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ABSTRACT

Microgrid can be seen as an important controllable sub-system in future power systems. As a
part of distribution network, the microgrid can operate in grid-connected or islanded mode to
supply its local loads, and it consists of different renewable and non-renewable distribution
generations that are connected to the system through power electronics (PE) interfaces.
However, the control of microgrids is one of the important issues to focus on in order to
overcome the challenges raised by high penetration of of renewable energy sources (RES).
Depending on the responsibilities assumed by the different control levels, the microgrid can be
controlled in centralized or decentralized modes. In centralized approach, the microgrid central
controller (MGCC) is mainly responsible for the maximization of the microgrid value and
optinization of its operation, and the MGCC determines the amount of power that the microgrid
should import or export from the upstream distribution system by optimizing the local
production or consumption capabilities. However, the MGCC should always consider the market
prices of electricity, grid security concerns and ancillary services requested by the DSO when
taking decisions. In this case an optimized operating scenario is realized by controlling the
microsources and controllable loads within the microgrid, where non-critical, flexible loads can
be shed, when profitable. Furthermore, the actual active and reactive power of the components
are monitored. When a full decentralized control is implemented, the Management Center (MC)
takes responsibilities and it competes or collaborates to optimize the production, satisfy the
demand and provide the maximum possible export to the grid but all is done by considering the
real time market prices. This thesis discusses the concepts of centralized and decentralized
control of MG, where the main chapters introduce different control methods and PE interfaces
that are involved in the microgrid control, while the final work presents simulation models that
demonstrate how microgrids are controlled through inverters and the results. Using
MATLAB/Simulink environment, PQ and V/f control modes of inverter are simulated and the
results are discussed to point out their significant effect on balancing the voltage magnitude,
maintaining the frequency and power sharing.

KEYWORDS: Centralized control, Decentralized control, Local controller, Central controller,
Upstream network interface.
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1 INTRODUCTION

A micrigrid (MG) is a group of renewable and non-renewable distribution generations
(DGs) and interconnected loads. The distribution generations also known as distributed
energy resources (DERs) include generators and energy storage systems (Laaksonen,
2011). The microgrid acts as a controllable entity with respect to the grid, and it is
capable of operating in both grid-connected and islanded modes. By operating under
the two different modes, the flexibility of the microgrid can be achieved. When a
microgrid is operating in grid-connected mode, it injects or is supplied an amount of
power to/from the grid, and depending on the demand the power from the grid and
local DGs is send to the loads. On the other hand, when the MG is operating in islanded
mode, the local DGs supply the power to the loads. It is essential to note that in most
cases, the MG is operating in grid-connected mode, and the islanded mode is the result
from an intentional disconnection from the grid for example when the maintenance is

due, or forced disconnection due to the fault in the network (Bevrani et al., 2017, p.129).

High increase utilization of different DGs in microgrid brought quite plenty of
advantages, but also plenty of drawbacks in control, operation and power quality
aspects. Therefore, the constraints to connect the DGs of a microgrid to the main grid
such as ride-through capability, voltage regulation, power quality issues and total
harmonic distortion (THD) should be respected as mentioned in IEEE 1547 standards
(Zakaria et al., 2019). Some of the DGs benefits are as follow:

e Improved reliability and outage resiliency

e Cost optimization for dispatching DGs and loads

e Diversification of energy sources

e Energy efficiency and demand response

e Ancillary services
According to Bevrani et al. (2019), most of the DGs in microgrid are interfaced to the grid

by PE converters, and these converters are conventionally single-phase two level, three-
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phase two level or three-phase three level voltage source converters (VSCs). PE
converters are used to achieve a coordinated and optimized control of MG. In case of
island mode operation, the mentioned coordinated power control is performed between
the DGs. Moreover, when the MG is disconnecting from the grid, a smooth control is
implemented so that the power quality is maintained, and the losses are reduced. When
the MG is connecting to the grid, a smooth control and a proper synchronization

between MG and the main grid are implemented.

1.1 Background and Motivation

Nowadays, the increase in electricity demand, utilization of renewable energy, power
quality and economic constraints of generation expansion have led to the popularity of
both AC and DC MG as a sustainable solution, and thus a high-quality control of supplied
electricity is extremely important. However, the control of DC microgrid can be more
challenging than the control of AC microgrid due to the absence of frequency in DC
microgrid, and is difficult to implement the power frequency droop characteristic, which
is popular in AC systems. MG control subject can be divided into three parts such as
upstream network interface, microgrid control and protection, and local control. The
upstream network interface decides whether the MG is able to operate in grid-
connected or islanded mode. It makes decisions for markets participation and
coordination with the upstream network. The MG control and protection part includes
voltage and frequency regulation, real and reactive power control, load forecasting and
scheduling, MG monitoring, protection and black start. the local control part includes
primary voltage and frequency regulation, primary real and reactive power control for

each local DG and energy storage unity (Gao et al., 2015).

MG control can be also classified as centralized or decentralized control according to the
mechanism in place. When a MG is operated in a centralized way, the microgrid central
controller (MGCC) has the responsibility for maximization of the microgrid value and

optimization of its operations. By using market prices of electricity and based on the grid
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security concerns and ancillary services, the MGCC determines the amount of power
that the MG shall import or export and this is done by optimizing the local production or
consumption capability. When a MG is operated in decentralized way, each DG works
freely utilizing measured local signals. In this case, the main responsibility is given to the
management center that compete or collaborate to optimize their production, satisfy
the demand and provide the maximum possible export to the grid considering the

current electricity market prices.

1.2 Research objectives

The main objectives of this thesis is to investigate, analyze and discuss the concepts of
centralized and decentralized control of microgrids.
Sub-objectives are:

e To get proper understanding of microgrid control mechanisms

e To identify different control strategies and to understand how PE interfaces are

involved in microgrid control.

