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ABSTRACT Self-governing small regions of power systems, known as “microgrids”, are enabling the
integration of small-scale renewable energy sources (RESs) while improving the reliability and energy
efficiency of the electricity network. Microgrids can be primarily classified into three types based on
their voltage characteristics and system architecture; 1) AC microgrids, 2) DC microgrids, and 3) Hybrid
AC/DC microgrids. This paper presents a comprehensive review of stability, control, power management
and fault ride-through (FRT) strategies for the AC, DC, and hybrid AC/DC microgrids. This paper also
classifies microgrids in terms of their intended application and summarises the operation requirements
stipulated in standards (e.g., IEEE Std. 1547-2018). The control strategies for each microgrid architecture are
reviewed in terms of their operating principle and performance. In terms of the hybrid AC/DC microgrids,
specific control aspects, such as mode transition and coordinated control between multiple interlinking
converters (ILCs) and energy storage system (ESS) are analysed. A case study is also presented on the
dynamic performance of a hybrid AC/DC microgrid under different control strategies and dynamic loads.
Hybrid AC/DC microgrids shown to have more advantages in terms of economy and efficiency compared
with the other microgrid architectures. This review shows that hierarchical control schemes, such as primary,
secondary, and tertiary control are very popular among all three microgrid types. It is shown that the hybrid
AC/DC microgrids require more complex control strategies for power management and control compared
to AC or DC microgrids due to their dependency on the ILC controls and the operation mode of the hybrid
AC/DC microgrid. Case study illustrated the significant effects of microgrid feeder characteristics on the
dynamic performance of the hybrid AC/DC microgrid. It is also revealed that any transient conditions
either in the AC or DC microgrids could propagate through the ILC affecting the entire microgrid dynamic
performance. Additionally, the critical control issues and the future research challenges of microgrids are
also discussed in this paper.

INDEX TERMS Energy storage system (ESS), hybrid AC/DC microgrid, IEEE Std. 1547-2018, interlinking
converter (ILC), microgrid stability, power management, renewable energy sources (RESs).

NOMENCLATURE EMS: Energy management system
ACRONYMS: ESS: Energy storage system
CC: Central control ILC: Inter-linking converter
CCVSL Current-controlled voltage source inverter IM: Induction motor
CPL: Constant power load LC: Local control
DBS: Data bus signaling LFO: Low-frequency oscillation
DCL: Digital communication link LVRT: Low voltage ride-through
DER: Distributed energy resources MGCC: Microgrid central controller
DFIG: Doubly-fed induction generator MPPT:  Maximum power point tracking
DSTATCOM: Distribution static-synchronous PCC: Point of common coupling
compensator PEC: Power electronic converter
PF: Power factor
The associate editor coordinating the review of this manuscript and PL: Proportional-integral
approving it for publication was Canbing Li. PLL: Phase-locked loop
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PLS: Power line signaling

PMSG: Permanent magnet synchronous generator
PV: Photovoltaic

RES: Renewable energy sources

SoC: State of charge

VCVSI:  Voltage-controlled voltage source inverter
VI Virtual impedance

VPD: Voltage active power

VQD: Frequency reactive power

VR: Virtual resistor

VSC: Voltage source converter

I. INTRODUCTION

Power electronic converter (PEC) interfaced distributed
energy resources (DERs), such as solar photovoltaics (PVs),
wind generators, micro-turbines and energy storage sys-
tems (ESSs) have paved the way for self-sustainable entity
called microgrids [1]-[4]. AC microgrid was the main micro-
grid architecture for powering the remote-area power supply
systems and distribution networks [4], [5]. Subsequently,
the DC microgrid concept was emerged due to the fact that
majority of the DERs generate DC power and increased
utilisation of modern DC loads in recent years. The major
advantages of the DC microgrid are efficiency, no reactive
power requirement, and elimination of the need for AC-DC
or DC-AC conversion stages [6]-[9]. However, since the
existing distribution networks are operated at AC, and AC
based DERs and loads are still prominent in power net-
works, the AC microgrid are still dominant. Also AC micro-
grid can be directly connected to the existing distribution
networks without or with minimum modifications. Conse-
quently, by merging a DC microgrid with an AC micro-
grid through a bidirectional interlinking converter (ILC),
it has enabled to extract the benefits of both microgrids,
and this architecture has been popular in the recent decade
[10]-[12]. The concept of merging DC and AC microgrids
through a bi-directional single or multiple parallel operat-
ing ILCs is known as the hybrid AC/DC microgrid, where
both AC or DC type DERs, loads can easily be integrated
into microgrids and ensures smooth power transfer between
two sub-grids.

The hybrid AC/DC microgrid can be operated either in
grid connected mode or in autonomous mode while the
power transfer between them is controlled by the ILC.
The hybrid AC/DC microgrid autonomous operation mode
is far more critical compared to the grid-connected oper-
ation mode. The key challenge in autonomous operation
mode is generation-demand management [13]. Furthermore,
the intermittent behavior of DERs make this issue more
severe. The ILC in grid-connected mode are responsible for
DC microgrid voltage support and power transfer between
the hybrid AC/DC microgrid and the distribution network.
Extensive research studies have been carried out in the last
decade on hybrid AC/DC microgrid power-sharing. In AC
microgrid power-sharing realization, active power-frequency
and reactive power-frequency droop characteristics are
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commonly employed while in DC microgrid current-voltage
and active power-voltage droop characteristics are commonly
employed. Therefore, in hybrid AC/DC microgrids, control
strategies of AC and DC sub-grids should be coordinated with
the ILC, which ensure power quality and economic benefit to
its users.

The microgrid control techniques can be primarily classi-
fied into three types, 1) primary control, 2) secondary control,
and 3) tertiary control. The primary control maintains stable
voltage/frequency and it does not require communication
links as it is operating locally. The primary control is also
known as local control (LC). The voltage and frequency devi-
ation after the LC actions are compensated by the secondary
controller. The secondary control is responsible for power
quality and energy management of microgrids. Centralized
control and decentralized control are the two sub-division
of secondary control. In the decentralized type of secondary
control, all DERs are working in parallel to balance energy
management using the locally obtained information from the
neighboring DERs. In centralized control, there is a central
controller, where optimal control decision is achieved by
obtaining relevant information from the microgrid network
and loads. The tertiary control operates after the secondary
control and it helps to improve the power quality by energy
management between multiple microgrids and the power
grid. The tertiary control is implemented by coordination
between microgrids and the power grids which ensures tech-
nical and economic benefits to its users. These control aspects
are imperative for any type of microgrid architecture, hence
it is important to shed lights on these control schemes in the
context of microgrid architectures.

This paper presents a critical review of power manage-
ment and control studies in AC, DC, and hybrid AC/DC
microgrids, with special emphasis on primary control,
secondary control, hierarchical control, and coordination
control between ILC and ESS. This paper is structured as
follows: Section II presents the definition and classification
of microgrids, Section III discusses IEEE standards for inter-
connection of DERs, Section IV delineates the microgrid
research focus areas, Section V presents the control and
stability aspects of AC microgrids, control techniques and
stability studies of DC microgrids are discussed in Section VI,
control and stability aspects of hybrid AC/DC microgrids are
presented in Section VII, in Section VIII fault ride-through of
microgrids are reviewed, in Section IX hybrid AC/DC micro-
grid dynamic performance under different control strategies
are analysed, and finally, conclusions of the review are sum-
marized in Section X.

Il. MICROGRID DEFINITION AND CLASSIFICATION

Various definitions have been proposed for microgrids over
the past decade by researchers and various institutions consid-
ering the characteristics associated with different microgrid
applications [14]-[17]. For example, in [14] microgrid is
defined as ‘“‘the concept of roaming DERs and various loads
in the existing power system, such as solar-PV, wind turbines,
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micro-turbines, and storage devices which can be operated
either in grid-connected mode or in stand-alone mode™.
Researchers in [15] defined the microgrid as ““ a small-scale
power system that consists of DERs, controllers, and load™.
The department of energy of the United States defined the
microgrid as ““‘a group of interconnected DERs and loads with
precisely described electrical boundary that acts as a single
controllable body w.r.t. the power grid and it can be operated
either in grid connected mode or islanded mode” [16], [17].
Essentially, all these definitions have recognised the pivotal
role of DERs in microgrids and microgrid’s capability to
operate as a self-sustained entity independent from the main
grid.

A. MICROGRID CLASSIFICATION

Microgrids can be primarily classified into three categories
based on the system architecture and voltage characteris-
tics, 1) AC microgrid, 2) DC microgrid, and 3) Hybrid
AC/DC microgrid [18]-[20]. In addition, microgrids can be
classified based on the application area, such as, 1) Utility
microgrids, 2) Institutional microgrids (e.g., consortium for
electric reliability technology solutions (CERTS) microgrid),
3) Commercial and industrial microgrids, 4) Transportation
microgrids, and 5) Remote-area microgrids (e.g., King Island
Microgrid) [21], [22]. The microgrid classification is illus-
trated in Fig. 1.

Market segments

_>| Utility microgrids |
—>| Institutional microgrids |

Commercial and industrial
microgrids

—>| Transportation microgrids|
—>| Remote-area microgrids|

System topology

AC microgrid

DC microgrid

Hybrid AC/DC >
microgrid

FIGURE 1. Classification of microgrids.

