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This paper offers a literature review on different structures and control strategies of
the microgrid. The implementation of a microgrid system provides significant
advantages for both electric utility and end-users. Microgrid control is one of the most
sophisticated parts of such implementations that must be taken into account before
moving to the next steps. The different control objectives and structures of the main
grid and microgrid lead to various control methods proposed for microgrids. The
hierarchical structure is the most accepted method for microgrid control that has three

levels including primary, secondary, and tertiary. The focus of this study will be on
the main modes of typical microgrids, types of microgrid and how to control them.
The investigation of this paper will give an overview to the readers, and in our next
paper, we will focus more deeply on the subject, with a specific concentration on the
concept of secondary control and corresponding trending methods.

1. INTRODUCTION

The ever-increasing global warming and environmental
pollution resulting from the utilization of fossil fuels has
lifted the application of renewable energy sources [1]. On the
other hand, in the traditional power networks where long
transmission lines connected the power grid supply to the
consumer’s location did not prove to be economical. This
network arrangement results in electrical energy losses on far
distances and also threatens the network stability. The
distribution network that is fed only through the transmission
networks is unstable, and also there is the risk of blackout.
Therefore, distributed generation units (DG) were introduced
to meet the consumer demands on remote locations [2].
Consequently, the concept of “microgrid” has been
announced in the literature and industry that can be defined
as an automatic low voltage generation and distribution grid
consisting of loads, DGs, and controllers, in which power
losses are significantly decreased because of DGs proximity
to the consumer’s location. On the other hand, distributed
generation provides higher reliability, because if one DG is
removed for any reason, another one can take its place [3].

The microgrid includes a set of DGs, energy storage
systems (ESS), loads, and demand-side management (DSM).

There are two operational Modes in microgrids [4]:

. Connected mode

. Islanded mode

In the connected mode, the microgrid is connected to the
grid via point of common coupling (PCC) by which, the main
grid regulates voltage and frequency, and in islanded mode,
microgrid operates as an independent entity and is
responsible for regulating the voltage, frequency, and power-
sharing; provided via proper control methods.

The best way to put the DG units in a unified form is by
using a hierarchy control method and energy management

units [5]. Microgrid has many advantages for consumers and
electric power companies. From the consumer’s point of
view, a microgrid can increase network reliability, improve
the power quality, and reduce the cost of power consumption.
From the perspective of distribution companies, employing
microgrid leads to declining consumer demand and thus
reduction of the construction of transmission lines and
facilities. Also, because of eliminating peak points, losses are
lowered [6, 7].

Moreover, microgrids provide local voltage and frequency
regulation support and improve the reliability and power
capacity of the grid [8-10]. However, the development of
microgrid has challenges that must be considered, such as
operation, control, security, and stability [11].

Due to the uncertain nature of some DERs such as wind
turbines, and solar panels, their frequency, and output power
are unpredicted, and therefore proper interfaces, and adequate
controllers must be used regarding them. A power electronic
converter and the corresponding controller can be used to
control the active and reactive powers, responding to the
changes of the load and providing quick and flexible voltage
and frequency control. Thus, converter control is another
crucial parameter that must be taken into account by the
microgrid operator [12].

In order to control the microgrid, many structures have
been presented. In this paper, microgrid control structures
with a focus on hierarchical control are presented. As
mentioned, hierarchical control is one of the most usual
methods of microgrid control, consisting of primary,
secondary, and tertiary stages. The primary level consists of
internal control loops for active and reactive power-sharing.
Secondary level eliminates initial steady-state error that is
caused by primary control. Also, secondary control
determines voltage and frequency operating set points in
islanded mode. Therefore, it can restore and synchronize
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microgrid with the main grid. Reliable operation of the
system, ensuring power quality, distortion reduction of
frequency and voltage and economic performance of
microgrid are other functions of secondary control. Tertiary
level handles the economic issues, microgrid participation in
the electricity market and energy exchange between the
microgrid and the main grid.

In this paper, first, a review on the microgrid different
operational modes and structures is presented in section II,
and then in section III, the hierarchical levels of microgrid
control are analyzed and in the end, conclusions, and some
proposals or future research are proposed in section IV.

