of the three

DGs. These figures show that both voltages follow the same profile, with a maximal IMG voltage drop that

does not surpass the system regulations. This shows that the proposed adaptive impedance-based droop

control method has a very small effect on the IMG voltage and does not cause any deviation.
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Fig. 3.31: Output RMS voltage of the three DGs
3.10. Conclusion
This chapter reports the IMG control methods based on the concepts of the traditional droop control
method, the virtual complex impedance-based droop control method, and an adaptive virtual complex
impedance-based droop control method. The power model of the IMG is established, the reactive power
sharing errors are analyzed, and the concepts of the three control methods in the dq reference frame are also
established. After a brief introduction to the IMG, the first part of this chapter focuses on the IMG system

description and the design of the traditional droop control method.

The second part of this chapter talks about how to use the virtual complex impedance-based droop control
method to get rid of problems like inaccurate power sharing, power coupling, power overshoot, power
oscillations, and circulating currents that happen with the traditional droop control method. Simulation results
using MATLAB/Simulink confirm that the virtual impedance-based droop control method is completely
possible for controlling the three parallel VSI-based DG units of the IMG. The method enhances power
sharing, eliminates power overshoot, and eliminates circulating current in situations where line impedances
are mismatched. However, the results obtained from this method demonstrate that any change in the IMG's
structure, such as a change in load, swiftly erases these performances. There is one problem with this method:
it can only use the resistive and inductive values that were chosen for the ideal IMG scenario. This means that

it can't adapt to any changes in the structure of the system.

In order to address this issue and improve the performance of the IMG, an adaptive virtual complex
impedance-based droop control method based on the output reactive power and voltage amplitude of each DG

unit is applied in the third part of this chapter. The method's results significantly enhance the control
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performances of the IMG. The system shares the active and reactive powers equally with few oscillations. It

also gets rid of the three DG units' reactive power errors and stops the circulating currents completely.
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Chapter 4

Validation of the proposed control method via
Hardware-In-the-Loop (HIL) real-time
simulations using OPAL RT OP5700

4.1. Introduction:

Hardware-in-the-Loop (HIL) real-time simulation 1s a powerful technique that has gained significant
importance 1n the development and validation of complex systems, particularly 1n the field of power systems
and microgrids. It provides a versatile and cost-effective approach to testing and refining control algorithms,
software components, and system models before deploying them on actual hardware or in real-world

environments [02].

In the context of microgrids, HIL real-time simulation plays a crucial role in the design, evaluation, and

optimization of various control strategies, energy management algorithms, and protection schemes. It allows

researchers and engineers to simulate the behavior of the entire microgrid system, including distributed

energy resources, energy storage systems, power electronic converters, and loads, 1n a virtual environment

that accurately replicates real-time dynamics [74, 75].

The HIL real time simulation setup typically consists of a real-time digital simulator (RTDS) or a
powerful computing platform capable of executing complex microgrid models and control algorithms 1n real-
time. Within this simulation environment, the control software or algorithm under development 1s integrated
and tested against the simulated microgrid model, enabling comprehensive evaluation and refinement of the

software's performance under various operating conditions and fault scenarios.
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By leveraging HIL real-time simulation, researchers and engineers can:

1.

Develop and test advanced control strategies for microgrids, such as energy management systems,
power tlow control, and protection schemes, 1n a safe and controlled virtual environment.

Evaluate the performance and robustness of control algorithms under various scenarios, including
renewable energy fluctuations, load changes, and different microgrid configurations.

Optimize control parameters and fine-tune algorithms based on simulation results, reducing the need
for costly hardware prototyping and field trials.

Investigate the impact of communication delays, data losses, and other real-time constraints on the
performance of control algorithms, enabling the development of more robust and resilient solutions.
Facilitate the integration and testing of multiple software components, such as energy management

systems, protection relays, and data acquisition systems, within a unified simulation environment.

HIL real-time simulation 1s particularly valuable for the development and validation of microgrid control

systems, as 1t allows for extensive testing and refinement of software components betore deploying them on

actual hardware platforms or 1n real-world microgrids. This approach reduces the risk of failures, ensures

reliable operation, and accelerates the development cycle, ultimately contributing to the widespread adoption

of resilient and sustainable microgrid solutions.

4.2. Devices-based SIL real-time simulations

In SIL real-time simulation for power systems and microgrids, various devices and components are

typically used to create the simulation environment. The key devices involved in SIL real-time simulation

include [76]-[78]:

4.2.1.

4.2.2.

Real-Time Digital Simulator (RTDS)

RTDS 1s a powerful and widely used real-time simulation platform specifically designed for power
systems and microgrids.

It consists of modular hardware components, such as processor cards, input/output (I/0) cards, and
communication intertaces, that work together to execute complex power system models 1n real-time.
RTDS provides a high-fidelity simulation environment capable of modeling various components like

generators, motors, power electronic converters, and control systems.

Industrial-grade Computing Platforms

In some cases, instead of dedicated RTDS hardware, industrial-grade computing platforms with high

computational power and real-time operating systems (RTOS) are used for SIL simulations.

Examples 1nclude PC-based systems with multi-core processors, field-programmable gate arrays

(FPGASs), or specialized real-time computers from vendors like National Instruments (NI) or dASPACE.
These platforms run real-time simulation software, such as MATLAB/Simulink Real-Time or

LabVIEW Real-Time, to execute the microgrid models and control algorithms.
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4.2.3. Simulation Software

e Various simulation software tools are used to model and simulate the microgrid components, control
algorithms, and power system dynamics.

e Examples include MATLAB/Simulink, PSCAD, PSLF, DigSILENT PowerFactory, and RTDS
Software.

e These software tools provide libraries of pre-built component models, as well as the ability to create

custom models using programming languages or graphical block diagrams.