1) AC MICROGRIDS

The AC microgrid is the most conventional microgrid type.
Different forms of DERs such as wind-turbine generators,
micro-turbines, solar-PV, and fuel cells are integrated into the
power networks via PECs [23]. As the conventional power
networks are operating on AC, AC microgrid offers mini-
mum modifications to integrate to the existing utility grid.
AC microgrids are connected to the medium voltage and low
voltage distribution networks which could enhance power
flow in distribution networks and decrease transmission line
power losses. But, they introduce new issues, such as system
stability, power quality, synchronization of DERs and reactive
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power shortage, these issues could be resolved by applying
the advanced control techniques [24], [25].

2) DC MICROGRIDS

Owing to technological developments in PECs, a large num-
ber of DC loads and power converters have been used for
different types of applications [26]. Moreover, DC-based
DERs and different kinds of ESSs create a new opportu-
nity for DC microgrids. On average, around 30% of the
generated AC power passes through a PEC before it is
utilized [27]. Limited number of power conversion stages and
no reactive current circulation are the main advantages of
DC microgrids [28], [29].

3) HYBRID AC/DC MICROGRIDS

The AC and DC microgrids are combined to form the AC/DC
hybrid microgrids; hence, they will offer the benefits of
both microgrids such as increased reliability, efficiency and
economic operation. The hybrid AC/DC microgrid is facili-
tating direct integration of AC and DC-based DERs, ESSs,
and loads with the existing distribution system [30], [31].
DC appliances are being used in a wide range of domestic
and commercial applications, and they require AC to DC
conversion. Hybrid AC/DC microgrids reduce the number
of required power converters and therefore lower the power
losses. Moreover, the amount of power losses in the inverter
is small compared to the rectifier [32], [33]. However, the net-
work structure of hybrid AC/DC microgrids is complex.
Therefore, the coordinated control of individual AC and
DC microgrids, effect of intermittent nature of DERs, reactive
power compensation, and ILC control strategies must be
thoroughly investigated.

Ill. IEEE STANDARDS FOR INTERCONNECTION OF DERs

Microgrids are mostly covered by the distribution network
and DER standards. High penetration of DERs in the low
voltage or medium voltage distribution networks reduce
the dependency and control capability of centralized syn-
chronous generators, which drastically change the operat-
ing characteristics of the power network. Smaller capacity
DER systems (known as microgrids) connected to the utility
grid pose no special concern to the conventional power
system engineers. This small capacity microgrids are treated
as negative loads in the conventional power system while
the system voltage and frequency are regulated by the
synchronous generator [34]. However, integration of large
number of microgrids to the utility grid is a matter of concern
for power system operators to maintain system stability
and reliability [35]. IEEE published IEEE Std. 1547-2018
(revision of IEEE Std 1547-2003) for DERs interconnection
and interoperability with existing power systems [36]-[38].
IEEE Std.1547-2018 defines two main categories of DERs
(e.g., Category A and Category B) based on performance
requirements, such as voltage and frequency regulation,
three sub-categories of DERs (e.g., Category I, Category II
and Category III) based on disturbance ride-through
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(low-voltage ride-through). Since a microgrid can be consid-
ered as a group of DERs, the requirements stipulated in the
IEEE Std. 1547-2018 also applicable to microgrids.

Also, this standard helps to effectively integrate DERs into
the existing electric power system and discussed seven dif-
ferent operation aspects, such as 1) reactive power capability,
2) voltage and reactive power control, 3) abnormal operating
performance, 4) voltage disturbance ride-through require-
ments, 5) frequency tripping requirements, 6) islanding and
protection aspects, and 7) power quality aspects. Fig. 2 shows
a DER interconnected to the existing electric power system
which describes the scope of the standard. Except the power
quality and protection requirements, other aspects are suc-
cinctly discussed in the subsequent sub-sections [37].

DER

PCC Utility grid

FIGURE 2. lllustration of a DER connected to the utility grid as per IEEE
Std. 1547-2018.

A. REACTIVE POWER CAPABILITY OF THE DER

The DER should have the capability of either injecting or
absorbing reactive power for its output active power lev-
els equal to or higher than the steady-state active power
capability. Fig. 3 illustrates the reactive power injection and
absorption capability of both the category A and B DERs
respectively. When the DER active power output (P,) oper-
ating range is greater than 5% and less than 20% of the rated
value, it can dispatch reactive power (S;) up to the minimum
value as shown in Fig. 3. Similarly, for the DER with the
active power output operating range greater than 20% of
the rated value, it can absorb or inject reactive power up to
the maximum capability as specified in Fig. 3. The DERs
should be capable of injecting/absorbing reactive power while
it is dispatching active power up to the maximum capability
limit [37].

B. VOLTAGE AND REACTIVE POWER CONTROL

The DER shall participate in voltage regulation by changing
the reactive power dispatch. Despite the DER’s participation
in voltage regulation, it should not exceed the minimum
reactive power capability limits specified in the previous
subsection. The DER’s voltage and reactive power con-
trol functions are classified into four modes, 1) constant
power factor (PF), 2) voltage-reactive power, 3) active
power-reactive power, and 4) constant reactive power [37].
These modes are described into the following
sub-subsections.

1) CONSTANT POWER FACTOR MODE

In this mode, the DER is operating at a constant PF where
the power system operator has specified the PF requirements,
and it should not exceed the reactive power capability limits
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FIGURE 3. Reactive power capability curve of the DER, (a) Category A,
(b) Category B [37].

specified in the previous subsection. The power system oper-
ator can adjust PF settings either remotely or locally and the
DER is allowed to maintain constant PF for up to 10 s.

2) VOLTAGE-REACTIVE POWER MODE

In this mode, the DER controls the reactive power dis-
patch as a function of voltage (a piece-wise linear func-
tion of voltage-reactive power characteristics). This mode
voltage-reactive power characteristic is illustrated in Fig. 4,
and the voltage-reactive power parameters are configured
by the default values given in Table 1 if not specified
by the power system. The power system operator can
adjust voltage-reactive power characteristics either locally or
remotely and the voltage reference (V,.r) is autonomously
adjusted by the DER. Therefore, the voltage-reactive power
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FIGURE 4. Voltage-reactive power characteristics of category A and B
DERSs [37].

TABLE 1. Voltage-reactive power parameters [37].

Parameters Category A Category B
Vier Nominal value (Vi) VN

\%1 09 VN Vier -0.08 Vi
Vo VN Vier-0.02 Viy
Vs VN Vier +0.02 Vy
Va 1.1 VN Vier +0.08 Viy
Q1 0.25 S, 0.44 S,

Q2 0 0

Q3 0 0

Q4 0.25 S» 0.44 S

characteristics need to be changed based on the V. The
DER can autonomously adjust its reactive power capability to
alower value. Moreover, the DER can reduce its active power
dispatch to meet this requirement; however, improper settings
of those parameters may cause instability.

3) ACTIVE POWER-REACTIVE POWER MODE

In this mode, the DER controls the reactive power dispatch
as a function of active power output (a piece-wise linear
function of active-reactive power characteristics). This mode
active-reactive power characteristic is illustrated in Fig. 5,
and active-reactive power parameters are configured by the
default values. The left-hand side of this characteristic curve
corresponding to DER absorbing active power, whereas
right-hand side corresponding to DER injecting active power.
The power system operator can adjust active-reactive power
characteristics either locally or remotely and the response
time of the DER should not exceed 10 s [37].

4) CONSTANT REACTIVE POWER MODE

In this mode, the DER dispatches a fixed amount of reactive
power, where the power system operator has specified the
required reactive power requirements. It should not exceed
the minimum capability limits specified in the previous sub-
section. The power system operator can adjust reactive power
settings either locally or remotely and the DER is allowed to
maintain constant reactive power for up to 10 s.
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FIGURE 5. Active-reactive power characteristics of category A and B DERs.

C. PERFORMANCE UNDER ABNORMAL OPERATING
CONDITIONS

Many abnormal operating conditions may arise on the power
system, where the DER is connected, and it is mandatory
to respond appropriately. The DER’s response contributes
to the stability of the power system and can avoid possible
damages to the DER itself. When the DER’s actual output
voltage is greater than the over-voltage threshold or less than
the under-voltage threshold, it should terminate to energize
the power system and must trip within the predefined clearing
time. The under-voltage and under-voltage tripping thresh-
olds and the clearing times must be specified over a range of
allowable settings given in Table 2 for category I, II, and III
DERs respectively. The power system operator can adjust
voltage and clearing time set-points either locally or remotely.
The power system operator specifies the maximum clearing
times and the over-voltage/under-voltage thresholds within a
range of allowable settings [37].

TABLE 2. Abnormal operating performance of the DER [37].

Trip Voltage Clearing Allowable range settings
(p.u.) time (s)
Voltage Time
Category I
Over voltage-2 1.20 0.16 1.2 0.16
Over voltage-1 1.10 2.0 1.1tol.2 1.0to 13
Under voltage-1 0.7 2.0 0to 0.88 2.0to21
Under voltage-2 0.45 0.16 0to 0.5 0.16 t0 2.0
Category II
Over voltage-2 1.20 0.16 1.2 0.16
Over voltage-1 1.10 2.0 1.1to1.2 1.0to0 13
Under voltage-1 0.7 10.0 0t00.88 2.0to21
Under voltage-2 0.45 0.16 0to0 0.5 0.16 t0 2.0
Category III
Over voltage-2 1.20 0.16 1.2 0.16
Over voltage-1 1.10 13.0 I.1tol.2 1.0to13
Under voltage-1 0.88 21.0 0t00.88 21 t0 50.0
Under voltage-2 0.5 2.0 0to 0.50 2.0to21
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TABLE 3. LVRT capability requirements [37].