2. MICROGRID STRUCTURE

As mentioned above, a microgrid consists of DGs, loads,
energy storage systems, controller, energy management
system (EMS), and demand-side management system. micro-
sources are divided into two categories, micro sources such
as micro-turbines and fuel cells with constant output power,
and wind turbines, and photovoltaic with variable power
depending on ambient conditions [13]. The general structure
of microgrid is shown in Figure 1.
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Figure 1. The general structure of a microgrid

Among the merits of microgrids, improving reliability,
reducing losses by reducing the distance between generation
and consumption locations, reducing emissions, operation
improvement, and long-term investment issues, power
quality improvement, declining the power outages, and
maintenance simplicity can be mentioned. However, there are
many challenges in developing microgrids. Some of these
challenges are [14]:

Quality control issues. In this way, the deviation of voltage
and frequency can be eliminated by adequate secondary
control.

Creation of interference in reclosing the islanded
microgrid to the distribution network that needs appropriate
synchronization and control loops. If there is a difference
between the voltage phase of main grid and microgrid,
controllers must prevent re-joining them.

The high price of distributed generation resources.

There are safety and protection issues in resolving errors
that may not be detected by the systems inside microgrid. So,
necessary protective measures should be considered.

The market monopoly that would not allow active
participation of microgrid in the electricity market.

In order to control the microgrid and overcome the
mentioned challenges, it is essential to determine the
operational mode. For this purpose, microgrid operation
modes are introduced and discussed. In any case, control
objectives and microgrid functions should be identified.

2.1 Microgrid operational modes

As mentioned, the microgrid can operate in two main
modes; connected to the main grid and islanded mode. In a
normal situation, the microgrid connects to the main grid and
supplies the loads. A microgrid may need to be disconnected
from the main grid under certain circumstances in which
microgrid is an independent entity that operates in islanded
mode, and supplies loads uninterruptedly. These two
operational modes will be explained more specifically in the
following sections.

Grid-connected mode

In connected mode, the voltage level of point of common
coupling (PCC) is determined by the main grid, and the
central role of the microgrid is matching the active/reactive




power generated by the DGs with the load. Reactive power
injected by a DG unit can be used for power factor correction,
reactive power supply, or voltage control at the
corresponding connection point.

According to current standards, DG units with limited
generation capacity will not be able to support grid
equipment for frequency and voltage settings. On the other
side, power equipment may not be allowed for regulating
voltage or to be controlled by DG units in connected mode
[15].

Islanded mode

A microgrid can be isolated from the main grid, and still
supply the consumers with reliable power. It can also feed the
loads independently. A microgrid must be separated from the
main grid under the following conditions:

Predefined islanded operation: If any error such as public
events or long-term voltage drop occurs in the main grid or
main grid needs to be repaired, microgrid should operate in
islanded mode.

Non-predefined islanded operation: when there is a
blackout by disconnecting from the main grid, microgrids
should be able to support loads using the appropriate
algorithms.

Once microgrid operates in islanded mode, DG units are
responsible for the feeding system and stability of rated
voltage and frequency while power-sharing between
generation units is organized [16]. Also, DG units must
prevent an overload of the inverters. In islanded mode,
microgrid must solve the following issues:

Frequency and voltage adjustment: system acts as a
voltage source and ensures the power flow; the frequency and
voltage control loops are set within the permissible range.

Balance the supply and demand: in islanded mode, the
variations in frequency are followed by the new operating
point for active power, which leads to changes in the power
angle between the grid and microgrid. In these circumstances,
the microgrid should be able to meet the demand.

Power Quality: a high-power quality can be achieved at
two levels. At first, the reactive power and harmonic current
are measured, and in the second stage, reactive power and
harmonic compensation are carried out. Thus, the microgrid
can meet the power quality requirements of the main grid.

Also, in the islanded mode, all DG units are considered
fixed power sources that inject arbitrary power to the grid [17,
18].