4.2.4. Human-Machine Interface (HMI)

e HMIs, such as touchscreen displays, control panels, or dedicated software interfaces, are used to

interact with the SIL simulation environment.

e They allow researchers and engineers to monitor and control the simulation parameters, visualize

system outputs, and introduce disturbances or faults for testing purposes.
4.2.5. Data Acquisition and Communication Interfaces

e Data acquisition devices, such as analog-to-digital converters (ADCs) and digital input/output (1/0)
modules, are used to interface the simulation environment with external hardware or control systems.
e Communication interfaces, such as Ethernet, serial ports, or fieldbus protocols (e.g., Modbus, CAN),

enable the exchange of data between the simulation platform and external devices or control systems.
4.2.6. Signal Conditioning and Amplification Devices

In some cases, signal conditioning and amplification devices may be required to interface the stmulation

platform with external hardware or control systems operating at different voltage or current levels.

These devices and components work together to create a comprehensive SIL real-time simulation
environment, enabling researchers and engineers to develop, test, and validate control algorithms, energy

management strategies, and protection schemes for microgrids betore deploying them in real-world systems.
4.3. Types of Real-Time Digital Simulators

RTDSs are specialized hardware platforms designed specifically for real-time simulation of power
systems and related applications. Several vendors offer RTDS solutions, each with their own unique features

and capabilities. Here are some of the main types of RTDS available on the market [77, 78]:
4.3.1. RTDS Technologies

RTDS Technologies 1s a leading provider of real-time power system simulation solutions. Their flagship
product, the RTDS Simulator that comprises modular hardware like processor cards, I/O cards, and
communication interfaces. Widely used in academia, research, and industry, the RTDS simulator enables
microgrid simulation, hardware-in-the-loop (HIL) testing, and power system studies. With 1ts high-fidelity
simulation capabilities, i1t allows accurate modeling, control strategy testing, and performance validation of

complex power systems under realistic conditions.
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4.3.2. OPAL-RT Technologies

OPAL-RT Technologies provides real-time simulation solutions for motor control and power system
applications, including microgrid simulations, such as the OP4510 and OP5707 RTDS platforms. Their

solutions are often used with MATLAB/Simulink for model development and real-time execution. This

integration allows for comprehensive testing, validation, and optimization of microgrid control strategies and

system integration before practical deployment.
4.3.3. Typhoon HIL

Typhoon HIL 1s a company specializing in HIL testing solutions for power electronics and power

systems. Typhoon HIL designs their RTDS products, such as the HIL402 and HIL604, for power converter
testing, microgrid simulations, and other power system applications. They are known for their high-fidelity
stmulations and ability to work with a wide range of software tools. Typhoon HIL solutions let you test
power electronic parts, control algorithms, and system integration in a simulated environment before

practical deployment.

4.3.4. Triphase

Triphase provides real-time simulation solutions for power systems, including microgrids, and renewable
energy applications. Triphase designs their RTDS plattorms, such as the PM1000 and PM4000, for
hardware-in-the-loop testing, controller validation, and power system studies. Research and development
projects related to microgrid control and grid integration widely utilize Triphase solutions, which facilitate

high-fidelity simulations, control algorithm testing, and system validation prior to practical deployment.
4.3.5. dSPACE

dSPACE 1s a renowned company specializing in real-time simulation solutions for power electronics and

power systems. Power system applications commonly use dSPACE's RTDS platforms, like the DS1007 and

DS 1006, for HIL testing, rapid control prototyping, and model-based design. Betore real-world deployment,

dSPACE's solutions enable high-fidelity simulations, validate control algorithms, and conduct system
integration testing.

These are just a few examples of the various RTDS vendors and platforms available on the market. The
choice of RTDS solution often depends on factors such as the specific application requirements, budget,
integration with existing software tools, and the desired level of fidelity and tflexibility in the simulations. In
this chapter we use the OP5700 RTDS platform to validate the performance of the proposed adaptive

complex virtual impedance-based droop control for IMG. It is the entry level simulator from OPAL-RT, 1t 1s
a FPGA and Intel based simulator [79].

4.4. OPAL-RT OP5700 real-time simulator

To validate the results obtained as part of this master thesis, we used the OP5700 real-time
simulator. Even without a physical prototype, digital real-time simulation (DRTS) 1s more rigorous

and representative of actual behavior. This simulator offers several advantages; the ability to
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simulate MATLAB/Simulink models 1s one of its key strengths. You can easily convert and
compile a Simulink model without rewriting code by making some modifications and adding new
blocks. We have developed several Simulink blocks to facilitate interfacing with the most
commonly used I/O cards. The simulator heavily relies on existing communication technologies
such as TCP/IP, UDP, and FireWire, which are known and reliable technologies, ensuring system
flexibility. The simulator's substantial computing power allows for the simulation of complex

models in small time steps.

There are two components to the OPAL-RT OP5700 simulator, as shown in Fig. 4.1. The software-
containing Host Station (Modeling environment) component enables you to manage the simulation,
communicate with the simulated system, and observe the results. The second component, known as the target
station (real-time simulator), comprises a supercomputer with up to 64 cores, modulated by digital, analogy,
and 1/0 cards, along with FPGA and analogy-digital converter modules. The model to be simulated will be 1n
this second section will contain the simulated model, which can be linked to a real prototype. Real-time

operating systems, such as RedHat or QN X, power target computer stations [30].
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Fig. 4.1: Communication protocol of the interfaces

4.4.1. OPAL-RT properties with RT-LAB OP5700 and HIL controller OP8660
4.4.1.1. Overview of OP5700

The OP5700 i1s a versatile, powerful system designed to meet complex simulation needs. It integrates

seamlessly with OPAL-RT's RT-LAB software to enable real-time simulation of various engineering

systems, providing an essential tool for researchers and engineers.
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Fig. 4.2: Picture of OPAL-RT OP5700
4.4.1.2. Architecture of the OP5700 [81]

The OP5700 is a complete simulation system. It contains a powerful target computer, a high-end
recontigurable FPGA, signal conditioning for up to 256 I/O lines and 16 high-speed tiber-optic SFP ports.
The design makes it easy to use with standard connectors (DB37, RJ45 and mini-BNC) without the need for
input/output adaptors and allows quick connections for monitoring I/O signals. It is designed to be used

either as a desktop, shelf top, or mounted 1n a standard 19’ rack.