Voltage range (p.u.) Operating mode Minimum  ride-through ~ Maximum response time
time (s) (s)

Category I

VvV >1.20 Cease to energize - 0.16

1.175 <V < 1.20 Permissive operation 0.2 -

1.15 <V < 1. 175 Permissive operation 0.5 -

1.10<V <11 Permissive operation 1 -

088 <V <1 10 Continuous operation infinite -

0.70 <V <0.88 Mandatory operation 4s/1p.u. voltage -

0.50 <V <0.70 Permissive operation 0.16 -

V <0.50 Cease to energize - 0.16
Category II

V >1.20 Cease to energize - 0.16

1.175 <V <1.20 Permissive operation 0.2 -

1.15 <V <1 175 Permissive operation 0.5 -

1.10<V <11 Permissive operation 1 -

0.88 <V <1. 10 Continuous operation infinite -

0.65 <V < 0.88 Mandatory operation 8.7s/1p.u. voltage -

0.45 <V <0.65 Permissive operation 0.32 -

0.3<V <045 Permissive operation 0.16 -

V <0.30 Cease to energize - 0.16
Category III

V >1.20 Cease to energize - 0.16

1.1<V <1.20 Momentary cessation 12 0.083

088 <V <1.10 Continuous operation infinite -

0.70 <V <0.88 Mandatory operation 20 -

0.50 <V <0.70 Mandatory operation 10 -

V <0.50 Momentary cessation 1 0.083

D. VOLTAGE DISTURBANCE RIDE-THROUGH
REQUIREMENTS

This subsection describes the DER performance during
voltage disturbance. The voltage disturbance ride-through
requirements are not applicable if the frequency is outside the
specified ride-through range. The DER should have the capa-
bility to provide specified voltage disturbance ride-through
while the DER is within the capability limits. The voltage
disturbance ride-through thresholds and the clearing times
must be specified over a range of allowable settings given
in Table 3 for category I, II, and III DERs respectively.
The DER current exchange cessation with power system is
not more than the maximum specified time and with no
delay. It does not necessarily imply DERs disconnection,
isolation, or a trip but may include momentary cessation or
trip. When the voltage disturbance is within the mandatory
operation region, the DER functionalities are to, 1) maintain
synchronism with power system, 2) continue to exchange
current with the power system, and 3) neither trip nor cease
to energize. In the permissive operation region, the DER
maintains synchronism with the power system and it will not
trip. Moreover, when the voltage disturbance is within the
continuous operation region of any duration, it will not cause
the DER to cease to energize or trip from the power system
and the DER will continue to deliver power and remain in
operation [37].
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E. FREQUENCY TRIPPING REQUIREMENTS
This subsection exemplifies the DER frequency tripping
requirements during disturbance. The frequency ride-through
requirements such as under frequency thresholds, over
frequency thresholds and critical clearing time during abnor-
mal conditions for category I, II, and III DERs are illus-
trated in Table 4. It is considered that the nominal system
frequency is 60 Hz. The power system operator specifies
the maximum clearing times and the over frequency/under
frequency thresholds within a range of allowable settings. For
the two under frequency trip functions (under frequency-1
and under frequency-2), under frequency-2 is used as the
limiting requirement. Similarly, for the two over frequency
trip functions (over frequency-1 and over frequency-2), over
frequency-2 is used as the limiting requirement. Therefore,
there are three distinct operating regions in the frequency
tripping requirements.

o f > 62.0; No ride-through requirements

e 61.2 < f < 61.8; Mandatory operation

e 58.8 < f <61.2; Continuous operation

e 57.0 < f < 58.8 ; Mandatory operation

o f < 57.0; No ride-through requirements

F. ISLANDING REQUIREMENTS
A portion of an area power system is solely energized by
one or more power systems through the PCC, while a portion
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TABLE 4. Frequency tripping requirements [37].

Trip f (Hz) Clearing  Allowable range settings
time (s)
Voltage Time
Over frequency-2 62.0 0.16 61.8to66 0.16 to
1000.0
Over frequency-1 61.2 300 61 to 66 180 to
1000 s
Under frequency-1 58.5 300 50 to 59 180 to
1000 s
Under frequency-2 56.5 0.16 50 to 57 0.16 to

1000

of the area power system is electrically separated from the
rest of the power system and DER is connected. When the
DERs solely energize a portion of the power system, and it
is electrically separated from the rest of the power system,
the DER energizing the island is called “islanding”. Island-
ing is categorized into two types, (1) unintentional islanding,
(2) intentional islanding. Since microgrids are designed
to operate either in grid-connected or islanding modes,
the requirements set in the IEEE Std. 1547-2018 are also valid
for microgrids.

1) UNINTENTIONAL ISLANDING

For unintentional islanding, the DER energizes a portion of
the power system through the PCC, the DER detects the
island (cease to energize the power system), and subsequently
DER shall trip within 2.0 s. The power system operator and
the DER operator may mutually be extended the clearing time
from 2.0 s to up to 5.0 s. DER ride-through requirements may
be terminated by the unintentional islanding specifications
detection.

2) INTENTIONAL ISLANDING

An intentional island may include any portion of the area
power system is known as intentional power system island.
For intentional islanding, the DER must be designed and
operated in coordination with the power system opera-
tor. Intentional islanding is categorized into two types,
(1) scheduled islanding, (2) unscheduled islanding.

a: SCHEDULED INTENTIONAL ISLAND

Scheduled intentional island is formed through the power
system operator or the DER operator dispatch means (such
as automatic generation control action or energy manage-
ment system) or mutual action. Scheduled intentional island
ensures enhanced reliability, economic output power dispatch
decisions, and preemptive power system operator action to
island ahead of abnormal weather conditions.

b: UNSCHEDULED INTENTIONAL ISLAND
Unscheduled intentional island is autonomously formed
following detection of abnormal conditions at the power
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system, and the relay will initiate the control action to isolate
the intentional island from the power system. Unscheduled
intentional island may switch to intentional island and dis-
connected from the power system if any of the following
conditions are satisfied:

« Violation of any of the voltage disturbance ride-through
and frequency disturbance ride-through requirements.

« If unintentional islanding conditions are met.

« Violation of any of the trip conditions for category I, 11,
and III DERs are met.

IV. MICROGRID RESEARCH - FOCUS AREAS

Microgrids consist of various intermittent renewable
resources and the weather conditions determine their output
power; the key challenge is to ensure stable operating condi-
tions. To cope up with the output power fluctuations of renew-
able resources, ESS is implemented in the microgrid, and it
needs to be adjusted instantly [39], [40]. The control systems
should be designed considering all these issues to make sure
that the microgrids are operating in stable condition. The key
research areas are exemplified in the subsequent sub-sections.

A. VOLTAGE AND FREQUENCY STABILITY

A microgrid is considered as an inverter dominated
small-scale power grid, where DERs and ESSs are connected
by PECs called inverters and controlled via hierarchical
schemes, with the ability to operate either in autonomous
mode or grid-connected mode. The voltage and frequency
deviations in microgrids arise due to the mismatch between
the generation and the load demand. The grid forming invert-
ers should maintain voltage and frequency within permis-
sible limits. To maintain stable voltage and frequency in
autonomous mode is more challenging than in grid-connected
mode due to the absence of inertia and reactive power support.

B. DISTRIBUTED ENERGY STORAGE

The intermittent behavior of DERs results in variable output
power which leads to voltage instability and potential costs
in microgrid which can be solved by deploying an ESS.
The major challenge for the ESS is to obtain a dynamic
balance between generation and load demand while main-
taining voltage and frequency within acceptable range. The
ESS controller manages the power balance based on the
dispatchable energy of each storage system [41]-[44]. The
effective operation of microgrid depends on the optimum
management of ESS, which remains as a key challenge for
microgrids [45], [46].

C. REACTIVE POWER COMPENSATION

One of the most important issues for AC microgrids is
reactive power compensation, which is directly related to
the voltage instability and power quality problems [47].
The reactive power demand is mainly originating from the
induction machine loads connected to the microgrid. The
power quality in a microgrid can be improved by maintaining
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generation and load balance, while keeping microgrid volt-
age within acceptable limits. If the reactive power flow
through the microgrid is effectively controlled and com-
pensated, power quality problems can be solved. Moreover,
the reactive power issue in microgrid during grid forming
mode is even more critical due to the absence of the power
grid [48]-[50].

D. DISTRIBUTED COORDINATED CONTROL
Aforementioned, concept of hybrid AC/DC microgrid is gain-
ing enormous popularity in the power industry for integrating
various AC and DC based DERs, ESSs and loads with higher
energy efficiency and better compatibility [51]-[53]. The
ILC is an effective means to connect both the AC and the
DC microgrids to form hybrid AC/DC microgrids. The ILC
facilitates the transfer of real power into DC sub-grid from AC
sub-grids and regulates DC bus voltage, while ILC transfers
real and reactive power into AC sub-grid from DC sub-grid
and regulates voltage and frequency. Voltage source con-
verter (VSC) based DERs operate as a static generator [54].
Moreover, to transfer a large amount of power and to avoid
overstressing a single ILC, researchers proposed multiple
ILCs between the AC and the DC sub-grids. Furthermore,
both the AC and the DC sub-grids are equipped with stor-
age systems due to the intermittent behavior of renewable
sources. Therefore, a coordinated control strategy is required
for the safe and stable operation of the entire microgrid.
The control can be centralized or distributed with or without
communication links [52], [55], [56].