When the power supply outage occurs, or an error in the
main grid is detected, the microgrid is isolated from the main
grid, and the recovery process commences and continues
until the system ensures that the desired reliability has
already been achieved. In this case, power reference should
again be placed at a nominal value. Besides, if the maximum
permissible deviation does not exceed a permissible value for
frequency and voltage. When the microgrid operates in
islanded mode and the main grid is prone to an error, stability
and synchronizing voltage and frequency should be achieved
while connecting to the grid. The recovery process is
performed to synchronize the system frequency and power
generation in the main grid. During this stage, balancing
between active and reactive power, and coordination of DG
units are important [18].

Inverters are essential requirements for connecting
microgrid to the main grid. Structures of inverters for AC and
DC sources are shown in Figures 2 and 3 [19].
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Figure 3. Inverters for AC distributed resources [19]
2.2 Classification of microgrids

Microgrids can be categorized based on the types of the
generation power and converters used, to three types of AC,
DC, hybrid. Each of these kinds has a specific purpose and
structure [20]. These types and their applications are
discussed in the following section.

AC Microgrids
An AC microgrid system connected to a medium voltage

network is shown in Figure 4(a). The main system includes
AC or DC sides, DG units, and energy storage systems that
are connected in some parts of the distribution network [21].
The microgrid is connected to the system through an AC low
voltage line at PCC and supplies AC loads directly and DC
loads using DC/AC converters. AC microgrid systems,
including wind turbines, wave, and biogas, may need
AC/DC/AC converters.

In AC microgrids, control is performed to stabilize the
voltage, synchronize the inverter frequency with rated value,
power-sharing (active and reactive) between the inverters
concerning their capacity and provide additional services for
the main grid. The control of AC microgrid uses a voltage
regulator and a reactive power regulator. Voltage regulators
are responsible for adjusting voltage through the microgrid,
and the reactive power regulators manage reactive power-
sharing concerning the impedance of the transmission line
[22].

DC microgrids
DC microgrid includes photovoltaic arrays, fuel cells, and

energy storage systems (batteries and supercapacitors) [23-
25]. The microgrid is connected to the grid at PCC via low-
voltage DC line, supplies DC loads directly, and AC loads
using DC/AC converters [20-22].

In order to supply sensitive loads, a DC/AC converter is
required. The main advantages of the microgrid are loss
reduction, load security, efficiency improvement, no need for
regulations in frequency, phase, reactive power, and power
quality control, no need to synchronize the DGs when
connecting to a DC link and lack of blackout’s impact on DC
microgrids. Besides these, the main challenge for microgrid
development is protection issues. It is possible to connect the
batteries and capacitors directly to the DC bus (but using



converters is preferred) and flywheel should connect to the
DC link through a converter [26]. The main objectives of the
DC microgrid control are DC voltage regulation in nominal
value, current (power) sharing between the converters, and
performing load flow [21]. DC microgrids are depicted in
Figure 4(b).

Photovoltaic Panels ~ AC Bus DEBus by otovoltaic Panels
DC/DC
—
| oo} 8
H DC Load DC Load
Wind Turbines

+t44

Energy Storage System.

i
~L
=5

=z

/ind Turbines

t114

Energy Storage System

7

DjEID

DBreaker
DC Micoged

(b)

Breaker
i ACMicragrid
(a)

a
Figure 4. (a) AC microgrid, (b) DC microgrid [27]

Hybrid microgrids
DC and AC microgrids are the critical elements for

incorporating DGs as distributed energy storage systems [12].

A hybrid microgrid is a combination of DC and AC
microgrids that provides better connectivity for different
distributed generation units. This microgrid can be used in
both grid-connected and islanded mode, and its generation
capacity is equal to total power generated by DC and AC
microgrids. In this type of microgrids, AC/DC and DC/AC
converters must be used simultaneously [28, 29]. A hybrid
microgrid is shown in Figure 5.
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AC and DC microgrid functions in two operational modes
are summarized in Table 1. Various protection and control
functions are explained.

Structure, operating modes, and types of a microgrid are
discussed. In order to implement the microgrid and achieve
to listed advantages, appropriate control systems are required.
In the next section, microgrid control will be investigated to
realize stable and reliable operation.