The front of the chassis allows for access to monitoring interfaces, connections, and SFP sockets.
Conversely, the rear of the chassis allows for access to the standard connectors, 1/0 connectors, power cable,

and main power switch of the target computer.
Inside, the main housing 1s divided into two portions, as shown 1n Fig. 4.3, each with a specific purpose:

The bottom portion of the chassis houses the target computer, which can be integrated into a network of

simulators or operated independently. This target computer, utilized for executing simulations created with

OPAL-RT's RT-LAB or HYPERSIM software, features an ATX motherboard, a Linux-based real-time

operating system, an Intel Xeon ES CPU with 4, 8, 16 and 32 processor cores up to 3.2GHz, 10MB Cache
Memory per 4 cores, up to 32GB of DRAM, a 512GB SSD disk, and 6 PCle slots used to connect the

internal FPGA board and PCle or PCI third party I/0 and communication cards.

The top portion of the chassis houses the FPGA and the I/O conditioning modules. It features a Xilinx
Virtex 7 FPGA programmable from the target computer via PCle, which 1s used to execute models designed

with the OPAL-RT RT-XSG tool, manage the I/0 lines, and execute embedded FPGA-based simulations by

exchanging data with the real-time simulations running on the target computer CPUs via the PCle link. It

also includes a flat carrier board capable of connecting any combination of up to 8 digital and analog
conditioning modules, with each module controlling 16 or 32 lines for a total of up to 256 1/0O lines, as well

as 16 SFP ports for high-speed communication with other FPGA-based systems or with external devices.

The standard communication protocols available with the OP5707 are based on Xilinx® Aurora (1 to 5

Gbps). Other protocols, such as the Gigabit Ethernet, can also be implemented.

These SFP ports can be used to expand the simulator’s I/O capability using OPAL-RT’s Multi-System
Expansion link (MUSE)2: each port can be connected to one OPAL-RT remote I/O unit (OP4520, OP5607
or OP4200), effectively increasing the simulator I/O capability to a maximum of 4096 channels. SFP ports
not used for MUSE remain compatible with the legacy Generic Aurora link. The MUSE link is compatible

with OPAL-RT boards I/O management architecture.
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Fig. 4.3: Architecture of the OP5700 simulator

The OP5700 real-time simulator 1s designed with a comprehensive array of front and rear connectors to
ensure robust connectivity and ease of use. These connectors facilitate interaction with various external
devices, ensuring that the OP5700 can be effectively integrated into a wide range of simulation and testing

environments.

4.4.1.2.1. Front Connectors of OP5700

The OP5700 system's front panel structure 1s shown in Fig. 4.4.
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Fig. 4.4: Front panel structure of OP5700 simulator

The OP5700 simulator's front panel 1s equipped with various connectors designed to facilitate high-speed

communication, monitoring, and synchronization. These connectors include:
A. RJ45 Connector Panels: These provide connections for monitoring signals from mezzanine 1/0
boards. Each RJ45 connector 1s linked to the front and back mezzanines on the carrier board. For

analog mezzanines, channels 0-15 use the first column of connectors, while digital mezzanines
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utilize both columns, covering channels 0-15 1n the first column and channels 16-31 in the second
column.

B. 16 SFP Ports: These small form-factor pluggable ports are controlled by the FPGA, enabling high-
speed communication with other simulator FPGAs or third-party devices. Each SFP socket controls
one communication link. The SFP transceivers and optical fiber cables should be selected based on
the type and speed of the communication protocol implemented i1n the FPGA. For MUSE link,
specific SFP and cable types are required.

C. Synchronization Connectors (SYNCHRO): This includes fiber optic and audio synchronization
connectors, along with a series of four LEDs on the front panel to display the device status. These
LEDs indicate the status of synchronization transmission (Tx), reception (Rx), master/slave mode
(M/S), and power (PWR).

D. USB Connector for JTAG Programming: This USB port is used for JTAG programming in the
event of lost or damaged FPGA configuration, providing an essential interface for maintenance and
updates.

E. Monitoring RJ45 Connectors with Mini-BNC Terminals: These connectors allow for quick
connections to monitoring devices like oscilloscopes. RJ45 cables connect from a channel on the
RJ45 panel to one of four RJ45 monitoring connectors. Mini-BNC connectors enable fast and easy
connections to monitoring equipment.

F. Target Computer Monitoring Interface: This interface includes two push buttons for power and
reset functions of the target computer, along with six LED indicators. These LEDs provide
information on power status, hard disk drive activity, network port usage, power faults, and
overheat/fan failure conditions.

G. LED Indicators: The LEDs associated with the SFP channels light up to indicate channel activity.
Green LEDs indicate the presence and activity of SFP transceivers, while red LEDs signal
transmission faults or reception loss. This comprehensive array of front panel connectors and
indicators ensures that the OP5700 system can be effectively monitored and maintained, facilitating

robust and high-performance simulation operations.

4.4.1.2.2. The rear Connectors of OP5700

The OP5700 system's rear panel structure 1s shown in Fig. 4.5.
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Fig. 4.5: Rear panel structure of OP5700 simulator

The rear connectors of the OP5700 simulator provide additional functionality and expandability. These
connectors include:

A. DB37F 1/0 Connectors: Used for input/output operations, these connectors facilitate the

integration of external devices and systems with the simulator.
B. Power Reset and +5/+12V Power Source Connector: This connector includes a pushbutton reset
for overcurrent protection and micro fit connectors for SV or 12V power sources, which are used

for testing I/O functionality.
C. Ground Screw: Ensures the simulator is properly grounded to prevent EMI-related damage,

enhancing the reliability and safety of the system.

D. Power Connector and Power On/Off Switch: Provides the main power connection to the
simulator and includes a switch for turning the system on and off.

E. Standard Computer Connectors: These include ports for the mouse, keyboard, USB devices,
monitor, and network connections, facilitating easy integration with standard computer peripherals.

F. Low-profile PCle Slots: These slots provide expandability for additional PCle cards, allowing
users to enhance the simulator's capabilities with third-party I/O or communication boards.

4.4.1.3. Advantages of using OP5700 RT-LAB

High Performance: The combination of a powerful CPU and FPGA ensures that the OP3700 can
handle complex simulations with high fidelity and 1n real time.

Scalability: With the capability to expand I/O lines and integrate with multiple systems, the OP5700
provides a scalable solution for various applications.

Ease of use: Standard connectors and user-friendly interfaces simplify the setup and operation of
simulations, reducing the learning curve for new users.