E. HARMONICS MITIGATION

Renewable sources such as solar-PV, wind, micro-turbines,
or even fuel-cell are connected to the microgrid via VSC. The
high frequency switching ripple introduces harmonics, which
affects the power quality as well as dynamic stability margin
of the microgrid [57], [58]. The LCL filter is used to inter-
connect an inverter to the microgrid to eliminate harmonics
and improve power quality. The high performance and low
cost are the main reasons for widespread use of LCL filters
in the microgrid. The LCL filter performance is influenced by
line impedance which may lead to resonance and instability
issues [59]-[61].

F. PROTECTION ISSUES IN MICROGRIDS

A sophisticated protection system is required for a microgrid
because of the bi-directional power flow between microgrid
and main power grid. In addition, the microgrid protection
system should resolve grid forming faults and grid following
faults [62], [63]. The former protection scheme should isolate
the smallest part of microgrid and the latter isolate microgrid
from the utility grid. Moreover, mode of operation and nature
of fault determine the amount of fault current and direction
of flow of fault current [64]. The following features make the
microgrid protection schemes distinct from the conventional
protection systems [65], [66]

VOLUME 8, 2020

« Fault detection failure in the grid forming mode

« Tripping of adjacent feeders due to fault current contri-
bution of DER

« False operation of sectionalizers due to the presence of
voltage from the distribution lines from the DERs

o Opverrating of equipment due to higher fault current
level, and

« Auto reclosing failure (when a fault occurs, the breaker/
isolator should operate to isolate the faulty parts, and
finally, the recloser should operate to reconnect the
healthy parts of the microgrid networks.)

V. CONTROL AND STABILITY OF AC MICROGRIDS

Robust control techniques are required for a stable and
economic operation of the AC microgrid. This section dis-
cusses the following control techniques and stability issues of
AC microgrids:

« Voltage and frequency control

o Coordination between DERs and power sharing
aspects

o Microgrid synchronization

« Power flow control between multiple microgrids

« Smooth mode switching

o Loss reduction

o Economic efficiency

« Blackout mitigation

A. HIERARCHICAL CONTROL SCHEMES

To fulfill the above mentioned control aspects, three different
levels of control strategies, namely (1) primary, (2) secondary,
and (3) tertiary controls are applied in AC microgrids, and is
known as the hierarchical control. The AC microgrid hierar-
chical control structure is shown in Fig. 6. Objectives of this
three-level hierarchical control scheme are described in brief
in subsequent sections.

1) PRIMARY CONTROL

The prime functions of the primary control are: (1) to main-
tain the voltage and the frequency within acceptable limits,
(2) active and reactive power sharing between DERs oper-
ating in parallel, and 3) to ensure plug and play operations.
The primary control should be faster compared to secondary
and tertiary control schemes. During the mode transition from
the grid-connected to islanded mode, primary control should
maintain stable voltage and frequency. Otherwise, power
generation and load demand mismatch could cause voltage
and frequency fluctuations, which could lead to microgrid
instability. The primary control scheme is consisted of volt-
age and current control loops of DERs, where VSC based
DERs can be operated either as a voltage controlled voltage
source inverter (VCVSI) or a current controlled voltage
source inverter (CCVSI) [67]-[70]. Most commonly,
the droop control and virtual impedance based methods are
used as primary control strategies for power sharing among
DERs in AC microgrids.
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FIGURE 6. The conceptual framework of the hierarchical control schemes.

2) SECONDARY CONTROL

Although primary control maintains stable voltage and fre-
quency, still there is a steady-state voltage and frequency
deviations in AC microgrids. Secondary control is a controller
which regulates the steady-state voltage and frequency devi-
ations. Secondary control is usually slower than the primary
control [71], [72]. As optimization strategies are used in
secondary control it requires bi-directional communication
links. Secondary control schemes can be divided into central-
ized and decentralized control schemes. Usually, centralized
control is used in small AC microgrids while decentralised
schemes are used in large microgrids.

3) TERTIARY CONTROL

The steady-state voltage and frequency deviations caused by
the primary control are regulated by the secondary control,
whereas the power flow between the utility grid and the
microgrid are managed by the tertiary control, and it facili-
tates economic operation of the microgrid. When the micro-
grid is connected to the main grid, tertiary control manages
the power flow between the utility grid and the microgrid by
adjusting the power reference of DERs. As the last control
level, it is slow compared to primary and secondary control
schemes [69]. Different optimization algorithms, e.g., gross-
ing algorithm, game theory, particle swarm optimisation, are
employed to ensure economic operation. When all DERs are
operating at the same marginal cost, then the condition for
optimal economic operation can be achieved [73], [74].

B. COMMUNICATION BASED CONTROL SCHEMES

Renewable energy resources and energy storage systems
within the microgrid should be coordinated properly to sup-
ply various loads. Therefore, the parallel operating DERs and
battery storage systems are connected via the communication
links [75] to coordinate their operation. Besides, the high
capital investment of communication links, communication
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based control schemes can maintain proper voltage regulation
and power sharing. The subsequent subsections will critically
review the communication based control strategies of the
AC microgrid.

1) CENTRALISED CONTROL SCHEMES

In centralised control schemes a central controller is
employed in microgrids to determine the control actions of
the DERs. An in-depth analysis of the microgrid central
controller (MGCC) is given in [76], [77]. The MGCC initi-
ates mode switching action (grid-connected to islanded mode
or islanded to grid-connected mode) by observing the PCC
voltage and the frequency. Besides, it monitors the power
generated by individual DERs and optimizes the DERs power
generation. Furthermore, the MGCC forecast the load and the
generation plan within the microgrid based on the available
previous load profile data and the system conditions [78].
The MGCC strategy needs the same synchronization signals
and current sharing modules. The PEC interfaced DER has a
phase locked loop (PLL) which maintains consistent phase
among the synchronization signal, the frequency, and the
output voltage. The current sharing module measures the
load current at the PCC, which generates reference current
of each DER by dividing total load current by the number
of parallel operating DERs, where the reference load current
is proportional to the capacity of individual DER. As the
DERs are connected in parallel and controlled by the syn-
chronization signal, there is a negligible frequency and phase
difference. Central limit control is proposed in [79], [80],
where all the DERs have the same configuration and tracks
the same reference current to achieve equal current shar-
ing. Also, multistage centralised control strategy in the pres-
ence of high penetration of electric vehicle is proposed
in [81], [82]. As the microgrid is controlled centrally, it can
achieve proper current sharing in both the steady-state and
transient conditions. Due to centralized control, it is difficult
to expand the microgrid and it cannot tolerate a single point
of failure.

2) DISTRIBUTED CONTROL SCHEMES

This method has no central controller and each converter
has individual control unit [83]-[86]. The point of com-
mon coupling (PCC) or common bus is used as the cur-
rent sharing bus to generate and share reference current
among parallel operating DERs. Same like the centralized
control, an additional current loop is required to generate
reference current for the current sharing. In [84], a distributed
AC microgrid control is proposed to restore voltage, fre-
quency, and reactive power sharing, whereas in [85], a
two-layer distributed control of AC microgrid is proposed.
In [87], a robust decentralized controller for active and reac-
tive power sharing for an islanded AC microgrid is presented
where robustness of the system is ensured by a feedback
linearization approach. In decentralized control, adjacent
DERs exchange information among them rather than all the
DERs available in the microgrid. Therefore, it requires a
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lower communication bandwidth. It can tolerate a single
point of failure. As the adjacent DERs exchange information
between them, it degrades the microgrids extenderbility and
redundancy.

3) AC MASTER SLAVE CONTROL

In this method of control, several DERs act as master DERs
and regulates bus voltage and determines the current refer-
ence for the slave DERs [88]-[90]. Slave DERs are con-
tinuously tracking current references defined by the master
DERs for current sharing. Since the slave DERs communicate
with the master DERSs, there is no need of the PLL unit for
synchronization. The major drawback of this control is in
case of a failure of the master; the entire microgrid system
will fail [88], [89]. Many approaches have been proposed
to solve this problem. Random selection of master by the
rotating priority window is proposed in [91], whereas auto
master-slave control is developed in [89], where the highest
capacity DER unit acts as a master unit and is driving the
power to the bus and generates a reference for the other
DERs. In [88], utility interface at PCC is being used as a
master DER. In summary, this control method offers excellent
power sharing capability. In case of a failure of the master
DER, it switches to am improved control strategy, i.e., a
normal DER acts as a master DER. Like other communication
based control, it adds expandability and redundancy of the
system. A comparative analysis of these three control meth-
ods are summarized in Table 5.

TABLE 5. Comparison of communication based control methods in AC
microgrids.

Approach  Prospects Problems
Centralized Improved power sharing in ~ High bandwidth is required.
control transient and steady-state  Higher implementation cost.
conditions. Excellent volt- Redundant communication
age and frequency regula-  required. Can not tolerate
tion. single point of communica-
tion failure.
Distributed Constant voltage and power ~ Reduce the modularity of
control. sharing. Can tolerate single  the system.

point of failure. Medium
bandwidth communication.

Master/slave Improved power sharing in
control. the steady-state condition.

High current overshoot and
high bandwidth communi-
cation.

