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Abstract—The demand of electricity and environmental issues
associated with conventional power generation plants are in-
creasing significantly. Modern technology has transformed the
conventional power system through the integration of distribut-
ed generation (DG). With the help of modern power electronic
technology, the conventional power system is able to support
the integration of DGs based on renewable energy sources
(RESs). The systematic combination of DGs with energy storage
system forms a microgrid (MG), which can operate in islanded
mode or grid-connected mode. The intermittent nature of RES
and varying load pose substantial obstacles such as voltage and
frequency instability, and the unreliability of RES. Unequal
feeder impedances and non-linear loads are considered as pres-
ent challenges in MG control. Hierarchical control has been use-
ful in undertaking solutions to these issues. This paper covers
the deep insight of different control methods applied at the pri-
mary and secondary control levels in hierarchical control. In
primary control, the classification based on droop and non-
droop controls is discussed. The virtual synchronization ma-
chine (VSM) based control method is reviewed. Voltage and fre-
quency restoration control and economical operations at decen-
tralized and centralized secondary control are analyzed in de-
tail. Based on the existing literature, critical discussion on MG
control and future trends are also presented to provide future
research perspectives.

Index Terms—Distributed generation (DG), hierarchical con-
trol, droop control, non-droop control, inverter.

[. INTRODUCTION

HE electricity generation in the conventional power sys-
tem relies on the forecasted data, and the electricity dis-
tribution has been passive for a long time. However, cutting-
edge technology is proven to be promising for conventional
power systems with the concept of distributed generation
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(DG), which is mostly based on renewable energy sources
(RESs). The technology integrates the communication, ad-
vanced control and management to profile modern power
systems equipped with DG units based on either RES or oth-
er sources [1]-[3]. The micro-sources such as micro-turbines,
low-power wind turbines, and photovoltaic (PV) cells are
considered as DGs integrated into the power system.

There are many advantages for both consumers and utility
with the integration of DGs in the power system, particular-
ly the cost-saving. However, the penetration of a large num-
ber of DGs into the system may cause problems in low-volt-
age distribution networks such as bidirectional power flow,
voltage deviations, and voltage fluctuations [4]. However,
these issues can be fixed when a combination of DG and dis-
tributed storage (DS) units is utilized [5], [6]. When DG and
DS units are organized systematically, they form a microgrid
(MG) [7]. MG provides more capability and flexibility com-
pared with a single DG integrated into the power system. To
maintain the standard values of system parameters and to en-
sure the reliability of the MG during the integration of new
DG units, it requires to have “plug-and-play” characteristics
[8], and replicates the synchronous generators (SGs) connect-
ed in parallel. The frequency and voltage control methods
are employed to control the active and reactive power [9],
[10]. Thus, the “plug-and-play” characteristic does not re-
quire any modification in the applied control system for the
addition of new DG units or the disconnection of the exist-
ing DG units.

The basic structure of MG is shown in Fig. 1 [7]. It may
consist of multiple DG units, DS units, and different types
of loads connected to MG through various points of connec-
tion (PCs). In grid-connected mode, the power flow between
utility and MG is established through the point of common
coupling (PCC), which also provides protection and isolation
from the main grid in case of faults. The DGs with DC out-
puts such as PV systems and DS units deliver power
through power converters, i.e., DC-DC and DC-AC. Howev-
er, DG units with AC outputs are coupled through AC-DC
and DC-AC power converters. In islanded mode, DG and
DS units supply power only to the locally connected load of
the MG.

Hierarchical control is applied to ensure the reliable and
economic operation of the MG, which has three control lev-
els, i.e., primary, secondary, and tertiary [11]. These control
levels have different response times and require communica-
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tion [12]. From the prospect of the power system, two types
of control methods are applied, i.e., centralized and decen-
tralized [13]. A centralized control requires the communica-
tion between the central controller and the local controller of
each DG unit. Based on the collected data from the local
controller, control actions are determined at the central con-
troller and communicated back to the local controller for exe-
cution. However, in decentralized control, each DG unit is
controlled by the local controller, which does not require the
communication with other units. In decentralized control, the
local controllers are unaware of system-wide faults. Primary
control has the shortest response time, and it does not re-
quire communication when used in the decentralized system.
However, it requires communication when applied in central-
ized control, distributed control, and master-slave control
[14]-[16]. This control is responsible for the regulation of
frequency and voltage at the inner loop of control. Due to
its shortest response time, it also takes care for the islanding
detection, power sharing and output power control of DGs
[17], [18]. Droop control is mostly used at the primary con-
trol level that emulates the characteristics of interconnected
SGs and ensures the desired power sharing between DG
units without communication [19]-[22]. There are limitations
of droop control particularly in power sharing under uncer-
tain output impedances and dynamic load conditions [23].
Energy storage can help the droop control for power sharing
under these conditions, but it compromises the aspect of volt-
age regulation. The limitations are countered by secondary
control. However, if primary control is based on communica-
tion, for the systems mentioned above, it offers better volt-
age regulation and transient response under system dynamics
and harmonic sharing. Secondary control has longer opera-
tion time than primary control, as it minimizes the frequency
and voltage deviations that persist even after the execution
of primary control [24]-[26]. Secondary control can also be
used for both centralized and decentralized controls. In cen-
tralized control, the secondary control is carried out by a
central controller of the MG. However, in decentralized con-
trol, it is executed by local controllers. This control level
may include the objectives of reactive power sharing, power
quality, synchronization with utility, etc.
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Fig. 1. Basic structure of MG.
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The objective of this paper is to identify the existing con-
trol methods applied at the primary and secondary control
levels, and the following insight of review and future re-
search areas are to be established. Section II describes the
operation of the MG in both grid-connected and islanded
modes. Section III provides a brief discussion on hierarchi-
cal control of the MG. Section IV presents the methods of
primary control and their challenges in detail. Section V cov-
ers the techniques of secondary control and their problems.
In Section VI, based on the literature, a critical discussion
on MG control has been presented. Future trends have been
discussed in Section VII. Finally, Section VIII concludes the

paper.

II. OPERATION OF MG

The MG operates in either grid-connected or islanded
mode [7], [27]. It is preferable that an MG should operate in
both modes to obtain the maximum benefits. However, due
to safety reasons and standards, the utilities do not allow the
operation in the islanded mode unless a fault occurs in the
MG [28]. The performance of the overall system in grid-con-
nected mode relies on the precisely measured voltage and
frequency of the main grid. The islanded mode operation,
without support from the main grid, requires a robust control
to maintain standard voltage, frequency, and balanced power
sharing [29].