Versatility: The OP5700 supports a wide range of applications, from power systems to automotive
testing, making it a versatile tool for engineers across different fields.

4.4.2. Overview of OP8660 HIL controller and Data Acquisition Interface [32]
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The OP8660 HIL controller 1s a sophisticated and versatile hardware component designed to support

hardware-in-the-loop (HIL) simulations. This controller 1s engineered to work seamlessly with OPAL-RT's
real-time simulators, such as the OP5700 series, providing advanced data acquisition, signal conditioning,
and I/O capabilities essential for accurate and reliable real-time simulation and testing. The photo of the

OP8660 HIL controller is shown in Fig. 4.6. It has the following features:
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Fig. 4.6: OP8660 HIL controller and data acquisition interface

e High Voltage and Current Measurements:
The OP8660 can handle voltage measurements up to 600V and current measurements up to 15A, making
it suitable for high-power applications like motor drives, power converters, and energy systems.

e Analog and Digital 1/0:

The controller offers multiple channels for both analog and digital inputs and outputs, facilitating
comprehensive system testing and enabling precise control and monitoring of various simulation parameters.
e Encoder Inputs and Inverter Outputs:

Specialized connectors for interfacing with motor control systems and other applications requiring
precise position and speed feedback.

e Integration with Real-Time Simulators:

Designed to complement the OPAL-RT real-time simulators, the OP8660 enhances the overall
simulation capabilities by providing robust I/O support, thereby extending the functionality and application
range of the simulators.

4.4.2.1. The front panel of the OP8660

The OP8660 system's front panel structure is shown in Fig. 4.7.
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Fig. 4.7: Front panel structure of OP8660 HIL Controller

The front panel of the OP8660 HIL simulator provide additional functionality and expandability. These
connectors include:

A. 6 Pulse Inverter Output (DB9 connector) - Used to send control pulses to the motor.

B. Encoder Input Connector - Reads motor speed and position using differential ABZ encoder signals.

C. Analog and Digital Input/Output Monitoring Connectors - For each channel (16 analog or 8 digital).
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D. High Current Probe Connectors - Maximum 15 A AC, with red and green LEDs indicating channel

activity.

E. High Voltage Probe Connectors - Maximum 600 V, with red and green LEDs indicating channel

activity.

F. Power Switch and Ground Connector - For powering the device on and oftf and grounding.

4.4.2.2. The rear connectors of OP8660

The OP8660 system's rear panel structure 1s shown in Fig. 4.8.

DIGITAL OUTPUTS 1.8 INVERTER SIGNALS :

V] o Vel L
c2 C6

DIGITAL INPUTS 1.8 NOT CONNECTED

]

11,18 & E1. ES ANALDG INFUT 1,18
4 c2

191 _E 16 ANALOG OUTPUT 116  °
LA R RL R RE LS ] l+rli+q :
LR R TR L PR LR ]

=
ki
L4 | =
m
(7]

Figure 3: OP8660 rear connector panels

Fig. 4.8: Rear panel structure of OP8660 HIL Controller

The rear panel of the OP8660 includes the following connectors:

A. Power Connection Port and Switch - For connecting to the power supply and turning the device on

and off.
B. Main LEDs - Indicate various power statuses:
e +12V: Indicates DC-DC power supply status.
e +5V: Indicates inverter power supply status.
e 15V: Power supply status for current and high voltage probes.

e -15V: Power supply status for current and high voltage probes.

C. DB37F I/0O Connectors (Cl1 to C8) - For various input and output connections (refer to "Pin

Assignments” for details).

D. Fuse Box - Contains the fuse for the device, with specifications and cautionary information regarding

replacement.

4.5. The steps for using RT-LAB [83, 84]

The process of complete execution in RT-LAB involves several key steps. Initially, the Simulink model

must be integrated into RT-LAB, necessitating modifications to regroup the model into subsystems,

specifically the console subsystems (SC) and master subsystems (SM). OpComm blocks are added to these

subsystems to manage communication. The SC subsystems include user interface elements like scopes and

displays, while SM subsystems handle computational tasks such as mathematical operations and 1/0 b

After these modifications, RT-LAB communication protocols are configured, and the model is bui

ocks.

t and
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compiled. This compiled model 1s then loaded onto the OP5700 real-time simulator, which executes the

master subsystems. The system connects to external hardware, processes signals, and manages real-time

operations. The final steps involve running the model in RT-LAB, monitoring the hardware interaction, and

ultimately stopping the execution to collect and analyze results in MATLAB.

4.5.1. Grouping the Simulink model into subsystems

In the context of using OPAL-RT OP5700 RT-LAB for real-time simulation, grouping into subsystems 1s

a critical step to manage the complexity of the model, enhance modularity, and ensure efficient simulation

execution. In this process, we organize the overall model into smaller, manageable units known as

subsystems, each of which represents a specific part of the simulated system. Typically, we categorize the

subsystems as SM (main calculation subsystem) and SC (graphical user interface subsystem).

SC_ Subsystems: handles the graphical user intertace (GUI) operations. It does not perform
calculations itself, but rather runs on the PC to provide a console interface for data exchange
with the base station's Windows operating system. This subsystem operates asynchronously,
at a lower frequency than the calculation subsystems. Its main purpose 1s to display
information such as scopes, status indicators, constant values, and manual control switches
to allow the user to monitor and interact with the system.

SM_Subsystems: serves as the system's primary calculation engine and executes
synchronously at the chosen calculation step rate, allowing for real-time or accelerated
calculations. This subsystem handles the core mathematical logic, signal generation,
input/output operations, and physical modeling required for the application. To maximize
performance, the SM_subsystem uses the simulator's dedicated single CPU core for its

computational workload.

4.5.1.1. Benefits of Grouping into Subsystems

Modularity: Subsystems allow for a modular approach to modeling, where each part of the system
can be developed, tested, and debugged independently. This modularity simplifies maintenance and
updates to the model.

Parallel Development: By dividing the system into subsystems, different teams can work on
various parts of the model simultaneously. This parallel development can significantly reduce the
overall development time.