4) DROOP BASED CONTROL TECHNIQUES

This section critically reviews control aspects, problems, and
prospects of droop control. The droop control method, which
is independent of inter-unit communication, is most com-
monly used between parallel operating converters (also know
as LC). It can be implemented easily and it enables plug and
play operation. A DER with voltage phasor (E/3) (shown
in Fig. 7) is connected to the AC bus with voltage (V,Z0).
The feeder impedance is Ry + jX1 = Z /6. The output power
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FIGURE 7. A DER connected to the microgrid.

of the DER injected to the AC bus is calculated as [92];

VoxELO —8) V2.6
Z Z

S=P+jQ0=V,*I*= 1

where, S, P, and Q are the complex power, real, and reactive
power respectively. If the line is inductive i.e. § = 90°,
the real and reactive power can be calculated as [93];

2

Vo x E Vs
P = cos(0 — §) — 7c0s9
V, % E V2
0= "Z* sin(9 — 8) — —%-sin )

a: CONVENTIONAL DROOP CONTROL

Droop control enables DERs (static generators) to behave
similar to the synchronous generator’s droop used in a con-
ventional power system. Most commonly used conventional
droop are active power-frequency droop (P — f) and reactive
power-voltage droop (Q — v). The simplified circuit of a VSC
based DER with P — f and Q — v droop connected to AC
bus is shown in Fig. 8. The VSC consists of power sharing
control loop, voltage control loop and inner current control
loop. Power angle is related to active power, while voltage is
related to reactive power. Therefore, the P/Q droop control
can be expressed as [94];

W = Wpef — My * P
E = Ey —ng*Q 3)

LCL filter

—_—_—— - —

=

T

}
1
snq OV

DER + C, e

AC

o Power

m

Calculation [€

2 V.1

E 5 0 0rlo
E,,

FIGURE 8. A DER with P — fand Q — v droop control.

Voltage Y, [ Reference
control loop generator

where mp and np are active and reactive droop slope.
wrer and E .y are rated angular speed and rated voltage respec-
tively. The droop coefficients have great influence on system
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stability and may be adjusted heuristically or by tuning algo-
rithms [95], [96]. The mp and ngp can be formulated as;

Wmax — Wmin

mp =
Pmax - Pmin
E —E,

np = max min (4)
Qmax - Qmin

Here, subscripts max and min represent the maximum
and minimum quantity of the respective variables. The con-
ventional droop control slopes with inductive feeder-based
microgrid are illustrated in Fig. 9. The major disadvantages
of conventional droop are:

A E A
E,,
0 L P O 0 o

FIGURE 9. P — fand Q — v droop characteristics.

o It assumes that feeder is highly inductive. But low or
medium voltage feeders are mostly resistive [97].

« As voltage is not a global variable, reactive power con-
trol is a challenge which results in circulating reactive
current [98].

o For non-linear loads, only fundamental components of
the voltage and current are considered. The droop con-
trol needs to be modified to reduce total harmonic dis-
tortion (THD) [99], [100].

b: VOLTAGE ACTIVE POWER (VPD) AND FREQUENCY
REACTIVE POWER (FQD) DROOP CONTROL

Low voltage distribution feeders are mainly resistive. There-
fore, conventional droop control does not work under these
circumstances. For a purely resistive feeder, phase angle (6)
is small and cos(f)~ 1. Based on these assumptions (Eqn. 2)
real and reactive power can be rewritten as [93];

_ VoxE-V;?
- z
Vo * E
z
Therefore, modified voltage-real power (P — v) and
frequency-reactive power (Q — f) droop schemes are char-
acterized by [101];

0=-—

b 5)

E =Eu —m*P
W = Wrf +n%x0 (6)

where, m and n are active and reactive droop coefficients
respectively. Graphical representation of VPD/FQD droop
slopes are shown in Fig. 10. It provides improved perfor-
mance in low-voltage resistive line based AC microgrid.
However, its performance depends on microgrid parameters.
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FIGURE 10. P — v and Q — f droop characteristics.

¢: ANGLE DROOP CONTROL

Angle droop control is proposed in [102]-[104]. Similar to
the conventional P — f droop and Q — v droop control, for
the angle droop, the voltage angle (§) is related to active
power (P) instead of frequency (f). The § of a DER can be

calculated from (9);
5=fwm %

The angle droop control is utilized to balance the power
requirements between DER’s. The equations of voltage mag-
nitude and phase angle are;

s = Sref — mp(P — Pref)
E = Eref - nQ(Q - Qref) (8)

Here, 8, is reference phase-angle of the DER. Angle
droop method ensures proper load sharing between
DERs. Therefore, frequency deviation is small. However,
if the power converters are not properly synchronized,
the processing delays of the digital processor clock makes
a slight frequency difference among the synchronising con-
verters which may cause phase synchronization problems and
ultimately microgrid becomes unstable [105].

d: IMPROVED DROOP CONTROL

In [106], it is reported that the virtual impedance method
is similar to the angle droop control and the frequency
droop control with an additional power derivative feed-
back is similar to the virtual impedance method. The large
droop co-efficient introduced by the improved droop control,
ensures improved active and reactive power sharing which
means large virtual impedance mitigates the effect of feeder
impedance mismatch. By simultaneously adopting frequency
droop and virtual impedance droop, the modified droop can
be formed. The Q—v and P—f droop control can be expresses
as follows;

E.f = E* —DgQ

Oref = w* — DpP O]
where, Dy and D, are Q—v and P—f droop gain respectively.
Eer, and wyes are reference voltage and angular frequency,
o* and E* are no load angular frequency and voltage respec-
tively. Angle droop control can be formulated as;

8o = 8ref — mpp

Ey = Eper — ngQ (10)
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Here, ng and my, are Q — v and P — § droop co-efficient
respectively. After differentiating the above equation, it can
be written as follows;

dP
Wy = Wref — mpz (11

Therefore, frequency droop and virtual impedance droop
are combined to form the modified droop as;

dP
w,,:a)*—Dp*P—mpE

E, = E* — (Dg +ng)Q (12)

This improved droop control method can achieve improved
transient response and is more robust for a wide range of
system parameter variations. The only drawback is it requires
a high bandwidth for the controller.

e: VIRTUAL FRAME TRANSFORMATION METHOD

A new reference frame (orthogonal linear transformation)
is used to transform real-reactive power to a new reference
frame [107]-[109], which can decouple the active and reac-
tive power. In this approach, the real/reactive power is inde-
pendent of feeder impedance. The expression of real and
reactive power is given by;

p* sinf  —cos6 || P
|:Q*:| - [cos@ sinf ] [Qi| (13)
This transformed real and reactive power (P* and Q*) are
used in the basic droop characteristics equations. Similarly,

the expression of voltage and frequency in this reference
frame are [110];

o* sin6 cost | | w
|:Q*j| - |:—cos9 sin9i| |:E:| (14)
Conventional droop equation is used to calculate E and
w. This approach decouples real and reactive power, which
improves system stability. However, this approach does not
consider non-linear load’s negative impedance impact. More-

over, the frame transformation angles should be same, other-
wise transformed voltage and frequency will be inaccurate.

f: VIRTUAL IMPEDANCE SCHEME

The virtual impedance control strategy is proposed
in [111]-[113]. In order to decouple real and reactive
power, a supplementary control loop based on virtual output
impedance is incorporated to adjust the output impedance of
the VCVSI. The control architecture is illustrated in Fig. 11.
The reference voltage equation can be expressed as;

Vir = Vi = Zu(s) % L, (15)

Here, Z,(s) denotes the virtual output impedance. Output
impedance, in general, is considered as purely inductive.
Therefore, Z,(s) = s x L, can be obtained by drooping
the output voltage proportional to the derivative of the out-
put current. The non-linear loads result in high harmonics.
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FIGURE 11. Virtual output impedance based control scheme.

These harmonic effects can be eliminated by using a
high-pass filter instead of s * Lv as follows [114];

s

Vieg = V5 — Lvlgm (16)

where, w, is the high-pass filter cutoff frequency. Properly

adjusted time varying virtual output impedance can eliminate

the current spike when the DER is connected to the microgrid.

The time variant virtual output impedance can be formulated
as [115];

Zy(t) = Zp — (Zy — Ze /T (17)

where, subscripts i and f represent initial and final values,
whereas T denotes the start-up process time constant. This
method can handle non-linear loads. However, poor volt-
age regulation, undesirable voltage, and frequency deviations
may occur in the DER due to inaccurate selection of the time
constant.

g: ADAPTIVE DROOP CONTROL METHOD

Compensation based adaptive droop control method for par-
allel operating DERs in AC microgrid is proposed in [97].
This approach adds two additional terms with the reactive
power droop. Voltage is dropped across the feeder when
DERs supply power to critical loads. One additional term
compensates feeder voltage drop while other term improves
reactive power sharing and hence improves the stability.
A simple microgrid with two DERs supplying a load is shown
in Fig. 12. The voltage equation for DER i can be written as;

}"'P' X'Q'
Vi= Ef —noiQi = = == (18)
ro+ jx, B4R T + %),
3
g
EZ9, V. £0

E,/5,

FIGURE 12. Two DERs supplying a load.

Here, 71, ng1 and x| are the feeder resistance, reactive droop
co-efficient and reactance of the DER-1, whereas r», and x»
are feeder resistance and reactance of DER-2 respectively.
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TABLE 6. Review of droop control based control methods.

Approach Advantages

Disadvantages

Conventional droop

VPD/FQD droop Easy to implement without communication in-
frastructure; Suitable for low voltage resistive
microgrids.