A. Islanded Mode

The MG switches from grid-connected mode to islanded
mode for a number of reasons such as fault occurrence,
scheduled maintenance on the utility side, and cost effective-
ness. For the last reason, the MG is disconnected deliberate-
ly from the main grid for economic dispatching and cost re-
duction of electricity provided to local loads. To standardize
the islanding, reconnection, and transition between the two
modes, the compliance of the IEEE 1547 standard guidelines
has to be ensured in the MG control [30]. In islanded mode,
the MG is not supported by the utility and requires the con-
trol of power converter that establishes and regulates system
frequency and voltage. The power converter follows the prin-
ciple of grid forming, and the references for voltage and fre-
quency control loops are determined by secondary control.
The reliability of the MG is affected by its low-inertia char-
acteristic which can cause an outage in case of low power
generation or increase in demand [27]. When the critical
loads are connected to the MG in the islanded mode, voltage
quality control is essential that should maintain low total har-
monic distortion (THD) in various load scenarios. Thus, the
DS device can help maintain the system frequency and volt-
age as well to compensate for the fluctuations caused by
variable power outputs and unstable load patterns [5], [6].
The devices may include batteries, super-capacitors, etc. The
MG has to generate excessive power than the demand to
maintain a power balance in storage devices.

The control techniques based on communication or those
without communication can be used for islanded mode opera-
tion of the MG [31]-[36]. However, it is economically viable
and reliable to use the control technique which does not re-
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quire communication for its operations. Since the MG does
not receive any reference in islanded mode, the applied con-
trol should operate DG units in voltage source inverter (VSI)
mode for maintaining standard voltage and frequency. Mas-
ter-slave control is widely used in islanded control of MG,
which connects DG units positioned in near vicinity to each
other through a common bus [37], [38]. In this control, one
of DG units operates as a master and the rest as slaves. The
master unit is responsible for maintaining voltage and fre-
quency, and thus provides reference signals for the slave
units. The master unit operates in VSI mode, whereas the
slave units operate in current source inverter (CSI) mode to
ensure the equal distribution of current. The control methods
used in this mode are either based on droop concept or uses
communication. However, both the types are dependent on
local measured variables [31].

B. Grid-connected Mode

In this mode, the PCC connects the MG to the main grid,
and there is power flow through this tie line. The MG con-
troller ensures the power flow from the MG to the utility if
the generated power of DG units is surplus. However, it also
imports power from the main grid when the generated power
is less than the local demand. In grid-connected mode, the
power converter operates by using a grid-following princi-
ple, where the main grid provides the references of voltage
and frequency to the DG units in MG. Thus, current control
is applied on power converter which determines the values
of active and reactive to be injected into the main grid [39].
The transients caused by faults in the main grid or due to
load fluctuations produce harmonics, which can flow bidirec-
tionally from the main grid to the MG and vice versa. Thus,
the filter with inverter-side inductor, filter capacitor, and grid-
side inductor (LCL) is used to block unwanted components
of parameters on both sides.

The control in this mode uses any natural, stationary, and
synchronous references. By applying phase-locked loop
(PLL) or frequency-locked loop (FLL) with its respective ref-
erence frameworks, it synchronizes the key parameters of
the main grid with the MG [40]. Droop control is widely
used in the grid-connected mode of the MG to regulate the
power injected into the main grid by controlling the power
angle. Unlike the control of conventional inverters using out-
put current as feedback to obtain better regulation and lower
THD, the droop control does not entail the current directly.
Droop controls P-f/Q-V and P-V/Q-f are chosen for the in-
ductive and resistive types of the MG, respectively [41].
Droop control with an integrator has been studied to im-
prove the precision of power flow. Various modified droop
controls have been investigated to improve the dynamic re-
sponse and precise power control [42]-[45]. Master-slave
control, as a central controller, can be applied in this mode
where the main grid operates as a master unit. It is responsi-
ble for deciding and maintaining the voltage reference [46].
It also allocates the values of current reference to other slave
units in the MG to ensure the required supply of active and
reactive power.
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III. HIERARCHICAL CONTROL OF MG

Generally, the MG consists of different DG units, some of
which are based on renewable energy and others based on
the conventional power generation, i.e., diesel generator. All
these sources have different power generation capacities,
costs of electricity generation, and degrees of reliability.
Thus, the MG requires hierarchical control to host the inter-
connected system of DG units to ensure the desired power
sharing, reduce the cost of generation, and increase the reli-
ability and efficiency of the system [47].

Figure 2 shows the hierarchical control, which is a well-
known MG control consisting of three control levels, i.e., pri-
mary, secondary, and tertiary [24], [48]. The primary control
takes care of frequency and voltage regulation in the inner
loop and gathers the data of variables locally, which does
not need communication when used in a decentralized power
system. It employs droop control and virtual impedance con-
trol at each DG unit for output power regulation [16], [32],
[49], [50]. In centralized control, the primary control varies
the output of each DG unit, keeping in view their capacities
determined from the instructions of central control [51],
[52]. These instructions are passed from the secondary con-
trol to primary control, which is responsible for reducing the
frequency and voltage deviations that persist even after the
execution of the primary control. It works as centralized con-
trol and thus coordinates the information among DG units
through communication devices. It ensures the voltage pro-
file maintained across AC buses in the MG, and keeps updat-
ing the DG units for system-wide variables all the time. That
is why the time response of the secondary control is longer
than that of the primary control, as shown in Fig. 2. The pri-
mary control has bandwidths of 5 kHz and 20 kHz for cur-
rent control and voltage control, whereas the secondary and
tertiary controls have bandwidths of 30 Hz and 3 Hz, respec-
tively. In most of the small-scale or remotely-established
MG systems implemented in real time, the centralized con-
trol methods are not preferred, which involve the communi-
cation at the secondary or tertiary control level. For such ap-
plications, the communication adds extra cost and complexi-
ty in the control systems, whereas the primary control can
be an automated control based on the local voltage and fre-
quency measurements [53].

The tertiary control takes the data of connected load, de-
mand and supply balance, weather forecast, and economic
dispatching into consideration to optimize the MG operation
for reducing the cost of electricity units and increasing reli-
ability [12]. Once the data is incorporated, the tertiary con-
trol sets the references of power output for each DG unit,
which communicates to the primary control level through
the secondary control. The tertiary control level takes more
time than the primary and secondary control levels, ranging
from a few to several minutes [53], [54]. It supports the sec-
ondary control in case of unplanned system transients. When
the MG operates in grid-connected mode, the tertiary and
secondary controls involve the coordination between grid
and grid-supporting/grid-feeding power converter. These con-
verters feed the specified active and reactive power, as the
frequency and voltage are determined by high-level control.
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Whereas in the islanded-mode or resynchronization phase,
the main objective of the DG control is to regulate the fre-
quency and voltage within the prescribed limits. The grid-
forming converter is used in stand-alone mode, which gov-
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Fig. 2. Hierarchical control of MG.

erns the frequency and voltage through local control. The
control techniques that have been used at these hierarchical
levels are presented in Table I [12], [55], [56].

To ensure optimal power flow and economic dispatch
: To regulate the active power and reactive power and
©maintain the synchronization of the system
Operation cycle time: minutes to hours

: To compensate the residue deviations of w and V after :
the execution of primary control :
» Operation cycle time: milli-seconds to seconds

: To stabilize the voltage and frequency of MG by implementing |

fast acting voltage and current control loops

Operation cycle time: milli-seconds

TABLE I
CONTROL TECHNIQUES APPLIED TO HIERARCHICAL CONTROL

Control level Control technique

Objective

Conventional droop control, i.e., P-f/Q-V or P-V/Q-f, compensated droop con-
trol, modified P-V droop with O-f boost (VPD-FQB) control, adjustable load
sharing control, adaptive voltage droop control, virtual frame transformation,
signal injection, centralized control, average load sharing control, non-linear

Primary

load sharing, master-slave control, etc.