1.3 Structure of the thesis

This thesis surveys different control methods and strategies applied in microgrids. It
introduces the concepts of centralized and decentralized control mechanisms in MG and
demonstrates the control strategies with MATLAB/Simulink simulation models. The

thesis is divided into seven chapters as described in the following:

Chapter 1. Introduction: Provides a brief introduction of the topic, and describes the
objectives, background and motivation, and the structure of the research.
Chapter 2. Overview of microgrids: This chapter covers the classification of MGs and

discusses the importance of the microgrids in general.
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Chapter 3. Chapter three discusses different types of inverters and their operations in
microgrids.

Chapter 4. This chapter covers the control theory of inverters in microgrids.

Chapter 5. Chapter five discusses in detail the centralized and decentralized control
methods.

Chapter 6. This chapter consists of the final work of the thesis. It includes the simulation
models that demonstrate the control strategies such as PQ and V/f control techniques.
Chapter 7. Conclusion: It summarizes the research topic and brings the main conclusion

and the future scope.
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2 MICROGRIDS

2.1 Classification of microgrids

Microgrids can be classified based on the power type, supervisory control, operation
mode, phase and application. When the power type is considered, there are AC and DC
microgrids, and when considering the supervisory control there are centralized and
decentralized microgrids. Depending on the operation mode, there exist grid-connected
and islanded microgrids, while based on the phase there are single and three-phase
microgrids. Depending on the application, there are residential, municipality, military

etc. microgrids. Figure 1 shows the different classification of microgrids.

Microgrid Classification

Application

Figure 1 Microgrid classification (Nurunnabi, 2020).

As mentioned above, there are either AC or DC microgrids depending on the power type.
For AC microgrid to be integrated into an existing AC power system, it requires a
complicated control strategy for the synchronization process in order to maintain the
stability of the system where both synchronous and non-synchronous units are usually
connected in the same microgrid system. on the other hand, DC microgrids are

considered to have a better short circuit protection and a significantly improved
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efficiency (Gao, 2015). the figure below shows the different types of microgrids based

on the power type.
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Figure 2 Types of microgrids based on power type (Baboli et al., 2014)

Currently, there is a high increase in DC loads, for example Electrical vehicles (EV) and
domestic apparatuses. According to Gao (2015), hybrid AC/DC synchronous/non-
synchronous microgrids with multiple b-directional converters will significantly increase
in the power system. Figure 3 presents a typical example of a hybrid AC/DC microgrid

that includes PE interfaces and multiple DGs.
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Figure 3 Typical structure of the hybrid microgrid (Palizban et al., 2016)

The interconnection of different types of MGs will form the modern power system which
can be called multi-microgrids as it is seen in Figure 4. In the multi-microgrid system, the
MGs are connected to the grid through PE converters with either same or different
values of voltage and frequency, and in this configuration the MGs are decoupled from

each other (Muyeen et al., 2019).
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Figure 4 Multi-microgrids: The future power system (Muyeen et al., 2019)

2.2 Need for microgrid control

High increase of microgrids in power systems and integration of DGs units in general
brought many challenges that need to be addressed not only in system protection but
also in control to make sure the reliability level is increased and other benefits of
integrating DGs are exploited. Some of the challenges arise from invalid assumptions
typically applied to conventional power systems, while others are the results of stability
issues (Olivares et al., 2014). The challenges of stability issues include low inertia, power
balance, uncertainty of production, economic dispatch under uncertainty and the

transition from grid-connected to islanded mode and vice versa. Those challenges will

be dealt with advanced hierarchical control (Muyeen et al., 2019, p. 20).
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Some of the benefits of the microgrids, they are seen as controllable loads, which can
contribute to peak shaving during the peak demand by reducing their own consumption
and this can be done by shedding non-critical loads and supplying more power to the
main grid (Gao etal., 2015). However, a proper control strategy should be in place for the
microgrid to increase the reliability, and avoid the outage occurances or reduce its
duration in case it happens. Since serious power, frequency, and voltage control
problems are seen where the renewable energy penetration is relatively at high level,
and extremely worse in the isolated island systems with small kinetic energy, many
utilities have to update their grid codes to ensure power system security and reliability

(Bevrani et al., 2017).

According to Muyeen at al. (2019), renewable based DGs rely primarily on varying
ambient conditions and they may not be controllable or predictable accurately.
Uncertainty on the demand side caused by unpredictable consumers behaviors creates
substantial variations in the realized demand which require more balancing services.
Thus, the uncertainties of the load demand and those of unpredictable generations on
the side of variable renewable energy sources (RES), plus the high cost of energy storage
syatem (ESS) and tight frequency and voltage standards are the biggest obstacles for the
application of 100 per cent renewable powered islanded MG. The stated uncertainties
should be addressed properly in the nicrogrid design, planning, and real-time operation,
and a proper control is a prerequisite for stable and economically operation. The
following principal roles of the MG control system are of different significances and time
scales, and require a hierarchical control structure to address each requirement:

e \Voltage and frequency regulation

e Proper load sharing and coordination of DGs

e Power flow control

e MG resynchronization with the main grid

e Optimization of MG operation costs
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3 INVERTERS AND THEIR CONTROL

3.1 Inverter topology

Inverters are used as PE interfaces to connect DGs to the grid, and they are of different
types and different roles. For grid connection, most of available commercial power
electronic converters are based on voltage source two level PWM (Pulse width
modulation) inverter (Sharkh et al., 2014, pp. 4-5). Those type of inverters have an LCL
filter which is known to be smaller in size than the normal filter L, but the LCL filter
requires a more complex control system to manage the LC resonance. The impedance of
LCL filter is too low and it provides a path for current harmonics and as consequence,
the THD (Total harmonic distortion) tends to be high. To solve that problem, the feedback
controller gain is increased in the current controlled grid connected converter even if
this is challenging to do so and maintain the system stability. Figure 5 seen below shows

a two-level grid-connected inverter with an LCL filter.
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Figure 5 Two-level grid-connected inverter with an LCL filter (Sharkh et al., 2014)

Some other inverters with different filter topologies exist, and apart from the stated
inverter above, a mult-level converter is also known for its advantages including the

capacity to reduce the voltage step changes, acceptable size and the low cost. A multi-
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level converter is shown in the Figure 6 below and it may be either of type NPC or

cascaded.