Angle droop Same frequency regulation performance as the

conventional droop.

Virtual frame transformation
active and reactive power.

Virtual output impedance

Can be easily implemented without communica-

tion infrastructure; High expandability.

Easy to implement; Easily decouples both the

Easy to implement; Improves power sharing and
system stability; Can manage both linear and

Poor voltage regulation; Poor power sharing; Poor power
quality; Incapable of handling non-linear loads.

Cannot manage nonlinear loads; Poor voltage regulation
in inductive microgrids; System parameters affect con-
troller performance.

Require GPS signals for information exchange and syn-
chronization; Poor power sharing.

Cannot manage non-linear loads; Same transformation
angle is required for all DERs; System parameters should
be known in advance; Incapable of handling non-linear
loads; Voltage regulation is not guaranteed.

Voltage regulation is not guaranteed; Requires high band-
width controllers.

non-linear loads; performance is not affected by

the system parameters.

Adaptive voltage droop control

Improved voltage regulation; Negligible impacts
on performance by the system parameters.

Cannot manage non-linear loads; System parameters
should be known in advance.

Here, the last two terms represent the voltage drop for feeder
resistance and reactance respectively. By incorporating this
two terms in the conventional Q — v droop equation of (3),
the reactive power droop can be modified as;
- riPi  xiQ;
E; = Ei,ref —ngiQ; + o + E,-*

1

19)

This method improves voltage regulation by considering volt-
age drop in reactive power droop control loop. However, volt-
age droop still depends on the active power control. In [97],
this problem was solved by considering voltage droop as a
non-linear function of both the active and reactive power as
follows;

riPi X0

E* E¥*

l 1

ni(P;, Qi) = ng; + inQi2 + mpiP? (20)

Here, mg;, mp;, and D, are droop coefficients. The adaptive
droop control method can improve reactive power sharing
and stability margin. This method modifies the droop by
considering feeder resistance and reactance. Therefore, small
errors may cause instability of the entire microgrid. A concise
overview of these droop control based strategies are summa-
rized in Table 6.

Ei = Ep — ni(Pi, Q) x Qi +

C. STABILITY STUDIES OF AC MICROGRID

Small-signal stability analysis is an important technique to
identify the dynamics of the AC microgrid. AC microgrids are
usually comprised of VSC based DERs with active/reactive
power controllers for parallel operation, dynamic loads
(motor loads), passive loads, and resistive or inductive
lines [130]-[132]. Extensive research studies have been car-
ried out on small-signal analysis, voltage, and transient
stability of AC microgrid to identify the dynamics of each
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parameter, such as controller dynamics, load dynamics,
and system dynamics. In [133], performance of a micro-
grid controlled by a distributed controller was evaluated
by small-signal stability analysis which synthesizes primary
control loop, secondary control loop, and communication
latency. It is reported that a microgrid with low latency
communication link can eliminate some of the non-crucial
communication edges to improve the rate of convergence.
An AC microgrid with synchronized control under multiple
parallel operating circumstances is evaluated in [134] by
small-signal stability analysis. This research demonstrated
that a doubly-fed induction generator (DFIG) with synchro-
nized control strategy may enhance microgrid frequency
support and provide power reserve capability. In [128],
small-signal analysis of inverter dominated hybrid AC/DC
microgrid is developed where the induction motor (IM) is
used as a dynamic load. It was found that the droop gain of
the VSC with dynamic load is small compared to the droop
gain with static loads. Table 7 summarizes the small-signal
analysis methods used for AC microgrid.

VI. CONTROL AND STABILITY OF DC MICROGRIDS
For stable operation of DC microgrids, different control
strategies such as centralized, decentralized, and distributed
control strategies are used. The following control aspects are
listed below based on literature:

« Power sharing

o Load sharing

« Stable voltage

« Power flow control between the adjacent DC microgrids

o Smooth mode switching

o Power loss reduction

« Economic operation

« Reducing blackouts
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TABLE 7. Microgrid modelling methods.

Approach

Analysis method and study Outcome

State-space model of inverter dominated AC microgrid is devel-
oped. Impedance (static) load model is considered.

State-space model of inverter dominated AC microgrid with droop
control is developed. Impedance (static) load model is considered.

State-space model of autonomous AC microgrid is developed. CPL
load model is considered.

State-space model of autonomous AC microgrid is developed.
Impedance (static) load model is considered.

State-space model of inverter dominated AC microgrid with mod-
ified droop control is developed. Impedance (static) load model is
considered.

VSC based microgrid modelling is developed. Impedance (static)

load model is considered.

Dynamic phasor model of AC microgrids is developed to identify
the plug and play operation under various network conditions.

Small-signal analysis of inverter dominated AC microgrid is devel-
oped. IM (dynamic load) load model is considered.

Small-signal analysis of inverter dominated hybrid AC/DC micro-
grid is developed with dynamic load.

AC microgrid network parameters and load sharing controller are responsible for
low-frequency modes. However, inverter inner loop controller and load dynamics
influence high frequency mode [95].

Eigenvalue analysis is used to determine the stability limits of key controller
parameters. Genetic algorithm is introduced to identify key controller parameters
[116], [117].

Eigenvalue analysis is used to determine the stability of key controller parame-
ters. It is identified that the VSC droop gain, feeder impedance, and CPL loads
determine the stability limits of the microgrid [118].

Particle swarm optimization algorithm is used to tune parameters of the con-
troller for better power sharing [119], [120].

Converter dynamics do not allow higher droop gain which results poor power
sharing performance. This study proposed a modified droop control to improve
stability margin and transient response [121].

An auxiliary loop, similar to the power system stabilizer, is proposed in addition
to the frequency droop, which improves the damping and reduces frequency
deviation [122].

The phasor model is employed along with impedance matching approach to
identify the stability criteria. The stability criteria obtained from the analytical
analysis is validated using time-domain simulations [123], [124].

Eigenvalue participation factors reveal that microgrid dominant eigenvalues are
highly sensitive to motor dynamics and droop gain. A damping controller was
proposed to improve power sharing [125], [126].

IM loads affect the stability margin of the hybrid AC/DC microgrid. The droop
gain of the VSC with dynamic load is small compared to the droop gain with the
static loads [127]-[129].
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FIGURE 13. Basic control structures of a DC microgrid; (a) Distributed control, (b) Decentralized control, (c) Centralized control.

A. VARIOUS CONTROL STRUCTURES

DC microgrid consists of converter based parallel DERs and
battery storage systems. Each converter has voltage, current,
and droop control as a local controller. Solar-PV operates on
maximum power point tracking (MPPT) as a source depen-
dant controller, and state of charge controller for energy stor-
age devices. These local controllers are coordinated centrally
for proper energy management via communication links,
which are called centralized control. From the communica-
tion point of view, DC microgrid control strategy can be
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divided into three categories, 1) decentralized, 2) centralized,
and 3) distributed control. Fig. 13 illustrates three basic con-
trol structures of the DC microgrid.

1) DECENTRALIZED CONTROL

The decentralized control method is based on LC. Data bus
signaling (DBS), adaptive control of droop coefficient, and
power line signaling (PLS) are commonly used in decentral-
ized control. In DBS based decentralized control, DC bus
voltage variation is taken as input for coordination among
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multiple DERs, ESS, and the utility grid. The utility domi-
nating mode, storage dominating mode, and generation dom-
inating mode are three basic operating modes of the DC
microgrid and the DC bus voltage determines the operat-
ing mode. Therefore, the reliability and effectiveness of the
decentralized control depend on the voltage measurement
of the common DC bus [135], [136]. The principle of the
DBS is the coordinated operation among solar-PV, wind,
and ESS, which are achieved by the current-voltage (I-V)
droop characteristics [137]. The grid interfacing inverters and
ESS are controlled by poly-line droop curves with multiple
segments [138]. The state of charge (SoC) controller of the
ESS controls the output power of the solar-PV, wind, and
utility grid. Virtual resistor (VR) with frequency shape is
proposed in [139], where a super capacitor is used in ESS to
cope with high-frequency power ripples and low-frequency
response. As DBS relies on the local DC bus voltage and
does not need communication infrastructure, it can be imple-
mented easily. Therefore, the reliability and effectiveness of
the decentralized control depend on the voltage measurement
of the common DC bus.

The adjustment of droop coefficient adaptively without
considering the change of operating mode is an extension
of the conventional droop control method. It can adjust SoC
among multiple ESSs to maintain accurate charging and dis-
charging of ESSs. In [140]-[142] droop coefficient adjust-
ment are used to balance SoC of multiple ESSs in both charg-
ing and discharging processes. Droop coefficient adjustment
based on fuzzy logic is used in [143] to balance SoC of the
ESS, whereas fuzzy logic based VR is employed to balance
SoC of multiple ESSs in [144]. Adaptive droop adjustment
needs expertise, and improper setting of droop curve may
lead to the unstable operation of DC microgrid [145], [146].
PLS is also used in the decentralized method, which is a com-
munication based method, and it is complex to implement
than other two methods [147], [148].