3. MICROGRID CONTROL

The main control variables of a microgrid are frequency,
voltage, and active/reactive power [30]. In the connected
mode, the microgrid frequency and voltage operating points
are determined by the main grid. In this case, the main role of
microgrid control is to match the active/reactive power
generated by DG units and loads. In islanded mode,
microgrid acts as an independent entity and there would be
more challenges than the connected mode. Microgrid voltage
and frequency are not supported by the main grid and
therefore must be controlled by DER units. Microgrid control
is implemented mainly based on voltage and frequency as the
main parameters, and various structures will be provided for
this purpose [31].

Microgrid control should support and control microgrid
activities with high security in both islanded and grid-
connected modes. When microgrid is disconnected from the
main grid, the control system must control local voltage level
and frequency. It should calculate the difference between
generation and consumption of active/reactive power on the
island origin and do necessary steps for grid stability. The
control system also has other functions such as maintaining
microgrid against failures, errors, and outages and setting
consumers in its most optimal modes [6, 32].

In general, the microgrid controller must meet the
following objectives [33]:

1. Operation of micro-sources in the permissible range
(primary and secondary control in both operational modes).

2. Active and reactive power-sharing (primary and
secondary control in grid-connected mode).

3. Seamless connections and disconnection from the
main grid (primary control in both operational modes).

4. Participation in a market with the optimization of
local micro-source and power exchange with the grid
(tertiary control in islanded mode).

5. Uninterruptible supply of sensitive loads such as
medical equipment and computer servers (in both operational
modes).

6.  Working through a black start operation in case of
any general error (in islanded mode).

7. Increasing the system’s performance and reliability
by providing support from the energy storage systems
(primary and secondary control in both operational modes).

In terms of implementation, microgrid control can be
divided into two categories, centralized and decentralized.
Each one is used depending on the microgrid type, grid
conditions, and control level. In recent studies, among the
various control structures, hierarchical control has been the
most widely used method, which is implemented in
centralized and decentralized structures. Hierarchical control
has three control levels including primary, secondary, and
tertiary.



Microgrid control must have the following characteristics
[31]:

Output control: voltages and currents of DER units must
track their reference values, and oscillations must be damped
completely (primary and secondary control in both
operational modes).

Power balancing: DG units in microgrids should be able
to correct sudden imbalances in active power and keep the
deviations of frequency and voltage in an acceptable range
(primary and secondary control in both operational modes).

Demand Side Management (DSM): appropriate DSM
methods should be designed to control the load (tertiary
control in both operational modes).

Economic dispatch: proper dispatch of DG units in
microgrid reduces operating costs and increases total profit
(primary, secondary and tertiary control in islanded mode).

As mentioned, microgrid control can be implemented in
the form of centralized and decentralized. In a centralized
structure, hierarchical control levels can be classified as
follows [34-36]:

1. Local controllers, including micro-source controllers
(MC) and local controllers (LC).

2. Microgrid central controller (MGCC).

3. Distribution Management System (DMS).
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Figure 6. Structure of microgrid control: (a) centralized
structure and (b) decentralized structure [32]

The local controller manages the operating point of micro-
sources and related power electronics interfaces without
utilizing communication systems. So, it has a simpler circuit
and requires a lower cost. In this level, measurements are
local voltages and currents [33, 37]. In centralized control,
local control is installed in the location of controllable loads
and is usually used for demand-side management [38].

There is one MGCC for each microgrid that is the interface
between the grid and the DMS. MGCC plays different roles
including coordination of local controllers and optimization
of microgrid performance. The difference between the
centralized and decentralized control is determined by

defined tasks for the MGCC and tasks divided between
MGCC, MC, and LC. In the centralized control, MC and LC
perform the MGCC commands in grid-connected mode, and
in islanded mode, decision-making is performed by MC and
LC [38].

MGCC includes several vital functions (such as economic
management and control functions) and manages the
hierarchical control system. At the secondary level of
hierarchical control, local controllers are located on-site of
loads, and micro-source controllers exchange information
with the central controller. In this case, MGCC is responsible
for the microgrid performance by setting the operating point
of the MC and LC [39]. LC is used as an interface for
controllable loads through local load shedding in
emergencies and MC controls active and reactive power
generation levels of the micro-sources. The exchanged
information between network controllers includes basic
commands such as the operating points of active and reactive
powers and voltage level information of LC and MC [40].