Single
Phase
Output

=?
ar4o

a)

Figure 6 Multi-level voltage source inverter a) NPC and b) Cascaded (Sharkh et al., 2014).

Another example is an interleaved converter shown in Figure 7. An interleaved converter

has two channels and can operate as an alternative to the multi-level voltage source

inverter.

i

—AR & - lt:‘]_$ - I:]'—$

Figure 7 Interleaved converter with two channels (Sharkh et al., 2014, pp. 4-5).

Nowadays, the intelligent PE interfaces used to connect DGs in microgrids are
technologically on the advanced level. They consist of inverters that can be classified as

current source inverters (CSls) and voltage source inverters (VSls). The CSls have an inner
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current loop and phase locked loop which allow them to stay synchronized with the grid,
while VSIs have the inner current loop and an external voltage loop. Furthermore, the
CSls are commonly used when is needed to inject the current into the grid, and VSIs are
more needed in islanded microgrid to keep the voltage stable. VSIs have so many
advantages, and they usually employ a PLL to stay synchronized and they provide an
important performance including ride through capability and power quality
enhancement to DGs. However, the VSIs are required to control the exported and
imported power to/from the main grid and make the MG stable when operating either
in grid-connected or islanded mode. According to Guerrero (2011), The CSls are often
connected to PV or small wind turbines that require maximum power point tracking

algorithms, while VSIs are mainly connected to ESS fixing the voltage and the frequency.

3.2 Control of inverter based DGs

The microgrid can operate either in grid-connected or islanded mode, and it is the
operating mode of the microgrid that determines the control function of its DGs units.
The main control functions of DGs are voltage and frequency control, and active and
reactive power control. The DGs control functions can be classified as grid interactive or
non-interactive, where the interactive approach involves either dispatch of power or
provides the active and reactive power support, while the non-interactive approach
involves exporting power (Padiyar et al., 2019, p. 6y). To control inverter based DGs,
different methods also have been proposed, and depending on the DG and operating

condition, the three main control methods are PQ control, V/f control and droop control.

3.2.1 PQ control

Among the well-known DG control methods, one is PQ control method. the main idea
behind this control method is to maintain the active power and reactive power constant
while the voltage and frequency deviate within prescribed limits. In short, when the PQ

control is implemented, the active power P and reactive power Q are decoupled to
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achieve an independent control. Therefore, the active power controller maintains the P
output constant and equal to the reference value and the frequency variations remain
within the acceptable range. On the other hand, the reactive power controller maintains
the Q output constant and equal to the reference value, and the voltage variations are

kept within the acceptable range.

In PQ control, the inverter injects the power into the microgrid, and in this scenario the
injected reactive power corresponds to a prespecified value. The mentioned
prespecified value is defined centrally from the MGCC or locally by using local control
loop. Thus, the inverter works as a current controlled voltage source and the PQ control
does not maintain the voltage and frequency constant. Therefore, an extra voltage and
frequency regulator is needed to keep those values within the acceptable ranges. When
the MG operates in grid-connected mode, the main power grid is responsible for
maintaining the voltage and frequency within the predetermined limits (Gao et al., 2015,

p.12).

3.2.2 V/f control

The V/f control seems to be the opposite of the PQ control method. In this inverter-based
DG control method, the voltage and frequency are maintained constant while the active
and reactive powers vary within acceptable ranges. For V/f control approach, the inverter
is controlled to feed the load with constant and predefined voltage and frequency values,
and depending on the type of the loads, the inverter active and reactive power output
are defined. In short, when a V/f control is implemented, the inverter emulates a
synchronous generator to control the voltage magnitude and frequency (Padiyar et al.,

2019, pp. 6y-62).

3.2.3 Droop control

The droop control method is one of the most powerful control methods used to control
the DGs in a microgrid. Figure 8 presents an example of a detailed block diagram of droop

control with a virtual impedance. The virtual impedance will not be discussed in this part,
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and in case anyone is interested in this subject can check out the reference associated

with the Figure 8 and learn more.

- Power n.:ah:ul_aum <
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L=R . +jwl, *—————

Figure 8 Block diagram of the droop control (Ding et al., 2016).

In droop control approach, the active power variations are associated to the changes in
frequency, and the active power is controlled by the frequency droop (0 — P)
characteristic. Similarly, the reactive power variations are associated to the changes in
voltage, and the reactive power is controlled by the voltage droop (V — Q) characteristic.

The figure below shows both (¢ — P) and (V — Q) droop characteristics.
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Figure 9 Frequency droop and voltage droop characteristics (Yang et al., 2016).

The reference values of active and reactive power are generated using (o — P) and (V —

Q) droops as follows (Alam et al., 2016):

1
Prop = Xp (w® — w) + P° (1)

1
Qref = K_q(VO -V)+ QO (2)

where P,.r and Q.. are the reference active and reactive power respectively. Kp
and Kq are slopes of (w — P) and (V-Q) droop characteristics. P° and Q° are
prespecified values of active and reactive power generations. w? is the base or initial
angular frequency of the microgrid, V° is the base rms voltage of the microgrid. w is
the angular frequency while V stands for the rms voltage. In droop control, the

reference currents are determined as follows:

i:i = Prechp 3)
i;; = Qrechq (4)
where iz and i; are reference currents. K, and K., are proportional current

coefficients. The figure below shows different steps of how reference currents are

generated.
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4 CONTROL OF INVERTERS IN MICROGRID

Microgrids are increasing in the electric power system, and the fact is that this brought
a significant impact on the traditional system operation, protection and control.
According to Li et al. (2006), a high increase in developing and growth of DGs is the result
of the concern for the reliability and the security of the electric power system. Therefore,
the ability to provide a proper system control is a crucial service that is needed to keep
the point of common coupling (PCC) voltage within the acceptable limits, and MG should
ensure the energy security and the local electricity supply for any moment. It is also of
importance for the MG to perform the power balance between the production and
consumption capacities for the next period. To balance the power, the production is
reduced when it is found to be more than the predicted local consumption. In such case,
the excess power is dissipated in dummy resistor loads especially when there is an
overvoltage situation. On the other hand, when the production is less than the
consumption, either some specific DGs will supply the deficit power or some loads will
be disconnected from the MG, with exception of some wind generators that can not be
dispatched by the MGCC due to the fact that their active and reactive powers are not

controllable (Bevrani et al., 2017).