Simplified Testing and Debugging: Subsystems can be tested individually before being integrated
into the complete model. This approach helps in 1solating and resolving 1ssues more effectively.
Resource Management: Subsystems enable better management of computational resources. Each
subsystem can be allocated specific resources, ensuring that the overall simulation runs etficiently

without overloading any single component.
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e Reusability: Once a subsystem 1s developed and validated, i1t can be reused in different projects or
simulation scenarios, enhancing productivity and consistency across projects

e Scalability: Subsystems facilitate scalability of the model. As the system complexity grows, new
subsystems can be added without disrupting the existing structure.

4.5.1.2. Creating Subsystems

In RT-LAB, subsystems are created using graphical modeling tools. Each subsystem can be represented
as a block 1n the overall model, encapsulating its internal components and logic. As shown in Figs. 4.9 and
4.10, the model must contain only blocks grouped into subsystems. The arrangement of blocks within a
single block, known as a "subsystem", allows for the following:

e Simplify the model by grouping blocks;

e C(reate a hierarchical diagram:

e Keep blocks functionally linked together.

i in Out1 P In1 Out1

SC_gqui SM computation

Fig. 4.9: The two main subsystems that must be contain in a model.

o

»{ . , L
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_’_’ BTN g Ly .
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Fig. 4.10: Grouping of blocks into subsystems
4.5.1.3. Interfacing subsystems

Subsystems communicate with each other through defined interfaces. These interfaces can include signal
lines, data buses, and network connections, ensuring seamless integration of the subsystems into the

complete model
4.5.1.4. Mapping to hardware

Once the subsystems are defined, they are mapped to the hardware resources available. RT-LAB allows
for efficient allocation of CPU cores, FPGA resources, and I/O channels to each subsystem, optimizing the

simulation performance
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4.5.1.5. Synchronization and coordination

RT-LAB ensures that all subsystems are synchronized and operate in a coordinated manner. This

synchronization 1s crucial for maintaining the real-time performance of the simulation, especially in complex

systems with multiple interacting subsystems.

4.5.2. Adding OpComm blocks

In RT-LAB, OpComm blocks are essential components used for communication between subsystems
and for managing the data exchange in a real-time simulation environment. These blocks facilitate the
transfer of signals and data between different parts of the model, ensuring synchronization and coordination

across the entire simulation. The OpComm blocks are added to the Simulink model as follows:

1. Start by opening your RT-LAB model in the Simulink environment and ensure that the Simulink model
1s well organized, with clear definitions for each subsystem.

2. Navigate to Simulink's RT-LAB Library, locate the OPCOMM blocks, and drag them to the appropriate
locations in your Simulink model, as shown in Fig. 4.11. Generally, you should position these blocks on

the interfaces where the subsystems require data exchange.

Loranes Library RT-LAB  Search Resulls: (none) | Most Frequ
P VT : |

o
- j '.ﬂ*'ﬂ 'ﬂ- r - L)
B O5P System Tooko Cormmy~snteon e Cata_ogg gy
I HI-FVENTS
-.r-l-l 'FI

i int Out! | — P Int Out1

SC_gui SM _computation
Fig. 4.11: Adding the OpComm Blocks of the RT-LAB library under MATLAB/Simulink

To load and process the model on the RT platform, you must insert or add an 'OpComm' block,
responsible for communication from the RT-LAB library, available in the Simulink® library browser after
RT-LAB 1nstallation. Place it either between two calculation subsystems, or between a graphical interface
subsystem and a calculation subsystem. Next, place an OpComm inside each SM and SS subsystem, as
1llustrated 1n Fig. 4.12.

All subsystem inputs (SM, and SC) must first pass through an OpComm block betore any operation on

the signals with which they are associated. We 1install the OpComm block after creating and renaming the

subsystems (SM and SC).
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Fig. 4.12: OpComm inserted in both subsystems (SM and SC)

Fig. 4.13 shows the different connections between different subsystems through the OpComm.

1 E—. _..,..-

SS computation2

SM computationl SC_ GUI

Fig. 4.13: Communication between subsystems via OpComm (red=synchronous, blue=asynchronous)

Fig. 4.14 illustrates how the calculation subsystems are assigned to the simulator's cores (CPU). The

calculation subsystem 1s, of course, attributed to the Host PC.

Real4me mrget Hos1 PC

Fig. 4.14: Processing of OpComm and occupation of the simulator’s CPU cores and Host PC

4.5.2.1. Configuration the OpComm blocks

Configure the OpComm blocks according to the requirements of your simulation. This includes setting
parameters for data types, signal names, and communication protocols. Ensure that the configurations match

the needs of the subsystems involved.

4.5.2.2. Connect subsystems

Use the OpComm blocks to connect the subsystems. Draw lines between the output ports of one
subsystem and the input ports of another, using the OpComm blocks as intermediaries. This setup will

facilitate the flow of data between subsystems.
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4.5.2.3. Verify connections

Double-check all connections to ensure that data paths are correctly established. Verity that the

OpComm blocks are configured properly and that there are no mismatches in data types or signal names.

4.5.2.4. Test the model

Run a simulation test to ensure that the OpComm blocks are functioning as expected. Monitor the data

exchange between subsystems to confirm that the communication 1s synchronized and accurate.

4.5.3. Adding Input-Output Blocks in RT-LAB

In RT-LAB, mnput-output (I/0) blocks are essential for interfacing the simulation model with external
hardware and for managing the data exchange within the simulation environment. These blocks facilitate the
transfer of signals and data between the model and real-world devices, ensuring accurate and real-time

Interaction.

4.5.3.1. Purpose of Input-Output Blocks

e Data Acquisition: I/O blocks allow the simulation to acquire data from external sensors and
measurement devices. This data can be used to inform the simulation and ensure that 1t accurately
reflects real-world conditions.

e Signal Generation: These blocks are used to generate signals that can be sent to actuators, controllers,
and other devices. This capability 1s crucial for testing and validating control algorithms and system
responses.

e Real-Time Interaction: I/O blocks enable real-time interaction between the simulation model and
external hardware, allowing for hardware-in-the-loop (HIL) testing and rapid control prototyping (RCP)

e Synchronization: They ensure that the data exchange between the model and external devices is
synchronized, maintaining the real-time performance of the simulation.