Genetic algorithm (GA), particle swarm optimization (PSO), ant colony optimi-
zation (ACO), model predictive control (MPC), multi-agent system (MAS)
concept, potential function-based control, voltage unbalance compensation
technique, gossip-based technique, distributed cooperative control, etc.

Secondary

Tertiary based technique, etc.

Game theory based technique, equal marginal cost based technique, gossip-

To ensure accurate power sharing among DG units con-
nected in parallel

To stabilize the voltage and frequency of the MG

To avoid the circulating current between DG units

To compensate for the error in voltage and frequency sta-
bility leftover by primary control

To ensure the operation of energy management system
(EMS)

To coordinate MGs with the main grid

To determine operation points of DG units considering
economic aspects of the electricity market, unit tariffs,
etc.

The MG consists of RESs whose output is intermittent
and unpredictable over time. This causes forecasting inaccu-
racies that could affect the functions of tertiary control.
Thus, the decisions taken at the tertiary control level for eco-
nomic dispatching of DG units become uneconomical for the
MG. Moreover, small-scale MG projects in real time would
prefer the function of tertiary control merged with the sec-
ondary control. Some studies suggest the merger of second-
ary and tertiary controls as a solution to these issues, be-
cause it could reduce the operation time of control [53],
[54], [57]-[59].

IV. PRIMARY CONTROL

As mentioned in the above section, the primary control is
the lowest control, which provides the inverter output con-
trol and power sharing control. The inverter output control
consists of the inner loop and outer loop. The outer loop reg-
ulates the voltage whereas the inner loop controls the output
current [60]. The inverter control employs a suitable refer-
ence frame, i.e., synchronous (dg), stationary (af), or natural
(abc) [61]. The synchronous reference frame is used if the
control is based on proportional-integral (PI) controller, or it
deals with DC variables only. However, it uses a stationary
reference frame when dealing with sinusoidal variables or
proportional-resonant (PR) controller. The hysteresis, dead-
beat, PR, and PI controller use the natural reference frame

[62]. Most commonly, the inverter output control is imple-
mented with PI controller. To improve the dynamic perfor-
mance of the controller, it uses feed-forward compensation
[61], [63]. To enhance the performance of the control in the
presence of nonlinear loads and to increase stability, multi-
variate control methods have been studied [64], [65]. Power
sharing control is categorized depending on whether it uses
the idea of droop control. If the central controller deals with
the power sharing control, it can be classified in the second-
ary control [12].

P-f/0-V droop control, also referred to as conventional
droop control, is widely used at the primary control level
[18], [66]-[68]. It is only effective for the large-scale power
system in which the resistance of line is neglected and the
impedance is only of inductive nature. However, high resis-
tance/inductance ratio in low-voltage (LV) system network
causes the coupling between active and reactive power,
which is challenging for the conventional droop control.
Thus, in LV systems, a modified droop control represented
as P-V/Q-f is used instead of the conventional droop control.

The primary control can be categorized into droop-based
control methods and non-droop-based or communication-
based control methods. Figure 3 shows the detailed classifi-
cation of the primary control. The droop-based control meth-
ods are characterized by the flexibility, redundancy, and easy
implementation, but there are a few disadvantages such as
the circulation of current among DG units, inaccurate power
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sharing, and slow transient response. Likewise, non-droop-
based control methods have benefits such as good transient
response, accurate power sharing, and good power quality,
but these impose increased cost and complication of the com-
munication loop. Moreover, long-distance communication de-
creases the opportunities for system expansion. The droop-
based and non-droop-based methods are discussed in the fol-

lowing subsections.
Primary control

I
Droop-based method ‘ ‘ Non-droop-based method ‘

I I T ] :
Virtual frame | | P-V/Q-f Modified || P-f/Q-V Centr?hzled
structure droop P-fl0-V droop contro
transformation control droop control | | control Master-slave
" control
i Angle dr Modified filter —
Virtual e Aroop Distributed
P-Q frame control —
Derivative term control
Virtual addition
-7 e Virtual impedance
consideration
Fig. 3. Classification of primary control.

A. Non-droop-based Methods

1) Centralized Control
The centralized control involves synchronization signals
and current division units, as depicted in Fig. 4.
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electronic-
interfaced
inverter 1
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e Power- AC bus

electronic-

Voltage controller

interfaced
inverter N

~ - .
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AQQ

e + iN
i N

Common bus

Fig. 4. Schematic of centralized control.

Each module has PLL which maintains the uniformity be-
tween the synchronization signal and the frequency and
phase of the output voltage [69], [70]. The current division
modules identify the total load consumption and set the refer-
ence for the current to be drawn from each module. The N
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DG units interfaced through the inverters of equal power rat-
ing share the current by following the expression i,=i,/N
(k=1,2,...,N), where i, is the inverter output current. This
ensures the accurate power sharing under both transient and
stable conditions. Each inverter calculates the current error
Ai, by taking difference of i, and the reference current
i,,s=1,. Since the synchronization signal ensures the insignifi-
cant change of frequency and phase between inverters, Ai, is
due to the change of their output voltages. The deviation in
reactive power AQ and reference voltage V, decides the set
value of voltage Vg* for the inverters. The frequent setpoint

/. and the deviation in active power AP determine the value

of frequency f~ for the inverters.

There may be an insignificant difference in frequency and
phase of the N inverters connected in parallel due to voltage
imprecisions, but this error is measured and compensated by
each inverter itself. This control method requires the commu-
nication of reference current and synchronization pulses for
the inverters. It poses cost to the system and makes the sys-
tem crucial in case of communication instabilities. The cen-
tralized controller limits the expansion of wide-area system.

The incorporation of significant electric vehicles with cen-
tralized control has been investigated [71]. The electric vehi-
cles with centralized control have great potential in the case
of islanding of the MG.

A centralized control has been investigated in [72] for im-
proving frequency regulation in MGs with the help of plug-
in hybrid electric vehicles (PHEVs) and wind generators. It
is found that PHEVs and wind generators can improve fre-
quency regulation for low-power MGs [72]. A centralized
control improves the dynamic performance in case of un-
equal line impedances in [73].

2) Master/Slave Control

The idea of master/slave control is encouraged from a con-
ventional power system in which the voltage and frequency
are maintained by slack bus, whereas all the buses supply
the load [74], [75]. Likewise, in the MG, the initializing
module acts as a master inverter and maintains the condi-
tions of paralleling the inverters, whereas others act as slave
inverters which then either inject or absorb active/reactive
power [15]. The master/slave control is shown in Fig. 5. The
voltage regulator in the master inverter unit regulates the out-
put voltage by tracking the reference voltage V,,. The output
voltage of controller V, directs the pulse width modulation
(PWM) of master inverter and is fed to slave inverters for
voltage regulation. The output current of master inverter 7,
is regarded as the reference current (i,,,=i,) for all the slave
inverters. The slave inverters enable equalized power sharing
by tracking the reference provided by the master inverter. In
such a case, it does not require any PLL signals. However, if
the master inverter fails, the system is likely to fail. The im-
proved master/slave control is studied in [75], which random-
ly shifts the role of the present master inverter to another in-
verter. An improved master/slave control in which all invert-
ers are connected by active power sharing bus and reactive
power sharing communication bus has been considered in
[15]. The inverter of the highest power generation DG unit
becomes the master one whereas all others are positioned to
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the slave status.

v,
Voltage controller}—% Inverter 1

i Master DG unit control

Slave DG unit control

| . |
%@—-{Current controllerh{%—{ Inverter 2 }‘ : { Load ‘
O I 3

Slave DG unit control

Current controller

Common bus

Fig. 5. Block diagram of master/slave control.