As mentioned in the previous chapters, the DGs of a microgrid are connected to the grid
through the PE interfaces. Figure 11 presents atypical example of DG (also known as
distributed energy DE) with a PE interface connected in parallel with distribution system.
The PE interface consists of inverter, DC-side capacitor with the voltage vdc and dc
current source. An LC coupling inductor is used to connect the inverter with the rest of
the system. All in all, the PE interface is acting as a compensator which is connected in
parallel with the load to the distribution system, and that compensator is connected
through the coupling inductor at the point of common coupling (PCC) to regulate the

voltage (Li et al., 2010).
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Figure 11 Parallel connection of DG with PE converter (Li et al., 2010).

The PE converters are controlled in different ways depending on the role they play in
microgrid. In this section, we discuss grid feeding power converters, grid supporting

power converters and grid forming power converters.

4.1 Grid-feeding power converters

Grid-feeding or grid-following converters are widely used in microgrids, because of their
greatness when it comes to the point of controlling the microgrid voltage and frequency.
For grid-connected mode, many grid-feeding power converters are operated in parallel
and they are controlled as current sources because they present a high parallel output
impedance. In islanded mode operation, grid-feeding converters can be connected to
the microgrid if some other units are operating in grid-forming mode. According to
Rocabert et al. (2012), most of the power converters belonging to DG systems like
photovoltaic (PV) or wind power system operate in grid-feeding mode, and those

converters can participate in controlling the voltage and the frequency by simply
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adjusting the reference active and reactive power at a higher-level control layer. In other
words, in most cases the operation of the stated power converters is regulated by high
level controllers of the system which set the reference values of active and reactive
powers. High level controllers include maximum power point tracking (MPPT), power

plant controllers, etc. Figure 12 presents a typical example of grid-feeding power

converter.
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Figure 12 Basic control structure in a three-phase grid-feeding power converter (Rocabert et al.,
2012).

When grid-feeding converters are controlled as current sources in a microgrid, they use
a phase locked loop (PLL) to achieve synchronization at the PCC. The PCC voltage phase
is tracked by the detected phase angle from the PLL. if the g-axis component of the PCC
voltage after synchronization is 0, the d-axis of PCC voltage is equal to V2E , Where E is
the rms value of the grid-feeding output. Therefore, the active and reactive power are
decoupled so that the reference currents are calculated in dg-frame, and the power flow

from the PCC to the grid is controlled at the set point (Chen et al., 2019).
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Since grid-feeding power converters are controlled as current sources, they may be
vulnerable to the voltage collapse because they lack a dedicated voltage regulator or
voltage control loop. And because of the absence of the voltage regulator, the voltage of
the DGs will oscillate when there is a significant disturbance (Fahad et al., 2020). When
the reference signals reach primary controller, the active and reactive power are
regulated to generate the reference currents which may be expressed in dg-reference
frame, and thus those currents are regulated to generate the reference voltages which
can be used to generate pulse width modulation (PWM) signals. It has been also noticed
that the grid-feeding power converters will not be able to continue with a stable
operation when the grid voltage is reduced below the certain limits given by the

equation below (Chen et al., 2019).

ZPrZefXg

’Przef + Qgef + Qref

where V; is the minimum grid voltage, Pr.;r and Qs are the reference active and

Vg = (5)

reactive power respectively, X, is the line reactance. If the grid voltage is below the 1,
the grid-feeding converter will not operate properly, and the equation assumes that the
reference active power is equal to the maximum power the converter can deliver (Fahad

et al., 2020).

4.2 Grid-supporting power converters

Grid-supporting power converters are used as current sources or voltage sources. Those
types of units are used to provide grid supporting functions and to establish microgrids
through shared effort of multiple converters. Among the support functions provided by
grid-supporting power converters include voltage and frequency support, active and
reactive power support, and black start capability. However, the realization of those

functionalities depends on the grid feedback measurements. Figure 13 presents a typical
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example of grid-supporting voltage source converter which is supplemented by a virtual

impedance (VI) control loop.

Current Control Loop Voitage Control Loop Droop Control

Figure 13 Voltage source grid-supporting converter (Variam et al., 2018).

The latest grid-supporting power converters are supplemented by virtual impedance (VI)
and can be split into units with direct VSC voltage control and units with filter voltage
control, while the old ones were supplemented by virtual admittance (VA) (Dragicevié et

al., 2021).

4.2.1 Grid-supporting power converter operating as a voltage source

In microgrid, controlled VSCs have some behaviors of the synchronous generators. In
case there is discrepancies between the measured and nominal power, the frequency of
the inverter drifts from nominal value, and this is a process realized by the droop
mechanism (Kezheke et al., 2018). Therefore, by controlling the active and reactive
power delivered to the grid, grid-supporting VSCs regulate the grid voltage and
frequency closer to the respected values. Grid-supporting VSCs with voltage control are
suitable for island mode, and grid-supporting VSCs with current control are not suitable
for island mode because there is no explicit control over the bus voltage (Dragicevic et

al.,, 2021).
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4.2.2 Grid-supporting power converter operating as a current source

Grid supporting VSCs have similar physical and inner current control structure as grid-
feeding VSCs, but they have in addition some outer controllers which allow them to have
more functionalities. However, with current control loop grid-supporting VSCs adapt the
current reference according to the grid voltage conditions in order to provide active
and/or reactive power support to the main grid or microgrid. In this scenario, the outer
grid support controller computes the converter side inductor filter current reference that
is sent to the inner current controller to ensure tracking, or a direct grid side current is
used. The reason behind the active and/or reactive power support is to provide stable
voltage amplitude and frequency compensation, virtual inertia emulation, etc. For the
grid supporting VSCs, a VA control loop can also be implemented to set the admittance

seen by the VSCs (Dragicevic et al., 2021).