The adding of I-O Blocks in RT-LAB 1s as follows:

1. Start by opening your RT-LAB model in the Stimulink environment. Ensure that your model 1s properly
structured and that the locations for the I/0 blocks are identified.

2. Navigate to the RT-LAB library in Simulink. Locate the input-output blocks suitable for your
application and drag them into the model. These blocks can be found under categories such as Analog
Input, Analog Output, Digital Input, Digital Output, etc.

3. Configure each I/O block according to the specifications of your external hardware. This configuration
includes setting parameters such as channel numbers, signal ranges, sampling rates, and data types.
Ensure that the configurations match the capabilities and requirements of the external devices.

4. Use the I/O blocks to connect your subsystems to the external hardware. Draw lines from the outputs of
sensors or measurement devices to the input blocks, and from the output blocks to the inputs of
actuators or controllers.

S. Double-check all connections to ensure they are correctly established. Verity that the I/O blocks are
properly configured and that there are no mismatches in data types or signal ranges.

6. Conduct a test simulation to verify that the I/O blocks are functioning correctly. Monitor the data
exchange between the model and the external hardware to confirm that the interaction 1s accurate and
synchronized.
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By integrating [-O blocks into your RT-LAB simulations, you can achieve a more interactive and
realistic simulation environment, capable of interfacing with external hardware and performing real-time

testing and validation efficiently.

4.5.4. Preparation of a model [02]:

Initially, we need to run the RT-LAB program and establish a new project, as shown in Fig. 4.15.

e In the menu: File> New> RT-LAB Project,

e From the Project Explorer view.
e (Give a project name, then click on “Next” to add an example model at RT-LAB project. Click on

“Finish” to create an empty project and add manually A model.

The process for adding an example model to the project under RT-IAB is depicted in Fig. 4.16.
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Fig. 4.15: Main window after launching the RT-LAB software
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Fig. 4.16: Steps for adding an example model to the project in RT-LAB

The RT-LAB menu also allows us to add an example of an existing model in the project. As an example,

CA\OPAL-RT\RT-LABx.x.x\Examples, shown in Fig. 4.17.
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Fig. 4.17: Windows for adding a model to the project under RT-LAB

As shown in Fig. 4.18, you can also add a new blank model to the project or subsystem by:

e File > New > RT-LAB Model
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Fig. 4.18: Creation of a new blank model for the project under RT-LAB

Given that the project can include an existing user model:
Add (a link): Click "Add" to modify the original model.
To duplicate the model into the workspace, you may also use Import:

These manipulations are shown in Fig. 4.19.

& RT-LAB
File Edit MNavigate Search Simulation Run Tools Winc

| Fi~ B E>aQl w@s |~
() Project Explorer 52 = 5

- Q "o

v s Targets
wiy localhost
als TARGET
v 22 Projet
{# Models
ae Creoi

"o Progress | 5y Refresh Fs
Simulation »

"%  Quick Start-up project

Master’s Thesis, Electrical Engineering Department, University of Msila, June 2024



Chapter 4. Validation of the proposed control method via Hardware-In-the-Loop (HIL) real-time simulations using OPAL RT OP5700

Fig. 4.19: Window to “Add” or “Import” existing models
Once the project 1s created, the model added or added, we open the model by deftault with the specitied
version of MATLAB/Simulink. Using: “Edit”, the model will be edited and explore under a chosen version
of Matlab/Simulink. And the model opens. The Fig. 4.20 shows this procedure more.
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Fig. 4.20: "Edit" and selection the MATLAB/Simulink version to open the model

So far, the simulator (Hard) 1s not operational, we must establish the connection between the PC and the

simulator via the “Add a target” target menu:

e Manually, using the IP address.

e Using discovery targets (automatic search for accessible targets). “Discover target”.

Knowing that we have already configured the network data of the IP addresses, because the “host” PC

and the target must be connected via Ethernet with a compatible IP address.

The address of the target: “192.168.10.101” and that of the PC “192.168.10”. valid for OP5700. This step
is 1llustrated in Fig. 4.21.
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Fig. 4.21: Windows of the activation of target “PC-Simulator”

4.6. Build and execution of a Simulink model in real time

To build a Stimulink model in RT-LAB, follow these steps:

4.6.1. Select the '""Build'' Menu

Choose the appropriate development platform, including software versions and target platforms.
Divide the model into several .mdl files corresponding to the top-level subsystems (such as SM, and
SC).

Generate C Code: RT-LAB generates C code from the Simulink models.

Transfer the Generated C Code: The generated code is transferred for building.

Build the C Code: The target compiler compiles and links the files to create a real-time executable.
Transfer the Built Model: The executables are transferred back to the host computer for execution.

Figure 2.22 in the document illustrates the model building phase with RT-LAB.

These steps ensure that the model is ready for real-time execution, enabling effective simulation and

testing of systems in a controlled environment.
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Fig. 4.22: Building a model in RT-LAB

4.6.2. Load and execute the model on the target

To load and execute the model on the target, they are four steps need to follow:

Select the simulation mode: Simulation, Software Synchronized, or Hardware Synchronized;
Launch the "Load" menu to load the model; a console window will appear;

Launch "Execute" or "Run" to start the real-time execution of the model on the simulator;
To end the real-time simulation and record results or reset the model, activate "Reset".

iy B

Figs 4.23 and 4.24 illustrate the execution and resetting ot the model.
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Fig. 4.23: Model execution and console generated by RT-LAB in MATLAB/Simulink
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The “Reset” order stops the simulation, it does not restart the simulator, after this step the model is in
“1dle” state
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Executing
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Fig. 4.24: Simulink console saved results generates after reset

4.7. Hardware-in-the-Loop (HIL) real time simulations

Hardware-in-the-Loop (HIL) real time verification of simulation results of the three methods produced in
Chapter 3 are presented in this section. The proposed adaptive virtual complex impedance-based droop
control method 1s tested in the real time digital simulator OPAL-RT. For the real-time simulation, the
Simulink model of each control method-based IMG that investigated in this thesis has been compiled with
RT-LAB software in order to convert the Simulink model to C language. The compiled model in RT-LAB of
each control method is loaded in OPAL-RT to verify this control method in real time. The Opal-RT-4510

testing system comprises target nodes, oscilloscope, host PC, real-time and Ethernet communication links,

and input and output boards. A picture of the lab setup can be seen in Figure 26. The power circuit, control

circuit, and load parameters used for the HIL real time verification are similar to those used in previous

simulations as described in Tables A.1 and A.2. The HIL real time validation 1s done for the three control

methods produced in Chapter 3.