This control is easy to implement with precise power shar-
ing, and moreover, the feature of switching the role of mas-
ter inverter increases the reliability. The DG units also have
“plug-and-play” characteristics for their connection and dis-
connection, which optimizes the efficient execution of the
available potential. Nevertheless, it cannot sustain overshoot
transients of output current, as the output current of master
inverter is only controlled. A multi-master/slave control
method is investigated in [76] for the improvement of volt-
age quality and frequency regulation. It shows the improved
performance for the dynamic load.

3) Distributed Control

The distributed control, as shown in Fig. 6, does not use a
central controller. Instead, it requires discrete control for
each inverter connected in parallel [14], [77]-[81]. A distrib-
uted control is usually characterized by the instantaneous av-
erage current sharing. It requires a current sharing bus for
average current sharing and synchronization of voltage refer-
ence. To ensure the same average reference current, for all
the inverters connected in parallel, another current control
loop is used. In case of failure in a single unit, it can be dis-
connected easily from the MG without interrupting the paral-
lel operation.

As shown in Fig. 6, the current error i, is split into dg
components and the current regulators maintain the frequen-
cy and amplitude of the voltage. Figure 6 depicts the distrib-
uted control system. The values of output current of DGs i,

. [
(k=1,2,..,N) are averaged, i.e., imzﬁzgk. The output
k=1

voltage ¥, and current 7, are fed back to be compared with
the reference voltage and average current provided by cur-
rent sharing bus, respectively. The current error of DG1 i, is
decomposed into dg components i,,,, i,,, and the current reg-
ulators maintain the frequency and voltage of DGI. Like-
wise, the current error of the N DG i, as comparison of i,
and i,, is also split into dg components i, i, The lower
bandwidth communication required for distributed control as
the information is exchanged in nearby units but not in sys-
tem-wide area. It shares the control responsibilities among
the DG units instead of dispensing control with the central

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 9, NO. 5, September 2021

controller. A malfunction of one DG unit does not affect the
parallel operation of inverters in an MG. To ensure accurate
reactive power sharing and to reduce frequency and ampli-
tude deviations, a networked control system has been stud-
ied [81]. A two-layer control has been explored in [80], in
which the first layer decouples the voltage and frequency,
and the second layer decouples the active and reactive pow-
er. A distributed control employs partial feedback lineariza-
tion for active and reactive power sharing and it also takes
the known parameters into consideration [14]. Reference
[82] proposes a distributed primary control using sparse com-
munication, and achieves accurate load sharing and voltage
regulation.

v,
Voltage controller <
ot . :
abcldg || Regulator Vi |

pt % transformation Regulator ;
v Lold DG unit 1

abcldq ) Regulator

. Von font
transformation |—| :

Regulator

DG unit N

Common bus Common bus

Fig. 6. Block diagram of distributed control.

Thus, the distributed control achieves better power sharing
and voltage regulation without using a central controller, but
the communication between DG units is necessary, which
constrains the expansion of the system.

B. Droop-based Control Methods

1) P-f/Q-V Droop Control

This control initiates from the droop characteristics of syn-
chronous generator, in which the difference between mechan-
ical and electrical power changes the rotor speed, and conse-
quently, the electrical frequency. Similarly, the reactive pow-
er depends on the output voltage. The relationships of active
power and frequency, and reactive power and voltage can be
derived by (1) and (2), respectively.

fo=f =K, (P,~P) (1)
V,=V' -K,(0,-0) )

where ¥, is the measured quantities of voltage; V" is the ref-
erences for output voltage; P, and O, are the measured val-
ues of active and reactive power, respectively; P* and Q" are
the reference values of active and reactive power, respective-
ly; and K, and K, are the frequency and voltage droop coef-
ficients, respectively, which can be determined by (3) and
(4). The characteristics of conventional droop control are de-
picted in Fig. 7 [83]. The line P, to P, . represents droop
curve of DG1, where P, is the minimum power drawn at rat-
ed frequency; and P is the maximum power drawn at

1, max
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minimum acceptable frequency f,, which demonstrates the
inverse relationship of power and frequency in droop charac-
teristics. Likewise, lines P; to P, until Py to P, . are
the droop characteristic curves from DG2 to the N* DG. For
ease of understanding, it is supposed that DG units do not
provide reactive power at rated voltages in Fig. 7(b), but on-
ly active power is generated. However, O, ... O;... and
Oy are the quantities of reactive power drawn by DGI,
DG2, and the N* DG at the minimum acceptable voltage
V., respectively.

min®

QI :max QZ,‘max
(b)

Fig. 7. Conventional droop characteristics. (a) P-f droop. (b) O-V droop.

Qr‘\/:max Q

Af

K,=
r Pm)rm (3)

AV
Ky= —— 4
Q Q’I(U‘/ﬂ ( )

where Af and AV are the maximum allowed deviations in an-
gular frequency and output voltage, respectively; and P,,,,
and Q,,,, are the nominal active and reactive power generat-
ed by the system, respectively.

The output impedance of inverters connecting the DG
units to the MG is inductive because of the inductive line
impedance and inductive filter in the power system. The
block diagram of the droop control is shown in Fig. 8. The
output currents /, and voltages ¥ of the inverter units deter-
mine the active and reactive power of DGs. The product of
droop coefficients K,, K, and the power components P, O
are compared with rated frequency " and voltage E* to gen-
erate the signals of frequency w and voltage E. Figure 9
presents the equivalent circuit and the phasor diagram of
two inverter-interfaced DG units connected in parallel
through a PCC. In Fig. 9, R, +}X, and R, +jX, are the output
impedances of the inverter 1 and inverter 2, respectively;
Z,, =R, +jX,, and Z,=R,,+jX,, are the impedances of
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line 1 and line 2, respectively; E,Za, and E,Za, are the
voltages of two inverters, respectively; Z, , is the load im-
pedance; V' is the common bus voltage; X is the inverter out-
put reactance; and / and o are the inverter current and phase
angle difference between two voltage values of inverter 1
and inverter 2, respectively. If the system is large and has in-
ductive impedance, the active and reactive output power can
be represented by the following equations.

v,

ol

Voltage and current PWM Inverter 1 }7
control loop

I

ol

qu/ 1

o L
Vier2 Voltage and current
’ —-{ PWM H Inverter 2 }—
control loop

AC bus
Fig. 8.

Block diagram of conventional droop control.