4.3 Grid-forming power converters

Grid-forming power converters are mostly connected in parallel to grid-feeding power
converters in microgrid, and the output of each grid-forming converter is considered to
be the reference for grid-feeding converter. The main purpose of those units is to form
the microgrid bus voltage and frequency. In general, grid-forming converters are
controlled in a closed loop to work as an ideal ac voltage source. In this case they present
a low output impedance and an extremely accurate synchronization system is needed to
be able to operate in parallel with other inverters. Thus, the power sharing among the
grid-forming converters is also a crucial function to be targeted. One typical example of
grid-forming power converter is a standby uninterrupted power supply (UPS). In normal
conditions, this unit remains disconnected from the main grid, and when the grid fails,
the power converter of the UPS forms the grid voltage. The voltage generated by the
grid-forming power converter is used as the reference for the rest of the grid-feeding

power converters connected to it (Rocabert et al., 2012).



33

A typical example of grid-forming power converter is shown in Figure 14. It is
implemented by using two cascaded synchronous controllers working in dg reference
frames. In this example, an external control loop regulates the grid voltage to match its
reference value, and the inner control loop regulates the current injected by the
converter. The inputs of the mentioned control systems are the voltage V* and the
frequency w * of the voltage to be formed by the power converter at PCC. It is also
noticed in this example that the controlled current following through the inductor Lt
charges the capacitor Csto maintain the output voltage near the reference value given

to the voltage control loop.
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Figure 14 Three-phase grid-forming VSC (Dragicevic et al., 2021).
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4.4 Control of MGs based on the roles of DGs

4.4.1 Master- slave control

DGs are connected to the AC/DC bus through inverters in microgrid, and microgrids are
connected to the main grid through a static transfer switch (STS) or a regular circuit
breaker, and they always need to be controlled during their operations. Microgrid can be
controlled based on the roles of its DGs, and one of the most known control methods is
master-slave control. In this control structure, a microgrid has one inverter acting as the
master while the rest inverters act as slaves. The master inverter is considered to be
more important unit in microgrid because is responsible of the whole control system. It
adopts the PQ control strategy when operating in grid-connected mode, and V/f control
strategy when operating in islanded mode (Li et al., 2018). The figure below shows a

master-slave control structure of a microgrid.
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Figure 15 Master-slave control structure (Gao, 2015, pp. 14-15).

Slave inverters also known as slave controllers take corresponding actions based on
those of the master controller. When a microgrid operates in islanded mode, one of
either DG or ESS of the master unit takes the V/f control role and provides the reference
voltage and frequency to the rest DGs and ESSs within a microgrid. In this case, while the
master controller is in V/f control mode, the slave controllers are in PQ control mode. In

most cases, the MG is operating in grid-connected mode, and voltage and the frequency
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references are given by the main grid. In such case all controllers remain in PQ control
mode, and when the microgrid is disconnected from the main grid one of the DGs will
have to switch to V/f control mode and act as a master controller role (Gao, 2015, pp.

14-15).

4.4.2 Peer-to-peer control

Apart from the master slave control method, peer-to-peer control method is also known
for its plug and play features. Figure 16 shows an example of a peer-to-peer control
structure in microgrid. When a peer-to-peer control method is implemented, all DGs act
in the same role and for islanded microgrid each DGs performs a local control according
to its own droop characteristics. Therefore, when one of the DGs is
disconnected/connected from/to the system, the microgrid will smoothly continue
operate without any additional configurations, and this is because during the local
transient each DG balances the load variations based on the droop characteristics and
the system automatically achieves a new balancing point. However, by adjusting active
power, the frequency will be regulated. Similarly, by adjusting the reactive power, the

voltage | regulated.
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Figure 16 Peer-to-peer control structure (Gao, 2015, p. 17).
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4.5 Hierarchical control method

A hierarchical control structure of a microgrid is divided into four different control levels,
which are inner control loop (level zero), primary control, secondary control and tertiary
control. The purpose of the control levels is to achieve an independent local control to
increase the reliability of the power system. In microgrid, the input data of the inner
control loop are the output voltage and current from the grid side power converter of
DGs. Therefore, accurate references should be in place for an effective management, and
those references are passed through sensing and adjusting in the primary control
(Palizban et al., 2016, p. 13). In grid-connected operation mode, the secondary control
regulates the output power based on the network voltage and frequency while the
tertiary control level establishes an interface between the MG and the main grid. The
four hierarchical control levels of a MG are shown in the Figure 17, and are discussed in

detail in the following pages.
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Figure 17 Block digram of the hierarchical control of MG (Zhang et al., 2018).



4.5.1 Inner control loop (Level zero)

The inner control loop also known as level zero is presented in Figure 18 and is the first
stage in the hierarchical control structure. Inner control loop deals with the regulation
related problems of other control levels, and it is in this stage where the voltage and
current implementation, feedback and feedforward synchronization, and linear and non-

linear control loops are performed to regulate voltage and current that make the system

stable (Variam et al., 2018).
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Figure 18 Control block diagram for zer level (Palizban et al., 2016).

4.5.2 Primary control

Primary control level (or level 1) makes the second stage of the hierarchical control
structure. It is in this stage the mode of communication is designed, whether it is wired
or wireless bus link for control that is needed. The main purpose of the primary level is

to make the system more stable. Figure 19 presents a block diagram that shows how a

primary control level is implemented.

Microgrid Sources
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Figure 19 Primary control block diagram (Palizban et al., 2016).

Primary control optimally supplies the active and reactive power of each power
converter to the microgrid. Referring to the block diagram above, the primary control
level consists of different loops which include a PQ droop control, voltage control loop,
and current control loop. Some other proposed structure includes droop control that
increases the virtual inertia of the DG by mimicking the governor of synchronous
generator, and virtual impedance (V1) control loop that emulates the physical output
impedance. The mentioned VI has been extensively used in MG and DGs system in
general for the stability purposes, sharing of harmonic distortion and imbalances, fault
ride through control, etc. (Dandach et al., 1996). VI has been utilized also in decoupling

active and reactive powers supplied by power converters (Zang et al., 2018).