4.7.1. HIL real time simulation results of the traditional droop control method

The real-time simulation results obtained using the traditional droop control method are displayed in
Figs. 4.25 to 4.29. Fig. 4.25 illustrates the active power outputs of the three DG units, Fig. 4.26 illustrates the
reactive power outputs of the three DG units, Fig. 4.27 shows the first phase line currents of the three DG
units, Fig. 4.28 displays the circulating currents between the three DG units, and Fig. 4.29 exhibits the RMS
voltage outputs of the three DG units.
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P:: 1,3 kW/div

Fig. 4.25: Output active power of the three DG units
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Fig. 4.26: Output reactive power of the three DG units
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Fig. 4.27: First-phase line current of the three DG units
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Fig. 4.28: Circulating currents

vi‘f ch

vc,?.

Fig. 4.29: Output RMS voltage of the three DGs

4.7.2. HIL real time simulation results of the virtual complex impedance-based droop control
method

The real-time simulation results obtained using the virtual complex impedance-based droop control
method are displayed in Figs. 4.30 to 4.34. Fig. 4.30 illustrates the active power outputs of the three DG

units, Fig. 4.31 1llustrates the reactive power outputs of the three DG units, Fig. 4.32 shows the first phase

line currents of the three DG units, Fig. 4.33 displays the circulating currents between the three DG units,

and Fig. 4.34 exhibits the RMS voltage outputs of the three DG units.

P: 1,3 kW/div

. N

Fig. 4.30: Output active power of the three DG units
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Q.: 1,2 kVar/div
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Fig. 4.31: Output reactive power of the three DG units

Fig. 4.32: First-phase line current of the three DG units
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Fig. 4.33: Circulating currents
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Fig. 4.34: Output RMS voltage of the three DGs

4.7.3. HIL real time simulation results of the virtual complex impedance-based droop control
method

The real-time simulation results obtained using the virtual complex impedance-based droop control
method are displayed in Figs. 4.30 to 4.34. Fig. 4.30 illustrates the active power outputs of the three DG
units, Fig. 4.31 1llustrates the reactive power outputs of the three DG units, Fig. 4.32 shows the first phase
line currents of the three DG units, Fig. 4.33 displays the circulating currents between the three DG units,

and Fig. 4.34 exhibits the RMS voltage outputs of the three DG units.

P;: 1,3 kW/div
P
P,
P,
. e
Fig. 4.35: Output active power of the three DG units
0;: 1,2 kVar/div 0,

/
i
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Fig. 4.36: Output reactive power of the three DG units
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Fig. 4.37: First-phase line current of the three DG units

Fig. 4.38: Circulating currents
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Fig. 4.39: Output RMS voltage of the three DGs

Upon scrutinizing the all-HIL real-time simulation results of the three control methods, it 1s observed that
the HIL real-time simulation results obtained for the three control methods are found to be similar to those
obtained with MATLAB/Simulink in Chapter 3. Furthermore, the HIL simulation results show the
superiority of the adaptive virtual complex impedance-based droop control method under the mismatch of
line impedance of three parallel DG units-based the investigated IMG. This includes power sharing, power

decoupling, power overshoot reduction, and power oscillation elimination, as well as circulating current

suppressions.
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4.8. Conclusion

In this chapter, a detailed description of the hardware-in-the-loop (HIL) real-time simulation using the

OPAL-RT OP5700 associated with the HIL controller OP8660 was presented, followed by HIL real-time

simulations of the three control methods produced 1in Chapter 3. As a result, the HIL real-time simulation
results of the three control methods demonstrate that the IMG, which i1s based on the adaptive virtual
complex impedance-based droop control method, successtully establishes control over active and reactive
power sharing, power decoupling, power oscillation elimination, and circulating current suppression.
Furthermore, the validation of the proposed adaptive virtual complex impedance-based droop control method
using the OPAL-RT simulator and HIL controller increased the value of its effectiveness. This implies that

implementing the suggested control method-based IMG 1n practical applications will be easy.
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General Conclusions

This master's thesis aims to enhance the control performance of VSI-based distributed generation (DG)
units in an islanded microgrid, focusing on power sharing, power decoupling, power oscillation reduction, and
circulating current eliminations, all while utilizing a decentralized method. The virtual impedance concept-
based droop control methods are a powerful way to improve the performance and power quality of IMGs. This
is especially true when power decoupling, accurate power sharing, and circulating currant suppression are very
important. However, these virtual impedance-based methods also have some limitations, including increased
control complexity and potential stability issues due to improper design or tuning of the virtual impedance. In
this context, we investigated an adaptive virtual complex impedance-based droop control method for three
VSl-based DG units in an IMG, and we validated its results using Hardwar-In-the-Loop (HIL) real-time
simulation and the OPAL RT OP5700 associated with the OP8660 HIL controller.

In the first chapter of this master's thesis, a brief overview of microgrids discussed in the literature was
presented, and then attention was focused on an IMG, which shows many advantages compared to the others,
including improved reliability and resilience, energy efficiency and reduced transmission losses, and economic
benefits, as well as its utilisation for power requirements in remote and isolated communities, critical
infrastructure and facilities (hospitals, data centres, military bases, and emergency services require a highly
reliable and uninterrupted power supply), and campus environments (Universities, research parks, and large

commercial or industrial complexes).

In the second chapter, we presented a comprehensive analysis of a three-phase voltage source inverter
(VSI) with LC filter used as a DG unit in the IMG. We divided this chapter into two main parts. In the first
part, we presented the mathematical model of a VVSI-based DG module, including the dynamics of both VSI
output current and capacitor voltages in different reference frames (abc, o, and dq). We use the model in the
dqg reference frame to develop the inner voltage and current controllers, employing PI controllers to manage
the output active and reactive powers and regulate the capacitor voltages. In the second part, we simulate the
three phase VSl-based DG unit using the designed controllers in MATLAB/Simulink environment.
Simulation results demonstrate that the VSI-based DG unit responds effectively in terms of output currents,
capacitor voltages, line currents, and active and reactive powers, as well as load power requirements under any
change. These results form the foundation for constructing an IMG with three VSl-based DG units in the
subsequent chapter, where an advanced control method is proposed to enhance power sharing, power

decoupling, and the elimination of circulating currents within the IMG.