Z\ =R 41Xy Z=R 510X,

Active power  Reactive power

T
E X1 .
]
/a/TlL.E N

= = 4 V
DG unit 1 DG unit 2
inverter inverter
(a) (b)
Fig. 9. Diagram of two DG units connected in parallel through inverters.

(a) Equivalent circuit. (b) Phasor diagram.

EVsina
p=—"""%
X ©)
EVcosa—V?
=P " 6
0= "% ©

From (5) and (6), it can be seen that the active power of
the inverter mainly depends on the power angle, and reactive
power depends on the difference between £ and V.

The inverters connected in parallel in MG also consider
the frequency droop coefficient and voltage droop coefficient
to regulate the output of the inverters.

2) Modified P-f/Q-V Droop Control

The limitations of droop control lie particularly in power
sharing under uncertain output impedances and dynamic
load conditions due to active and reactive power coupling
and the presence of circulating current among DG units.
These conditions limit the sharing of harmonics between DG
units and result in poor transient response. Such issues have
been considered, and several methods have been proposed to
solve them. One of the proposed methods is an improved P-
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f/O-V droop control [84] which adjusts the output impedance
with the help of virtual impedance. The virtual impedance
does not cause any losses such as those due to real imped-
ances, and it is implemented by a control loop. Thus, it im-
proves the efficiency and stability of droop control. A modi-
fied droop control presented in [45] suggests that accurate
power sharing and frequency restoration can be achieved
through the virtual inertia offered by the low-pass filter. It al-
so considers virtual damping to overcome the lingering fre-
quency deviations leftover by the applied control. An im-
proved O-¥ droop control is proposed, which uses first-order
derivative of reactive power of inverter and maintain the re-
quired reactive power [85]. This control remains stable un-
der the acceptable limit of droop coefficients. However, a
further increment of voltage droop coefficient could lead to
instability.

1) Modified filter

All the DG units are connected to the MG through the in-
verter and low-pass filter, as shown in the block diagram of
droop control in Fig. 10. In order to provide the average val-
ues of power P and Q to the control loop, the instantaneous
values of power are converted to the average ones when
passed through low-pass filter. The transfer function of the
filter F(s) can be expressed by (7), and the change in the de-
sign of the filter provides opportunities for improving the
power quality. Some researchers have improved the filter de-
sign [61], and their transfer function is given in (8).

Power-
electronic-

Load

interfaced 1
inverter 1 I
Current control Loss-pass 3
' i . Vv
1 0 v filter b
Voltage contro
® CUI\ 2 Low-pass| p
. 3 filter Power |d
V= 2V sin wt calculation[™
n—__ L Low-pass
v I O| filter | O
0
Fig. 10. Conventional droop control system.
.
F(s)= - 7
(5)="7 o, ()
w, s*+2(w,s+w}
F(s)= ; > ®)
st+w, s +20,m,5+ 0,

where w, is the cut-off frequency of low-pass filter; w, is
the nominal frequency set-points; and ¢, and ¢, are the notch
parameters of the improved design of filter. This design en-
hances the Q factor of the filter and enables the active and
reactive power to be ripple-free by adjusting the values of
and ¢,. Before such design, a complete knowledge of system
variables and their permissible limit parameters are required.
The proposed filter improves the power quality of active and
reactive power, and eliminates the ripple from active and re-
active power. The proposed method improves the transient
response, but other issues such as the precise power sharing

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 9, NO. 5, September 2021

and harmonics due to non-linear load still persist.

2) Adding derivative terms

The dynamic response of DG control in the presence of
varying load can be improved by adding derivative terms in
the droop control equations [63]. The new equations of modi-
fied droop are expressed as:

w:w,(,f—KPP—épE 9)
. dQo
V= quf-—KQQ—CqE (10)

where ¢, and ¢, are the coefficients which improve the tran-
sient response; and V,, and w,, are the reference voltage
and frequency for the inverter, respectively. The additive
terms are valid only for system dynamics, not under steady-
state condition. It improves the response speed of conven-
tional control when the load changes. The derivative term is
added with conventional droop control which eliminates the
power oscillations.

3) Consideration of virtual impedance

In case of mismatched line impedance, the DG units con-
nected in parallel through inverters are not capable of manag-
ing desirable reactive power sharing among them. Conse-
quently, the balanced active and reactive power sharing is af-
fected which may lead to system failure. It requires the de-
coupling of active and reactive power to achieve accurate
power sharing and to avoid the circulation of current among
MGs. Significant research has been conducted to incorporate
virtual impedance to solve the above-mentioned issues [41].
This method includes the virtual impedance in the fast con-
trol loop of the droop control which imitates the line imped-
ance. Thus, ¥V, can be expressed as:

Vy=V'=Z,1, (11)
where Z, is the virtual output impedance; and V" is the out-
put reference voltage.

The block diagram of the virtual impedance is shown in
Fig. 11. Z, is intended to supersede the line impedance Z,,
i.e., Z,>Z, and its phasor diagram is shown in Fig. 12. As
shown in phasor diagram in Fig. 12(b), the DG output volt-
age E creates a phase angle a with system voltage. R,/ and
X, I are the voltage drops due to the virtual resistance R, and
virtual reactance X, respectively. R,/ and X, are the voltage
drops due to line resistance and line reactance, respectively.
The system is connected to the utility at the PCC with volt-
age V,.. and phase angle ¢. I is the inverter current that
makes an angle 0 with V.. If the voltage drops across each
inverter ¥, , and V, . are considered equal to achieve sta-
ble reactive power sharing, the summation method can be ap-
plied to determine the virtual impedance.

Vdmpl = (Zn +Zvl)[[1 = Va'ropZ = (Zzz +Zv2)112 (12)

where Z,, and Z,, are the virtual impedances of the inverters
1 and 2, respectively; and Z,,, Z,,, I, and I,, are the line im-
pedances and currents of inverters 1 and 2, respectively.

In the above-mentioned summation method, the virtual
output impedance of one inverter is fixed to be zero, and the
virtual output impedance of the other inverter is set to imi-
tate the line impedance.
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Voltage and current 4_{ PWM H Inverter 1 }7
control loop

ol

;

Voltage and current 4_{ PWM H Inverter 2 }7
control loop

1:)2

AC bus
E;
Fig. 11. Block diagram of virtual impedance droop control.
V/a
Fig. 12. Equivalent model and phasor diagram of virtual impedance droop

control. (a) Equivalent model. (b) Phasor diagram.

Taking Z, >Z,, we may achieve Z,, =0 from (12). Then,
(12) can be expressed as:

Zy=2,-2), (13)

This summation may reduce the virtual output impedance,
which, in turn, improves the voltage regulation. It also en-
hances the sharing of reactive power if the output voltage is
significantly higher than the voltage drop of the line.