4.5.3 Secondary control

During MG operation, many unplanned situations can occur due to the transients in
power generation and variations on the demand side. Therefore, a secondary control is
implemented which makes the MG returning to the normal operating conditions by
restoring the voltage and the frequency to the required values. It is in this control stage
where all information of DGs, ESS, and loads are collected and new references are sent
to the primary control level (Palizban et al., 2016). The block diagram of the secondary
control is shown in Figure 20, while Figure 21 shows the secondary control in both

centralized and decentralized modes.
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The main focus of the secondary control is to ensure that the voltage and frequency

deviations are regulated toward zero after every change in generation or load sides.

4.5.4 Tertiary control

The final stage of the hierarchical control structure is tertiary control, which is located at

the grid level. It is the highest control level and it coordinates operations of all microgrids



that interact with each other. A control block diagram of tertiary control can be seen in

Figure 22.
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Figure 22 Tertiary control level diagram (Palizban et al., 2016).

Tertiary control stage has a large timescale in order of minutes (Fahad et al., 2019). and

the table 1 below describes the functions and controllable components in different

control levels.
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Table 1 Microgrid control hierarchy (Rojas et al., 2017).

Temporal
Control Level  Requirement Typical Functions  Control Components
Tertiary Minutes » Load forecasting  « Software
» Optimization for
dispatch
» Modeling
Secondary Seconds « SCADA » Premise microgrid controller
* Load control * Building automation system
Primary Micro- to » Switching logic » Energy storage inverter
milliseconds « Protection controller

« Local DER control * Premise protection relays
« Inverter controller

» Generator governor

In conventional power system, the tertiary control level is responsible of the economic
dispatch related operations. It is in this stage the network condition and load data are

collected and analysed to optimize the power system operations (Begum et al., 2017).
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5 CENTRALIZED AND DECENTRALIZED CONTROL

The network frequency must always be restored when an event or frequency deviation
occurs in the system. There are many technics to restore the frequency including
centralized and decentralized methods. The centralized method is realized by using area
control errors on slow timescales, a centralized integral controller, and one-to-all
communication (Simpson-Porco et al., 2015). However, the centralized method conflits
with the MG paradigm of DGs and the autonomous management. On the other hand,
the decentralized method uses a local integral control associated to each inverter
(Chandorkar et al., 1993). In such case, the measured local frequency will be assumed to
equal to the network frequency. Thus, this control method is too slow to dynamically
regulate the network frequency during the rapid load change. Figure 23 shows a

frequency restoration achieved by the secondary control.
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Figure 23 Frequency restoration achieved by the secondary control action (Guerrero et al., 2011).

The network frequency can also be regulated by using a method that introduces a
complex communication structure, where all DGs units have to exchange information

related to frequency, voltage, active and reactive power, etc. However, this method
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presents some drawbacks like need of dense communication structure, since all inverters
should communicate each other. the controller gain should be finely tuned in order to
maintain active power sharing (Bouattour et al., 2013). the voltage regulation has been
adopted as a standard for voltage secondary control in MG. Therefore, the voltage is
regulated to fixed values by excitation system on the generators side. Moreover, the

system controllers regulate the DGs voltages to their nominal values.

5.1 Centralized control

Microgrid can be controlled in a centralized way. In most cases, centralized control is
used for islanded microgrid with fixed infrastructures, where the communication
network and decision-making hierarchy are simple (Rojas et al., 2017). When a
centralized control is implemented, the central master controller that connects to each
DG in microgrid collects information from all DGs, then runs the voltage and frequency
stability logic, and thereafter based on the results it issues appropriate primary control
commands. Furthermore, in centralized control system, the microgrid central controller
(MGCC) will maintain the lookup table with updated information related to DGs status
and types, generation capacity, voltage and current levels, operation mode, demand, etc.

(Nurunnabi, 2020).

The centralized control method has some drawbacks in its operation. If a master central
controller fails, control commands are interrupted and not available to DGs and other
microgrid assets. Secondary, the power system and the MG infrastructures in general are
rapidly developing and new advanced configurations are needed. Therefore, it is
challenging to modify the already in place central master controller configurations and
settings (Rajos et al., 2017). Another issue, the centralized control method requires

dense communication structure, and is not suitable for large area control.

The mentioned MGCC is made up by two essential modules. One is energy management

module (EMM) which is mainly responsible for managing voltage, frequency, active and
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reactive powers and sending operating values to the local controllers. the second module
is the protection coordination module (PCM). PCM is responsible for microgrid
protection whether the MG is operating in grid-connected or islanded mode. Moreover,
PCM should identify the islanding, measure the fault current, and implement the
appropriate protection settings to ensure the security of the MG and main grid. The
following are functions of MGCC:

e Planning economic production of active and reactive power

e Managing system parameters from DGs, bus, load that are essential for control

e Maintaining the reliability and stability of the network
The figure below describes the principles and decision support tools of centralized

control in microgrid.
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Figure 24 Principles of centralized control (Hatziargyriou, 2014, p. 33).
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According to Gupta et al. (2018), centralized control architecture is suitable for
optimization functions such as day-ahead scheduling and economic dispatch which is
based on the forecasted data and real time power pricing. Talking of power pricing,
caramia et al. (2016) have performed optimization of energy cost and real time harmonic

voltage compensation of the AC bus, and found that on the demand side, central
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controllers can optimally respond to the real time grid prices by controlling dispatchable

loads (demand response).

5.2 Decentralized control

The decentralized control structure consists of local controllers (LCs), MGCC, and
distribution network operator (DNO). It is considered to be a possible solution for
integrating as much as possible DGs in microgrid because within this control scheme
each inverter coupled DG is controlled freely and various service providers can own the
DGs. The LCs responsibilities are much more in a decentralized control than in centralized
control method. However, the main grid manages the voltage and the frequency when
the MG is operating in grid-connected mode. In such case, the DGs are equipped with
the frequency droop features for sharing the active power, and voltage droop features
for sharing the reactive power to the microgrid (Nurunnabi, 2020). When the MG is
operating in islanded mode, one of the DGs takes responsibilities to govern the
microgrid’s voltage and frequency, and this is same as master-slave control discussed in

Chapter 4.