Two virtual impedance-based droop control methods in the dq reference frame have been developed in the
third chapter to enhance the control performance of the IMG and their dynamic responses, including power
sharing, power decoupling, reduction of power overshoot and oscillation, and elimination of circulating
current. The first droop control method is based on the complex virtual impedance concept, and the second

droop control method is based on the adaptive complex virtual impedance concept. Simulation results using
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MATLAB/Simulink confirm that the virtual impedance-based droop control method is completely possible
for controlling the three parallel VSI-based DG units of the IMG. The method enhances power sharing,
eliminates power overshoot, and eliminates circulating current in situations where line impedances are
mismatches. However, the results obtained from this method demonstrate that any change in the IMG's
structure, such as a change in load, swiftly erases these performances. This method's main drawback stems
from the selection of the resistive and inductive values of the complex virtual impedance method in the ideal
IMG scenario, rendering it incapable of adapting to any changes in the system's structure. In order to address
this issue and improve the performance of the IMG, an adaptive virtual complex impedance-based droop
control method based on the output reactive power and voltage amplitude of each DG unit is applied. The
method's results significantly enhance the control performances of the IMG. The system shares the active and
reactive powers equally with few oscillations. It also gets rid of the three DG units' reactive power errors and
stops the circulating currents completely. It can be concluded that this control method yields favorable
performance and notable enhancements under line impedance mismatches and load changes when compared

to both the traditional droop control and the virtual complex impedance-based droop control method.

To validate and examine the performance of the adaptive virtual complex impedance-based droop control
method used for controlling the three VSI-based DG units of the IMG, HIL real-time simulations of the three
control methods are performed in the fourth chapter using the OPAL RT OP5700 associated with the OP8660
HIL controller. The HIL simulation results show complete similarity to those previously obtained by
simulations, further demonstrating the superiority of the proposed adaptive virtual complex impedance-based
droop control method. It's interesting to note that the HIL real-time simulations done with the OPAL RT
OP5700 and the OP8660 HIL controller pretty much match the real-time implementations. This result indicates

that the proposed control method is ready for practical implementation.

This master's thesis is open to a variety of future research avenues. We have listed some of the important

aspects of future research below.

o Practical implementation of the proposed control method,;
o Applications of new control methods, such as secondary control, for power sharing, voltage, and
frequency stabilization;

e Improvement of the IMG systems by using new power VSIs, such as multi-leg and multi-level VSils.
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Table A.1. Parameters of the system

Parameter value
Output RMS voltage 1; 325V
Nominal frequency f 50 Hz
DC bus voltage Vg 800V
Filter inductance s 4 mH
Filter resistance Ry 0.05Q
Filter capacitor Cr 140 puF
First line impedance Lz, R 1mH, 0.05 Q
Second line impedance Lrs, Rr2 0.5mH, 0.1 Q
Third line impedance L3, R;3 ImH, 0.1 Q
First load L1, R S50mH, 25 Q
Second load L-, R, 60mI, 20 Q
Third load Ls, R; 70mH, 15 Q

Table A. 2. Parameters of the MATLAB/simulations, HIL simulation, and controller algorithms.

Parameter value
a-P droop loop coefficient m; 1.10°
I”-Q droop loop coetficient »; 2.10%
LPFs cut-off frequency werrr 157 rad/s
Plv damping factor &v 1
PIv cut-off frequency ey 400 rad/s
PIi damping factor & 1

Pli cut-off frequency w,; 4000rad/s
Initial virtual inductance L, 0.23mH
Initial virtual resistance R, 0.1 Q
Adaptive  virtual  inductance 0.00014
coefficient kz,;-;

Adaptive  wvirtual  inductance 0.007
coefficient kyyiri

Sampling time 6us
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Abstract

Abstract:

Islanded microgrid (IMG) systems are recognized as adaptable small-scale power systems that integrate various forms
of renewable energy resources (RESs) for electricity generation in rural areas, industrial parks, commercial, and
institutional campuses, among other places. They can also incorporate energy storage systems, such as batteries, to store
excess energy for later use. Other important benefits of the IMGs include lower transmission and distribution costs. greater
reliability, and lower energy losses.

This master's thesis aims to enhance the control performance of VSI-based distributed generation (DG) units in an
IMG under mismatches of line impedances. focusing on power sharing, power decoupling, power oscillation reduction,
and circulating current eliminations, all while utilizing a decentralized method. The virtual impedance concept-based
droop control methods are a powerful way to improve the performance and power quality of IMGs. This is especially true
when power decoupling, accurate power sharing, and circulating currant suppression are very important. However, these
virtual impedance-based methods also have some limitations, including increased control complexity and potential
stability issues due to improper design or tuning of the virtual impedance. In this context, an adaptive virtual complex
impedance-based droop control method for three VSI-based DG units in an IMG based on the output reactive power and
voltage amplitude of each DG unit is proposed.

To validate and examine the performance of the adaptive virtual complex impedance-based droop control method
used for controlling the three VSI-based DG units of the IMG, simulation using MATLAB/Simulink and Hardwar-In-
the-Loop (HIL) real-time simulations of the three control methods using the OPAL RT OP5700 associated with the
OP8660 HIL controller are performed. Both simulation and HIL real-time simulation results demonstrate that the
proposed method can significantly enhance the control performances of the IMG. The system shares the active and
reactive powers equally with few oscillations. It also gets rid of the three DG units' reactive power errors and stops the
circulating currents completely.

Keywords: Islanded microgrid (IMG); Renewable energy resources (RESs); Distributed generation (DG); Voltage source
inverter (VSI); Adaptive virtual complex impedance-based droop control method: Power sharing; Hardwar-In-the-Loop
(HIL) real-time simulation; OPAL RT OP5700.
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