A control method using improved droop technique based
on coupling compensation is presented in [86], which im-
proves dynamic performance and reactive power control. By
using virtual impedance for decoupling the power, the pro-
posed control method achieves more performance improve-
ment in particle swarm optimization. An improved virtual
impedance control method has been proposed in [56] to
achieve enhanced reactive power and harmonic sharing
among DG units at the standard operation frequency and des-
ignated harmonic frequencies. The droop control that uses
enhanced virtual impedance is depicted in Fig. 13, where
1., and I, ., are the components of inverter current and
line current, respectively. Two voltage regulation loops are
implemented including virtual fundamental reference voltage
regulation and virtual harmonic voltage regulation. The refer-
ence voltage V.., s Viroopp a0d aff components of unfiltered
line current are used to compute the average power. Similar-
ly, the af components of voltage at PCC Vpee s Ve after
transform from dg components Vpec 4 Ve, are used to de-
termine the virtual harmonic voltage V,,. The output of fun-
damental reference voltage is obtained after the deduction of
voltage at line capacitor V,_, and V. The outputs of both
loops are passed via a low-pass filter to determine 7, Be-
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sides, K, K, K, are the proportional gain, resonant gain of
fundamental voltage loop, and resonant gain of virtual har-
monic impedance loop, respectively; K, is the proportional
gain of inner loop; and V,, is the virtual fundamental volt-
age. It reduces the computation work of the DG local con-
troller by excluding the need of fundamental and harmonic
components. Furthermore, it minimizes the equivalent har-
monic impedance of DG unit, and thereby, alleviates harmon-
ic voltages at PCC. However, it needs the data of line imped-
ance parameters and low-bandwidth communications.

K I I .
Power-electronic- inva fine.a

interfaced inverter T Feeder

Ii"\"det',a I/im’,a
Vdnmp‘/i l lVdmop,a

Droop Pave PQ
% control 19) calculation
K

av

PCC

. Iline,a ]Iine,ﬂ
mva Virtual fundamental 1y, ,
X 2K,-fwés impedance I, p Tocal Vdmap_a
+ d ine, l<
P sHdosta; PLL [
0 , 0 I;lruop,,/}
i + . . o) ¢ .
_ % V5| Virtual harmonic [«£CC2 gl | pccd
s Rostor | YT impedance
’ Vea P Vecey Veceg

Fig. 13. Droop control with enhanced virtual impedance.

3) P-V/O-f Droop Control

The ratio of reactance X to resistance R is very low in
low-voltage networks, i.e., the inductance is negligible com-
pared with the resistance. In most cases, this R/X ratio is ap-
proximately 7.7. Thus, (7) and (8) are invalid under this con-
dition, and the expressions in (14) and (15) become valid.

RO
0z———
vV, (14)
RP
VI_VZE_7 (15)
1

where ¢ is the power angle. It can be interpreted from these
expressions that the power angle depends on reactive power
consumed, and the voltage difference relies on the active
power. Thus, the voltage can be regulated by controlling ac-
tive power, and the frequency can be maintained by control-
ling reactive power. Thus, the following equations represent
the P-V/Q-f droop control.

w=0,,+K,0

ref

(16)
V=V, +K,P 17)
It is noted that this method cannot be applied to the distri-
bution system with medium-voltage lines, as the impedance
parameters change significantly compared with those of low-
voltage networks. Then, (14) and (15) will not remain valid
as the active power depends on not only the difference of
voltage or power angle, but also the reactive power. Both ac-
tive and reactive power are inter-related and cannot be con-
trolled individually through power angle or voltage differ-
ence.
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4) Angle Droop Control

This method is influenced by the conventional P-f/Q-V
droop control. In this control method, the voltage angle
drops with active power. The frequency variation with angle
droop control is much less than the conventional P-f/Q-V
droop controller. Figure 14 represents the block diagram of
the angle droop control, where P, and Q, are the references
of active power and reactive power, respectively; P, and O,
are the instantaneous active and reactive power, respectively;
and J, and J, are the reference angle and instantaneous an-
gle, respectively. The limitation is that it necessitates GPS
signals for synchronizing the reference signal [25], [43].

B Switching Power-electronic-
® signal interfaced inverter 1
control op Line impedance

Line impedance

Power-electronic-
interfaced inverter 2

Py

Reference
generator

Switching
signal

Fig. 14. Block diagram of angle droop control.

A modified angle droop control is presented in [36], in
which only the medium-voltage lines are considered. It uses
a decoupling method and achieves more significant improve-
ment in power sharing than conventional angle droop con-
trol. A phasor measurement unit (PMU) based on angle
droop control is presented in [87], which achieves precise
power sharing.

5) MG Control Based on Virtual Frame Structure Transfor-
mation

1) Virtual P-Q frame

The virtual P-Q transformation method is used to decou-
ple active and reactive power to ensure accurate sharing con-
trol [49]. Typically, the impedance of the line with both resis-
tance and reactance is considered, and the active and reac-
tive power is expressed as:

P,;%[(E,—V)0059+Ei¢sin9] (18)

Qi;g[(E,.—V)sinH+E,.¢cost9] (19)

where Z is the magnitude of impedance. There is a coupling
between active and reactive power, as can be observed from
the above expressions. Thus, the active and reactive power
is transformed into a virtual frame using an orthogonal rota-
tional transformation matrix 7, as follows.

P’ sin@ —cos@| P P
[Q}: [cos@ sin 0 }[Q}:TPQ[Q}

e 2l

(20)

@n

NI= N

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 9, NO. 5, September 2021

Although the line impedance is mixed, the decoupling of
P/Q can be achieved for inductive networks. After the trans-
formation of active and reactive power to P'and Q', no cou-
pling exists between them. It is useful to decouple the P and
0, but in the case of DG units with unity power factor, both
P’ and Q' are required to be controlled. However, only fre-
quency control would be enough if P-f/Q-V control is ap-
plied, as the voltage is maintained to keep O=0 from such
DG units.

2) Virtual -V frame

Like P-Q frame transformation, the virtual frequency/volt-
age frame w"-V"' can be expressed as:

PHE ) e
w'l_ iZ( % 1)
[V'} R X[V} (23)
zZ Z

The values of @ and V' are determined using conventional
droop control, and then, the transformed frequency and volt-
age (o' and V') are used to set the reference for the control
of DG units. This control can ensure the complete decou-
pling of active and reactive power. However, if the virtual
transformation angle of the individual DG units is different,
the transformed values of frequency and voltage will also be
different in respective virtual frames of DG units. As a re-
sult, it will lead to mismatched impedances and different ref-
erences for DG units, and the synchronism of the inverter
may be lost. Figure 15 presents the w-V' virtual frame trans-
formation [49]. It shows that the transformed frame w-V’
should be bounded within the limits of the initial frame w-V
described by the rectangle (a, ', ¢', and d'). This repere-
sents the permissible change of voltage AV’ and frequency
Aw' in the original frame. The voltage will remain between
V" and V,,, and the frequency will be restricted between @’
and @ ;.

Fig. 15. o'V’ virtual frame transformation.
C. MG Control Based on Virtual Synchronization Machine
(VSM)

In a conventional power system, synchronous generators

play a vital role in dealing with a variable short-term peak
demand of the load with available inertia of the interconnect-
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ed power system. However, DG units based on renewable
sources lack this characteristic, and this poses a reliability is-
sue. Both the VSM and the droop control are based on the
concept of synchronous generator emulation [88]. The differ-
ence between them is that VSM has virtual inertia by apply-
ing the swing equation, while the droop control only manag-
es active and reactive power [89]. In islanded MGs, this is-
sue becomes very sensitive for critical loads. In [90]-[92], a
control method based on VSM is proposed. The VSM may
involve DS, control algorithm, and inverter as shown in Fig.
16 [93]. It replicates the operation characteristics of a syn-
chronous generator and provides virtual inertia to regulate
the voltage and frequency stability [93], [94]. A p-w control
is presented in [95] to emulate the swing equation character-
istic of the synchronous generator, which improves the dy-
namic performance more than the conventional control.