Decentralized control can use a peer-to-peer communication network between the DGs.
In this case, a secondary control layer is present at each DG to collect all measurement
information from the DG which are used to produce new appropriate control commands
to be sent to the primary control layer which resolves the steady-state errors in voltage
and frequency. Moreover, the decentralized control with its distributed structure offers
a high level of redundancy and improves the overall secondary control reliability, for
example when one unit fails, it can be excluded from the network and the rest will
continue to operate with adequate primary and secondary controls in place (Rojas et al.,
2017). Figure 25 presents the principles of the decentralized control in microgrid while

Figure 26 shows the secondary decentralized control.
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A completely decentralized control system presents some drawbacks, such as the MGCC
is unaware of all actions being executed by the local controllers, since this control system
mainly depends on LCs. However, to overcome this problem, a hybrid control system can
be implemented and in this scenario the MGCC always will have to recheck the actions
executed by LCs, and when something wrong is identified at any local controller level,

the MGCC sends a modified control command to that LC (Nurunnabi, 2020).
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Figure 26 Secondary decentralized control (Rojas et al., 2017).
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Nowadays, decentralized control is popular, not only for microgrids but also for the
whole power system. It is being designed with advanced technology based on the multi-
agent system (MAS), with the idea to introduce an autonomous control process at each
controllable unit such as inverter, DGs and loads (Hatziargyriou, 2014, p. 51). Depending
on the operation mode of the microgrid, the automated control system has certain level
of intelligence to take decisions locally, and LCs should take appropriate decisions to
ensure safe and smooth operation of controlled DGs. However, the use of the
decentralized control in microgrid provides effective solutions for some specific
operational problems, for example, local DGs and loads have different owners, and many

decisions should be taken locally and independently (Padiyar et al., 2019, pp. 4-5).
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Figure 27 Decentralized control system with communication infrastructure (Bani-Ahmed et al.,
2019).
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6 MODELLING AND SIMULATION OF DIFFERENT CONTROL
TECHNIQUES

This chapter focuses on modelling and simulation of PE interfaces that are used to
control the microgrid either in centralized or decentralized control mode. It introduces
grid-connected and standalone inverter control strategies, and some examples of how

controllers such as PQ and V/f are implemented.
For the first model, a grid-connected inverter is simulated by using MATLAB/Simulink

environment, and PQ control strategy is implemented and discussed. The simulation

parameters are presented in the table below.

Table 2 Grid-connected inverter simulation parameters

Symbol Parameters Value Units
VDCI1 First DC voltage source 500 \%
VDC2 Second DC voltage source 500 A%

g Gain 1 -
Riny On state Inverter resistance le-3 Ohm
| Grid Inductance 2 mH
f Grid frequency 60 Hz
Vi1 Fist load rated voltage 380 \Y
PLi Fist load real power 50 kW
Vi Second load rated voltage 380 A%
PL> Second load real power 50 kW
Vi3 Third load rated voltage 380 \Y
PL3 Third load real power 75 kW
St Transformer apparent power 500000 VA
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Vt Transformer Rated voltage 25000/380 | V
fsw Inverter switching frequency | 6000 Hz
Inverter switching frequency
Ts Fundamental sample time le-6 S
Tsc Control sample time 5e-4 S
Kp_vd Proportional ~ term  d-axis | 0.36
voltage controller
Ki_vd Integral term d-axis voltage 850
controller
Kp_vq Proportional term g-axis 0.36
voltage controller
Ki_vq Integral term g-axis voltage 850
controller

Note: To simplify the simulation, the values are expressed in per unit values

Figure 28 presents the overall structure of grid-connected inverter simulation model. For

this model, the structure includes the inverter subsystem, and three real power loads

where one of them is connected to the system through a circuit breaker.
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Figure 28 Overall structure of grid connected inverter model
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The inverter is shown in Figure 29. The inverter is connected to the grid via measurement
device and a filter which is used to reduce the harmonics to acceptable level. In most

cases LCL filter is used due to its effectiveness.
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Figure 30 introduces the PQ controllers. PQ control is implemented to keep active and
reactive power constant. For an inverter controlled microgrid, the power is absorbed or
injected from/to the grid when working in the grid-connected mode, while the inverter
supplies the local loads when operating in islanded mode. In this typical example of grid-
connected inverter modelling, Prerand Qrerare set to be 1 p.u and 0.1 p.u respectively. In
practice, the mentioned fixed values of active and reactive power (Pref and Quef) cOme
from the MGCC and are set based on the power needed or the market. The simulation
results presented in Figure 31 show that a grid-connected mode with a PQ control is
properly implemented. At 0.05s the P reference is raised to 1 p.u, and at 0.1s the Q
reference is raised to 0.1 p.u as expected. When an additional load is connected to the
system at 0.15s, the inverter continues to supply the set values while the grid supplies

the additional load.

Inverter

Inverter Reactive

Grid Active Power (pu)

Grid Reactive Power (pu)

Ready Sample based T=0.300
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Figure 31 Inverter and grid active and reactive power

The voltage and currents are sensed and fed to the control system to be regulated. In
this scenario, the voltages and currents are compared to the reference values, and the
errors are sent to the Pl controllers. The simulation results show that the voltage control
maintains the output voltage sinusoidal and balanced as it can be seen in the figure

below.

Vabc Inverter (pu)

Vabc Grid (pu)

Vab Synch (V)

Ready Sample based T=0.300

Figure 32 Inverter and grid voltages

For inverter and grid currents, the simulation results show that after the controller
reference value changes and connection of the additional load, both inverter and grid
currents settled to 0.7 p.u and 0.3 p.u respectively, and they are clean sinusoidal and

balanced waveforms.
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Figure 33 Inverter and grid currents

e Implementation of V/f control in decentralized control mode

In most cases the V/f control mode is implemented in standalone inverter operation. It
is considered to be local and practical in decentralized mode. In the V/f control mode,
the inverter is controlled and supply to the load with predetermined values of frequency
and voltage. Therefore, the voltage and frequency are kept constant while the active and
reactive power may vary within acceptable limits. It is important to note that in this case
the inverter emulates a synchronous generator and the voltage magnitude and
frequency are controlled accordingly. Figure 34 below shows the structure of the

standalone inverter.
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For the standalone inverter system, the simulation parameters are presented in the table

below.