2) CENTRALIZED CONTROL

The centralized control of a DC microgrid has a central con-
trol (CC) system with digital communication networks which
connects sources and loads. Distributed sources in small DC
microgrids are controlled by CC with a high bandwidth com-
munication using master/slave control [149], [150], while
in large DC microgrids hierarchical control is used [69].
The hierarchical control method comprises LC of inverters
and digital communication links (DCLs) based coordinated
control. A campus microgrid system with hierarchical control
is proposed in [151], while in [152] a hierarchical control
of a stand-alone DC microgrid is employed for stable and
economic operation. The ESS charging and discharging con-
trol with a different SoC is investigated for DC bus voltage
stabilization, while DC microgrid is critically loaded. The
researchers in [141] proposed an adaptive droop control as
a primary controller for SoC balancing, while supervisory
control is employed for mode transition and coordinated con-
trol of SoC of multiple ESSs as a higher level control. Since
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considerable independence between different control levels
are introduced by the hierarchical control, DC microgrid
continues its operation even after the failure of centralized
controller. The CC provides the best performance, but it
cannot tolerate a single point of communication failure and
requires a costly redundant communication link [153], [154].

3) DISTRIBUTED CONTROL

In distributed control, there is no central control unit and
all LCs communicate among themselves through dedicated
DCLs. The distributed control can tolerate some point of
communication failure compared to CC. Consensus algo-
rithm has been used in microgrid applications [155], [156].
Basically, the consensus algorithm can work with low
bandwidth communication techniques that ensure stable
DC bus voltage and enhance output current sharing by
proportional-integral (PI) controller [157]. The researchers
in [158] proposed a dynamic consensus algorithm, which has
DC bus voltage measurement system with noise resiliency,
while neighbouring DERSs voltage are also observed to calcu-
late local DC set points. In [159], a linear circuit model based
distributed control is proposed for droop control strategy
of the DC microgrid, while [160] proposed an agent based
approach for distributed control of DC microgrid. A uni-
fied distributed control is proposed in [161], and it does
not require DBS. Energy management and DC bus voltage
regulation are obtained by distributed control of ESSs in a
DC microgrid. Distributed control can tolerate some point
of communication failure and have better information aware-
ness compared to centralized control. However, the stability
margin and high complexity on analytical performance are
the major shortcomings of distributed control [162]. Table 8
summarizes basic properties of these control schemes.

B. CONTROL TECHNIQUES USED IN DC MICROGRIDS
This subsection critically reviews general control meth-
ods employed for individual DERs and storage systems
in DC microgrids. As mentioned in the previous section,
DC microgrid control architecture consists of LC and coor-
dinated control. The LC of the DERSs and the storage systems
include voltage, current, and droop control. The proper LC
of the individual DERs and the coordinated control between
different components in the DC microgrid ensure proper
power-sharing and stable operation. Some of these control
techniques are presented bellow.

1) DROOP CONTROL

Droop control method is commonly employed in DC micro-
grids for DC bus voltage regulation and proper power shar-
ing. Droop control methods in DC microgrid are classified
into two categories, 1) power-voltage (P-V) droop or voltage
droop, 2) current-voltage (I-V) droop or current droop [163],
[164]. In current droop the DERs current reference is gener-
ated from the measured DC bus voltage, whereas in voltage
droop the DERSs voltage reference is generated from the load
current. For both of these droop control methods, the output
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TABLE 8. Comparative analysis of DC microgrid control techniques.

Approach Distributed control Decentralized control Centralized control
Communication Yes No Yes
Communication Link DCL Power line communication DCL

Control decision Processed locally Local global

Functional Reliability Tolerate some point of failure

Depends on the reliability of the

Single point of failure damage total control

communication protocol

Cost effectiveness Cost effective

Easy to implement

Costly as redundant communication line
needed

current/power dispatch of each DER is regulated by the DC
bus voltage and the droop characteristics. Improved power
sharing performance can be achieved with a large droop gain
which can cause poor voltage regulation.

2) INVERSE DROOP

Inverse droop is proposed in [165] for DC-DC converter
based parallel operating DERs in DC microgrids. The prob-
lem associated with the droop is the DERs output refer-
ence voltage decrease with the increase of the loads in the
DC microgrids. Since the droop coefficient of the output cur-
rent feedback is positive (negative for conventional droop),
the reverse droop will linearly increase the reference output
voltage with the load increase. Although the inverse droop
does not use input voltage in the control loop, this droop con-
trol method increases the output reference with the increase
of the load. This approach can be implemented without the
central controller which ensures reliability and flexibility.

3) ADAPTIVE DROOP

Droop control method is commonly employed in DC micro-
grids for DC bus voltage regulation and proper power sharing.
Improved power sharing performance can be achieved with
large droop gain which can cause poor voltage regulation.
Problems associated with the droop-based control method
are the voltage deviations and the current sharing inaccuracy.
To solve these problems researchers have proposed adaptive
droop, where the gain of the adaptive PI controller is adjusted
autonomously to improve current sharing errors and handle
the non-linearity of the microgrid dynamics [166]-[168].

4) VIRTUAL IMPEDANCE METHOD

The output impedance mismatch of the interfacing
converter and to enhance active damping researcher have
proposed [114], [176] virtual impedance method. Constant
power loads (CPLs) have introduced negative incremen-
tal impedance and hence instability issues that are elimi-
nated by a virtual impedance based method. This control
approach is utilized to match the output impedance matching
of the interfacing converter at harmonic frequencies and
resonance damping. Virtual impedance in DC microgrid
is related to active power sharing, while in AC microgrid
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virtual impedance is related to active and reactive
power [174], [181]. Researcher in [182] proposed multi-
agents stabilization to eliminate the negative impedance
impact of CPL which will improve the fault-tolerant capa-
bility of the DC microgrid.

5) MASTER-SLAVE CONTROL

The recent technological advancement in communication
technologies (Zigbee, WiFi, etc.) and exchange of informa-
tion (consensus, gossip, p2p, etc.) have paved the way for
distributed control and power management in DC microgrid
applications [183], [184]. The fast communication infrastruc-
ture based master-slave control for DC microgrid has been
proposed in [185], [186], where some DERs operate as a
master, and some other DERs operate as a slave. The master
DERs regulate the DC bus voltage and acts as VSCs, whereas
slave DERSs act as current source converters. The reliability
of the master-salve control will be challenged if there is a
single point of communication infrastructure failure [187].
Key characteristics of the aforementioned control methods
are presented in Table 9.

C. STABILITY STUDIES OF DC MICROGRIDS

Stable operation of the DC microgrid is a major challenge
where instability may occur due to abnormal weather condi-
tions of intermittent DERs, control and line parameters, and
load dynamics. The stability study of the DC microgrid is
carried out to test the reliability and quality of the microgrid.
Load dynamics influence the stability of the microgrid. Gen-
erally, impedance (or passive) loads and active loads (CPLs)
are being used in the power system. Passive load intro-
duces positive impedance which improves damping, while
CPL loads introduce negative impedance which results in
poor damping of the microgrid. Basic stability studies in
DC microgrid are summarized in Table 10.

VIl. CONTROL TECHNIQUES OF HYBRID AC/DC
MICROGRIDS

The AC microgrid is the most commonly used microgrid
configuration as the existing power networks are operating
at AC, while the DC microgrid is getting the attention due
to advantages such as increasing use of DC-based loads and
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TABLE 9. Control methods used in DC microgrid.

Approach Methodology Result
Local Con- LC is based on voltage control, current control, and droop control. ~ Local controller ensures the power quality of DERs. For ac-
trol Solar-PV operates on MPPT is a kind of LC. Voltage and current  curate coordination control, LC should be ensured first [69],
control of converter play an important role in power sharing. PI ~ [144], [169].
controllers are commonly used because of its zero steady state error.
An adaptive controller such as fuzzy logic is also used for voltage
and current control.
Droop con-  Droop gain is adjusted in order to achieve equal power sharing among  Droop gain affects system stability. There are proportional
trol parallel converters and avoid circulating current. relationships between droop gain, system damping and power
sharing [162], [170].
A droop controller for the ESS was designed for power balancing and
maintaining constant DC bus voltage [171], [172].
Droop control is easy to implement and it does not require any  Distributed control is proposed to improve power sharing
communication link. Due to line resistance in distribution network, a ~ [170].
circulating current might flow which causes poor power sharing
Communication based distributed control is employed to improve  Modified droop control is proposed to achieve zero circulating
power sharing. It requires complex communication network, and  current [173].
hence it is expensive.
Virtual Since virtual impedance is employed to match the impedance of = The damping performance of the DC microgrid with CPL
impedance the grid side inverter, active and reactive power can be decoupled  loads can be improved by employing virtual-impedance based
effectively. stabilizers. Furthermore, it improves resonance damping of
the LCL filters. Meanwhile, at a particular frequency, it en-
sures better harmonic sharing and damping performance [114],
[174]-[176].
Master- In this method of control several DERs act as master DERs and  All control actions are processed by a central controller, which
slave maintain DC bus voltage. On the other hand, some DERs supply a  is complex and costly as well [177], [178].
control constant amount of power. Master DERs is like a VSC while the
slave DERs are current source converter.
Adaptive An adaptive control strategy was introduced for exact power man- It does not require a communication link. It requires a large
control. agement and eliminate the intermittent behaviour of various energy ~ computational time [179], [180].

sources. It provides better performance than conventional PI.

TABLE 10. Stability studies in DC microgrids.

Approach

Methodology

Result

Stability

Frequency

dependent VR

Stability analysis

with
droop control

The voltage stability issues of the droop controlled DC micro-
grid are investigated considering CPL loads. CPL loads have
negative impedance effects which reduce the stability margin.

In depth stability analysis and damping performance of DC
microgrid with droop coefficient, line parameters, and filter are
performed.