Step-up
transformer

Switch

PCC Power grid

b Control

algorithm
Energy
storage VSG control
1 system
VSM

Fig. 16. VSM-based control.

Apart from the inertia, the transients due to power sharing
are controlled by VSM. Due to its promising control perfor-
mance, VSM has been investigated for doubly-fed induction
generator and modular multilevel converter (MMC) [96],
[97]. VSM uses DS for frequency control by governing the
amplitude, power flow, and rate of change of frequency [92].

V. SECONDARY CONTROL

The secondary control is responsible for reliable and eco-
nomical operations of MGs. Therefore, it is functionally re-
ferred to as MG EMS. Two core methods can be acknowl-
edged in this area: decentralized and centralized. Decentral-
ized control helps interact with various units of MG for facil-
itating a distributed decision-making process, whereas cen-
tralized control commonly depends on the operation of the
central controller.

The centralized control allows an implementation of the
continuously updated optimization where the complete data
are collected at one point. However, it does not offer the de-
sired plug-and-play feature. On the other side, the decentral-
ized control integrates new DG units without making the
continuous variations to controller setting, but there exists
complications in the handling operations of MGs, which re-
quire an advanced management level.

Generally, centralized control is suitable for remote MGs
with rigid structure and those with critical demand-supply,

whereas the decentralized control is suitable for grid-connect-
ed MGs with several owners and a variable number of DG
units.

A. Centralized Secondary Control

The frequency and voltage of each DG unit are measured
in the centralized control and compared with the reference
values provided by the grid-connected network. The primary
control receives the error between the reference and actual
values and then reinstates the voltage and frequency. The
secondary control for the restoration of voltage and frequen-
cy has been investigated in [98]-[100]. The centralized sec-
ondary control is considered in [81], which aims to manage
harmonics and voltage deviation. In the case of MG with un-
equal feeder impedances for voltage restoration, the negative
sequence current cannot be distributed among DGs. This is-
sue may be addressed by a dynamic consensus algorithm
(DCA) using distributed finite-time control to converge DG
parameters into reference values in the predetermined time.
Thus, the frequency and voltage are decoupled, and consen-
sus-based frequency control is used to restore the frequency.

Automatic generation control is established by the central-
ized control to recall and overcome the deviations in the fre-
quency and voltage of the MG [101]. Its structure contains
the available information of DG units, the load of central
controller of the MG, and network load, e.g., technical limi-
tations/characteristics, economizations, operation modes, and
network parameters, etc., together with the information from
the forecasting system, e.g., solar irradiance, local load, and
wind speed, for determining a suitable unit commitment
(UC) and dispatching of resources according to the designat-
ed objectives.

Decisions can be made by the central controller by using
either the online calculation of optimum (or near optimum)
action or pre-defined online database with the information of
appropriate operation conditions from offline controls or oth-
er experiential methods. The real use of centralized control
is covered in detail in [102]. The block diagram of the cen-
tralized secondary control is represented in Fig. 17, where J,
is the frequency compensation due to the frequency error,
which is communicated to the local controller to maintain
the frequency of DG units.

| Ds | [DG1 | [DG2]
' Local control],
,,,,,,,,,,,,,,,,, L]
o o AC bus 1
cg:gz;?ler Communication link
N AC bus 2
9 d o
[DG3] [DG4] [DGs |

Fig. 17. Block diagram of centralized secondary control.

The offline calculations of optimized operations for all
probable scenarios may be the best substitute in terms of the
performance and cost of the system in small MGs with low-
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er power generation profiles [83]. In the method presented in
[103], all the possible operation states are analyzed offline,
and in each case, the optimal dispatching of the system is
figured and saved in a look-up table to be analyzed in real-
time operations. A similar type of method is shown in [104].

To select a suitable system operation in centralized second-
ary control, the data of cost function and operation limits of
DG units are conveyed to the central controller of the MG
[83]. The data of operation limits and cost functions of the
DG units are transmitted to the central controller of the MG
to determine the most suitable operations in centralized sec-
ondary control. It is more efficient to allow the customers
and DGs to propose their power consumption and power
generation, respectively, rather than just incorporating the
availability and cost functions [105].

The optimization of MG operation can rely on the utiliza-
tion of DS on a long-term basis. Moreover, when there is
surplus or shortage of power, the DS can help maximize the
output of dispatchable DG units and provide an economized
operation during peak hours, which, therefore, saves the MG
to deploy new DG units [83].

Due to the presence of long-term DS, multi-level dispatch-
ing methods are proposed for accommodating storage re-
sources properly [106]-[109]. With variable DG units and
DS, the commitment decisions of DG units in the MG for
day-ahead are discussed in detail in [106]. The decision for
UC is executed continually with an interval of fifteen min-
utes to ensure the dispatching of DG units to be close to
their programmed contributions, and to have a voltage level
within the permissible limits. Another method for the MG
with wind-turbine and hydrogen-based DS has been investi-
gated in [107].

B. Decentralized Secondary Control

The position of the central controller decides whether the
control is decentralized or centralized. In decentralized con-
trol, the measurement of voltage and frequency is done at
the communication link. Later, the measured values and er-
rors are fed to the primary control [81]. Figure 18 represents
the decentralized secondary control.

]Ds\ ]DGl\ ]Daz\
' Local control}
,,,,,,,,,,,,,, = ] ]
y o i AC bus 1
< Communication link
AC bus 2
P P 5
[DG3| [DG4]| [DGs5 |

Fig. 18. Block diagram of decentralized secondary control.

When the droop control is applied to the MG with induc-
tive nature, it experiences inaccurate power sharing. Thus,
the voltage and frequency remain unstable. Many techniques
have been proposed using primary control, but result in
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small inaccuracy in power sharing. A distributed secondary
control (DSC) can restore the fundamental values of frequen-
cy and voltage. DSC is not based on an MG central control-
ler (MGCC). Thus, there are fewer chances of complete sys-
tem loss in case of the failure of central controller. Refer-
ence [110] proposes a decentralized secondary control to
achieve power sharing in a droop-controlled MG. To restore
frequency and achieve precise power sharing, a decentralized
control has been studied in [111]. For synchronization, it us-
es the detection of load change moments in each DG unit in-
stead of communication, and achieves satisfactory perfor-
mance. A DSC for voltage deviation compensation is pro-
posed which permits the communication among local DGs
to utilize the global information [112].