Table 3 Inverter V/f control simulation parameters

Parameter Symbol Value Unit
Active power P 30 kW
Input voltage Vdc 700 A%
Grid voltage Vg 400 v
Inductor Lf 3 mH
Switching frequency | fs 20 KHz
Frequency f 50 Hz
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Ready Sampie based |T=0.180

Figure 35 Voltage and current waveforms

Figure 35 shows the voltage and the current outputs which are clean sinusoidal
waveforms. The load voltage equal to 400V, and the simulation results show that the
output voltage is equal to the peak value (320V). The inverter is supplied with a
predetermined frequency of 50Hz, and when we run the system simulation the results
show clearly that the frequency is properly controlled and kept constant at

49.99999999Hz as it can be seen in Figure 36.

Frequency (H=)
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Figure 36 Frequency control
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Figure 37 presents the active and reactive powers which vary within the acceptable

ranges. At time t =0.1s, the active power is raised and settled around 30kW as it was

expected.

M Reactive pwoer W Active power

3.0e+4
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1.0e+4
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Figure 37 Output active and reactive power

The system active power is 30kW. When the active power is changed for example to
31kW and 29kW which are considered to be within the acceptable ranges, the results
show that the voltage and frequency remained constant as predicted and that ensures
that this control works fine. Table 4 shows numerical results of the stated example, it
shows that when the active and reactive power vary within the acceptable range and the

V/f control is in place, the voltage is not affected.

Table 4 Active power Vs voltage in V/f control

Active power P (Kw) Voltage V (v)
29 320
30 320

31 320
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e Droop control
Droop control has shown to be a highly effective method of inverter based microgrid
control. It can be implemented either in centralized or decentralized controlled MG. In
droop control, the active power is controlled by the frequency droop (c — P)
characteristic. Similarly, the reactive power variations are associated to the changes in
voltage, and the reactive power is controlled by the voltage droop (V — Q) characteristic.

Therefore, using the stated droops the reference values of P and Q are generated.
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Figure 39 Droop controller

In this control mode, the frequency is measured by the PLL and is compared with the

reference value (50Hz or 60Hz). A low pass filter maybe used to filter the frequency
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deviations and the frequency is multiplied by a gain constant to obtain a droop control.
| case of a system with a high ratio of reactance to resistance, the reactive power affects
the terminal voltages. Therefore, the reactive power is controlled by Q-v droop. The
voltages are measured and compared to the reference values, then the error is filtered
by a low pass filter and multiplied by a gain constant to obtain a droop control. However,
the output voltages of the voltage regulator determine the needed reactive power to be

injected.
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7 CONCLUSIONS

When a centralized control is implemented in a microgrid, a single entity is responsible
of carrying out the decision-making processes, economic dispatch and unit commitment
calculations. In such case, the set points are provided to the DGs by the DSO or MGCC.
The centralized control method is considered to be suitable when all actors in the
microgrid have common goals. Contrary, in decentralized control scheme, the internal
control is performed at each controllable unit in the microgrid. In such case, there should
be negotiations among the actors since they mostly have different goals. However,
common aspects and calculations such as load forecasting, state estimation and security
monitoring can still be managed in a centralized way. Furthermore, both centralized and
decentralized control methods depend on four main attributes that affect the control
structure complexity, which are the number of nodes (DGs and controllable loads),
number of messages to be exchanged, size and structure of the system, and accuracy

and optimality.

Some of the advantages of centralized control method are providing a high operational
knowledge where the main goals are clearly identified and achieved, providing global
optimal solutions, allow easy synchronization of the microgrid to the main grid, and
effectively use the real time signals for online operations. The centralized control method
presents also a number of drawbacks, they are computationally expensive and time
consuming due to the fact that the central controller has to run an optimization problem
that considers a large number of DGs, ESSs and loads that make up the microgrid.
Another issue is that the central controller requires an extensive communication
structure which leads to additional costs. On the other hand, the decentralized control
method has significant advantages. It is suitable for fast changing infrastructures and is
easily expanded due to its plug and play capabilities. In addition, it provides a high
reliability and stability of microgrid. However, disadvantages of the decentralized control

method are highlighted. It may be very complex with respect to the multi-ownership and
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competition between various actors or agents, where everyone is looking to achieve own

objectives such as maximization of profits.

Using MATLAB/Simulink, grid-connected and standalone inverters were simulated and
different control strategies such as PQ and V/f control have been discussed. These
controls have significant effect on balancing the voltage magnitude, maintaining the
frequency and power sharing. PQ control is implemented to keep the active and reactive
powers constant, while the frequency and the voltage deviate but within the
predetermine limits. In this scenario, the active power controller maintains the P output
constant and equal to the reference value and the frequency variations remain within
the acceptable range. On the other hand, the reactive power controller maintains the Q
output constant and equal to the reference value, and the voltage variations are kept
within the acceptable range. When V/f control is implemented, the inverter is controlled
and supplies to the load with predetermined values of frequency and voltage. Therefore,
the voltage and frequency are kept constant while the active and reactive power may
vary within acceptable limits. The droop control is a highly effective method of inverter
based microgrid control. It can be implemented either in centralized or decentralized
controlled MG. In droop control, the active power is controlled by the frequency droop
(¢ = P) characteristic. Similarly, the reactive power variations are associated to the
changes in voltage, and the reactive power is controlled by the voltage droop (V — Q)
characteristic. Some further work is needed for the models to be set up with proper

system and controller parameters to achieve stable operation.

To summarize, the integration of DGs in microgrids and power system in general brings
the benefits such as reducing the transmission losses, providing better voltage support,
improved power quality, and other ancillary services and reducing greenhouse gas
emission. However, the high increase penetration of DGs in the distribution network
rises many challenges including changes in voltage profile, increased energy prices, and
stability and security of the main grid. To overcome those challenges, the modern power

system named smart grid requires an advanced high-quality control architecture.
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