Distribution Management System or distribution network
operator consists of several central control units and is
responsible for low voltage and medium voltage zone
management. Decentralized control in microgrids is
performed to make the right decisions locally for micro-
source planning in different situations. The decentralized
control responsibilities are given to the MC to perform the
operations of maximum generation and covering of the
demands, in order to reduce the market price. In this case,
local controllers and micro-source controllers only exchange
information with their neighbors. Structures of centralized
and decentralized controllers are shown in Figure 6.

In centralized and decentralized controllers, coordinated
and sustainable system function depends on the frequency
synchronization between DGs and energy storage systems
through the communication link.

3.1 Hierarchical Structure
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Figure 7. Microgrid hierarchical control



In large-scale power systems, multi-level hierarchical
control has become a well-known method, and it has been
used progressively in recent years. Therefore, hierarchical
control must be defined under standards such as those for
large power systems in order to perform the adequate
operation of microgrids. The primary, secondary and tertiary
controls are presented as the three essential levels of control
loops in the microgrid. These levels differ in terms of
response rate, operational time frame and requiring
infrastructures such as communications systems [41, 42].
Figure 7 shows the hierarchical structure of microgrids.

3.2 Primary control

Droop control is usually implemented at the primary level,
and there is one droop based outer power loop for each
inverter, namely automatic or decentralized control. The aim
of this level is active and reactive power sharing between DG
units and improving system performance, stability and
frequency, and voltage regulation. The following equations
express the droop control scheme.

o=0*-m(P -P¥) (1)

E=E*-n@Q-Q% 2)

where, O*, E* are frequency and voltage amplitudes of the
operating point, m, n are specified coefficients corresponding
to the operating slopes, and P*, Q* are the active/reactive
power references, respectively. In this way, frequency and
voltage outputs are determined by wusing the local
active/reactive power of each unit and sharing P/Q [43].
Primary control has the fastest responses in comparison with
the secondary and tertiary control levels; mainly utilized the
conventional linear control methods and can be implemented
based on the measurement of local signals [41].

3.3 Secondary control
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Figure 8. The primary droop control structure

As illustrated in Figure 8, the main task of secondary
control is voltage and frequency restoration and
synchronization [44]. In order to restore the microgrid
voltage to the nominal value, a system must send
corresponding signals to primary control with the deployment
of low bandwidth communication. Also, this control can be
used to synchronize the microgrid with the main grid
between the islanded and grid-connected modes. The
secondary control must be able to measure the deviation

amplitudes of voltage and frequency and send the required
reference values for the droop characteristics of each DG unit
[18].

3.4 Tertiary control

In the third loop of hierarchical control, setting the
reference of grid-connected inverter and maximum power
point tracking is performed to optimize the energy-sharing
operation. The operating points of microgrid inverters are
adjusted such that a control power flow in general (microgrid
energy input and output) or local sectors (energy hierarchical
or consumption) can be realized. Usually, power flow
depends on economic issues. Economic data should be
processed and used for decision-making in the microgrid.
Each controller should be automatically responded to system
changes without requiring control information. For example,
P* can be set to a positive or negative value to inject or
absorb active power, and Q* is set to zero to achieve a unity
power factor. Frequency and voltage reference and saturated
value of them with the permissible maximum and minimum
within a microgrid will be sent to the secondary control. By
applying this level of control, additional functions such as
islanded tracking or the grid voltage harmonic reduction are
achieved by injecting harmonics. As a result, the microgrid
can be fully controlled using hierarchical methods [18].

4. CONCLUSION

In this paper, microgrid structures and control methods
were reviewed. Also, microgrids were introduced and
investigated briefly divided into three types of AC, DC, and
hybrid. In section III, the essential sections of three
hierarchical levels of control were analyzed, and the role of
each one in the corresponding operation was highlighted.

It was also shown that secondary control plays an
important role in the hierarchical structure; therefore, in our
next paper, we will focus deeply on the secondary controller,
and a vast literature review will be conducted.
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