The issues of energy management are also solved by DSC
of the MG, providing the maximum-possible self-sufficiency
of different DG units. Though decentralized control can uti-
lize the hierarchical structure for the exchange of data, the
decision for control variables is made locally. The autonomy
is accomplished through the hierarchical structure with at
least three levels, i.e., local controllers (LCs), MGCC, and
distribution network operator (DNO) [105]. The DNO lies in
the tertiary control category, which interrelates the MG with
neighboring MGs. The MGCC directs the accumulated opera-
tions of the loads and DGs within MG, and is accountable
for their economic and reliable operations and interaction
with the main grid. Moreover, LCs control DGs within the
MG or the aggregation of DGs, which interact with the up-
per-level controllers and try to attain global and local in-
tents. In the decentralized architectures, LCs interact with
other LCs and MGCC for sharing information, requesting/of-
fering service, communicating prospects, and exchanging
any extra information related to MG operations.

The decentralized secondary control systems are mainly
dealt by MAS in literature. MAS is a system composed of
several intelligent mediators by providing local information,
which interacts with each other to attain various local and
global objectives. It is expected that multiple factors includ-
ing the connectivity, functionalities as well as the responsibil-
ities of individual agents, and the information that the agents
can share, are essential for the performance of the system
[113]. The agents are the objects that take the situation into
consideration and can communicate some levels of self-suffi-
ciency depending on their individual objectives and inade-
quate information of an environment, i.e., terminal measure-
ment [114].

The MAS-based DSC for the MG is initially reported in
[115], as a substitute for coordinated operations of the MG
in the competitive market environments with numerous gen-
erator owners. The relevant factors of MG are assembled
and denoted by various agents that relate in the market envi-
ronment for determining MG operations. In this way, the
consumers, main grid, generators, and DS system contribute
in the market by transmitting the information of buying/sell-
ing energy to MGCC depending on their specific require-
ments, accessibility, price functions, technical restrictions,
prospects, and predictions. The MGCC handles the settle-
ment of the MG market to match the selling/buying bids for
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increasing the social welfares, and confirms the viability of
subsequent dispatching. A similar type of MAS method has
been proposed in [116], in which the power flow calculation
is done to verify that the dispatching attained in the market
fulfills the technical criteria and other functioning limits. An
MAS-based architecture is introduced in [117], which in-
cludes more agents that allow the scheduling of the multi-
stage operation of the MG. Service agents offer the forecast-
ing information and database service to LCs for improved
energy resources management over extended operation hori-
zons. However, special procedures and protocols need to be
studied for properly handling the information to achieve the
desired feature.

VI. CRITICAL DISCUSSION ON MG CONTROL

The conventional droop control has a limitation when the
feeder impedance in the MG is inductive, i.e., the resistance
is negligible [118]-[120]. Likewise, the secondary control
has limitations when the feeder impedance is not matched
between DG units, and it causes poor reactive power sharing
[121]. The active power sharing can be possible by selecting
the rational droop coefficient. Increasing the value of the
droop coefficient may improve the active and reactive power
sharing, but it causes the high-voltage variations from the
standard values [122]-[124]. When the feeder impedance is
resistive which causes the coupling between the active and
reactive power, the active power sharing is consequently
compromised. Also, applying conventional secondary control
to MG improves voltage regulation but compromises over-re-
active power sharing [34]. The dynamic stability of the con-
trol is affected when there is an MG changeover from island-
ed to grid-connected mode and vice versa. There are modi-
fied droop control methods proposed in [50], [125]-[127]. To
improve the performance of conventional droop control,
[128] proposes a partial transient power coupling method by
modifying the frequency droop control. Besides, power shar-
ing, voltage, and frequency stability are also crucial, and
thus, the above-mentioned issues may be considered while
adapting the droop control to achieve accurate active power
sharing.

The incorporation of RES-based DG units causes poor
power sharing due to their variable characteristics. Even
though the maximum power point tracker can help extract
active power, it poses the stability issues in the MG [129].
The centralized control and secondary control are combined
to achieve reactive power sharing and voltage regulation.
This combination uses communication partly, thereby reduc-
ing its cost. However, the capacity of reactive power and
communication time delay have not been considered [130].
This control is useful as the value of reactive power is taken
directly and remains unaffected by the load impedance, and
can sustain unbalanced and non-linear loads. However, the
two-layer control adds complexity in the MG control. The
communication helps the control system determine the pow-
er value, but may introduce a delay that can cause power
loss in the MG. The communication delay has not been con-
sidered in the control methods and its implementation may
require further consideration.
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VII. FUTURE TRENDS

MGs have tremendous potential to transform the conven-
tional power system to solve its present challenges. Howev-
er, to encourage the worldwide implementation of MGs, a
few areas need improvement.

Linear loads have been considered in several investiga-
tions [131], [132], but non-linear loads, i.e., electric vehi-
cles, induction motors, etc., have not been studied precisely.
Advanced control methods are required which can handle
the non-linear loads. It necessitates the determination of sta-
bility limitations of DGs while applying the practical scenari-
os with the variable nature of loads.

A critical aspect for DGs is the power sharing among
them. Control methods have been applied to ensure the de-
sired active and reactive power sharing. However, reactive
power sharing, in the case of nonlinear loads, is still a chal-
lenge for future research [11], [41], [133]. Besides power
sharing, power quality issues such as harmonics, power fac-
tor, voltage stability are the crucial aspects to be considered.

It has become easier these days to test the MGs consider-
ing the practical situation with the help of real-time simula-
tors. These simulators help emulate the various parts of the
MG and make it easier to test any hardware devices connect-
ed to it. More practical implementations in grid-connected
mode will create more opportunities for the expansion of the
MG.

Communication has been widely used in many control
methods of the MG to increase the efficiency of the system,
but it also poses challenges. The communication time delay
can drastically decrease the efficiency of the system and
lead to failure. Also, communication may be exposed to cy-
ber-attacks. More research on communication delay and its
security issues can increase the reliability of MGs.

Since the protection in the conventional power system has
standard operation mechanism, the integration of MGs on
the utility scale will require changes in the coordinated pro-
tection of the overall system. There is a bidirectional power
flow in grid-connected MGs, which necessities the changes
in the protection schemes of the system.

VIII. CONCLUSION

This paper presents a comprehensive review of the prima-
ry and secondary control methods for the hierarchical con-
trol of the MG. It is conferred in the literature that from
droop-based control techniques, the modified droop control
with virtual impedance and virtual frame structure transfor-
mation can overcome the shortcomings of the conventional
droop control. These cater to the issues of the feeder imped-
ance mismatch between DG units that result in poor active
and reactive power sharing, and frequency and voltage insta-
bilities in the MG. However, to solve the above-mentioned
issues, the non-droop-based control methods have been help-
ful but add extra cost and complexity due to the communica-
tion. The secondary control determines the references of ac-
tive and reactive power output from the DG units connected
in the MG. Two methods in the secondary control are ap-
plied to ensure the economical and reliable operation of the
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MG, i.e., centralized and decentralized. The centralized meth-
od collects all DG units data and defines the system parame-
ters based on central controller decisions. Since it continu-
ously monitors the data and does not offer the plug-and-play
characteristics for new DG units, it is appropriate for applica-
tion in remote MGs. Meanwhile, the decentralized method

can

handle the addition and disconnection of the DG units,

and therefore, it suits the grid-connected MGs. Finally, the
current challenges and future trends in the implementation
and expansion of the MG have been discussed to highlight
the perspectives of future research.
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