A small-signal stability analysis of the DC microgrid with

Droop gain affects stability. Higher the droop gain, higher
the power sharing, however; lower the system damping [188],
[189].

If the line filter is not properly designed, it introduces poor
damping and high frequency oscillations in the microgrid
[190].

VR is proposed to cancel out negative impedance impact of

with CPLs CPLs is carried out. CPL and therefore, it improves stability [174], [191].
Robust stability =~ The DC microgrid stability analysis with some nominal values A dynamic simulation is carried out in MATLAB/Simulink
with CPLs of CPLs are presented. Model uncertainty was introduced by  with the convex optimization toolbox to identify the stability

Stability analysis
with storage sys-

tem

considering arbitrary values of CPLs within a certain time
interval.

A relationship between voltage and CPL loads are developed to
ensure robust stability of DC microgrids. The impact of CPLs
as well as ESS on DC microgrid stability studies are analysed.

of all the operationally feasible equilibrium by varying the
CPL load from the minimum value to maximum value. This
research identifies equilibrium conditions for a given range of
CPLs, which ensures the robust stability of the DC microgrids
[192].

The stability issues imposed by negative impedance effect with
CPL in the DC microgrid is eliminated by the ESS [193],
[194].

sources, no synchronization problem, and no reactive power
requirements. Therefore, hybrid AC/DC microgrid is the

optimal architecture as it combines the advantages of both
the DC and the AC microgrids [31], [194]-[196].
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FIGURE 14. A hierarchical control structure of the hybrid AC/DC microgrid.

A. HIERARCHICAL CONTROL SCHEMES

Despite these advantages, the major challenges of the hybrid
AC/DC microgrid are energy management and stability.
Extensive research and review have been done on stability
and control strategies of hybrid AC/DC microgrids [82],
[197]. Different control strategies are adopted for optimal
energy management of hybrid AC/DC microgrids. The most
important control objectives are stability, power balance,
synchronization, and protection. To fulfill these objectives
complex control architecture is required. Mainly, hierarchical
control architecture is employed in hybrid AC/DC micro-
grids. This control architecture has three level control strate-
gies, 1) primary control, 2) secondary control, and 3) tertiary
control. A hierarchical control structure of the hybrid AC/DC
microgrid is presented in Fig. 14 and detail descriptions are
presented in the subsequent sections.

1) PRIMARY CONTROL

Primary controller controls voltage and current of the DER
and ESS interfacing converters. In order to maintain sta-
ble voltage and frequency, optimal power management and
power-sharing of multiple DERs and ESSs are essential.
Existing literature proposed two converter control modes for
the primary control, 1) grid following mode, and 2) grid
forming mode. In primary control level, the inverter control
strategy should be selected based on the mode of operation
of the hybrid AC/DC microgrid. In grid following mode,
the utility grid maintains stable voltage and frequency at
the hybrid AC/DC microgrid, while the DERs and the ESSs
are operating in CCVSI for maximum power generation and
charging mode respectively. In grid forming mode, the hybrid
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AC/DC microgrid is disconnected from the utility grid, and
multiple DERs and ESSs maintain stable voltage and fre-
quency of both the AC and the DC busbars. Thus, all DERs
operate in VCVSI and ESSs operate in discharging mode
[67]-[70]. Depending on the number of DERs participating
in voltage control, this control method is further subdivided
into two categories:

« A single DER interfacing converter operates in
grid forming mode and is maintaining stable volt-
age and frequency while other DERs operate in
CCVSI [69], [70].

« More than one DER interfacing converters operate in
grid forming mode and are maintaining stable voltage
and frequency. Proper synchronization is required for the
DERs interfacing converters, which are operating in grid
forming mode [67], [68].

2) SECONDARY CONTROL

The secondary control method is employed to compensate the
DC bus voltage deviation in the DC sub-grid and voltage and
frequency deviations in the AC sub-grid of the hybrid AC/DC
microgrid. This controller also maintains black-start and syn-
chronization after mode switching. The secondary control
is divided into two categories- (1) centralized control and
(2) decentralized control [198]-[200]. In the centralized
control method, a global controller known as MGCC per-
forms power management in the hybrid AC/DC microgrid.
To maintain the exact power balance, MGCC acquires the
active and the reactive power information from DERs, ESS,
and critical loads; to take care of the security issues and
energy market operation. To do so, it requires communication
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infrastructure which introduces control complexity and addi-
tional costs [201]. In the decentralized control method, there
is no MGCC, and the MGCC control function is implemented
into the local controller. Therefore, DERs and ESSs are
responsible for power management [84]. As there is no global
controller, in case of a fault the microgrid can maintain its
operation by disconnecting the faulty part from the rest of the
microgrid.

3) TERTIARY CONTROL

This control approach is applied in the grid forming mode.
This method controls real and reactive power flows between
the hybrid AC/DC microgrid and the utility grid to regulate
voltage and frequency. This method can also be implemented
either in centralized or in distributed manner. In centralized
management, active and reactive power are measured at the
PCC, while reference active and reactive power are calcu-
lated based on the microgrid power requirements and energy
market operations. In this way, power quality, efficiency,
and economic operation are ensured. In contrast to the dis-
tributed control, the tertiary control level is implemented in
the main grid rather than at the microgrid MGCC. However,
in [202], [203], a hybrid AC/DC microgrid architecture with
the tertiary control approach is proposed with distributed
control. In this tertiary control approach, consensus/gossip
algorithm help to gather global information and the opti-
mization algorithm is used to find the local optimal deci-
sion which compensates power quality issues. The tertiary
controller generates a compensation signal for the DERs
local controller to improve power quality at the local bus.
This control approaches have two communication links, one
is dedicated for consensus/gossip-based tertiary control and
the second link is dedicated to the primary controller. A con-
cise summary of these three control approaches are presented
in Table 11.

B. POWER MANAGEMENT STRATEGY OF HYBRID AC/DC
MICROGRID

The most important aspects of a hybrid AC/DC microgrid
operation are the power management and control strategies.
Multiple renewable sources and ESSs are connected to both
the AC and DC busbars of the hybrid AC/DC microgrid
while these buses are connected by a bidirectional ILC. The
output power of the DERs and ESSs are determined by the
power management strategies which is also used to main-
tain the stable voltage and frequency on both sub-grids. The
detailed control strategies based on the mode of operation are
explained in the subsequent sections.

1) GRID-CONNECTED MODE

In grid connected hybrid AC/DC microgrids voltage con-
trol and power balance can be achieved either in dispatched
output power mode (where high level control approach
regulates power flow between the utility grid and the
hybrid AC/DC microgrid) or in un-dispatched output power
mode (where hybrid AC/DC microgrid is not dispatching

144748

TABLE 11. Hybrid AC/DC microgrid control approach.

Primary

Secondary

Tertiary

¢ Grid forming
* Grid following

Based on LC

Can be applicable for
autonomous  mode
and  grid-connected
mode

¢ Centralized
¢ Decentralized

Both the local and
the global control

Can be applicable for
autonomous  mode
and  grid-connected
mode

¢ Centralized
¢ Distributed

Global control

Applicable for only
grid forming mode

No communication It requires communi- Two communication
link is required cation infrastructure links are  needed.
One link is dedicated
to tertiary  control

while second link is
dedicated for primary
and secondary control

Can be implemented  Complex control Control is complex and
easily costly

power) [204]-[206]. In dispatched output power mode, DERs
and ESSs operate in either voltage control or current control
modes. In the current control mode, the reference power is
tracked by controlling the DERs output current while the
voltage and frequency are determined by the utility grid.
In the voltage control mode, DERs output power is regu-
lated by controlling its output voltage and DERs operate as
synchronous generators [207]. The bi-directional ILC can
be operated in AC sub-grid voltage control, DC sub-grid
voltage control, and power control modes with the essential
coordination between the AC and the DC sub-grid DERs,
ESS and ILC. In the grid connected dispatched output power
mode, the DC sub-grid voltage and dispatched output power
can be controlled by two approaches. In the first approach,
the DC sub-grid voltage is regulated by the ILC, while the
DERs and the ESSs on both the AC and the DC sub-grids are
coordinated to maintain dispatched output power. In the sec-
ond approach, DC sub-grid DERs and ESSs regulate the
DC sub-grid voltage, while DERs, ESSs, and ILC in the
AC sub-grid produce dispatched output power [195], [195],
[208]. In the un-dispatched mode, all DERs in AC and DC
sub-grids operate in current controlled mode which means
that the microgrid is injecting power to the utility grid and
the ESSs are in charging mode, whereas the ILC regulates DC
sub-grid voltage [20], [S1]. The power management modes of
hybrid AC/DC microgrids are illustrated in Fig. 15.

2) STAND-ALONE MODE

In stand-alone mode, the coordinated control between
ILC, DERs, and ESSs either in AC sub-grid or DC
sub-grid is essential to regulate the AC sub-grid volt-
age and frequency, DC sub-grid voltage, and to bal-
ance load demand and power generation respectively.
Droop control [69], [209], master-slave control [89], [210],

VOLUME 8, 2020



M. Ahmed et al.: Stability and Control Aspects of Microgrid Architectures—A Comprehensive Review

IEEE Access

Hybrid AC/DC
microgrid
I
v v v
Dispatched power Un-dispatched AC sub-grid DC sub-grid
output power output voltage control voltage control
I
g Y v v
e ILC controls DC bus e DERSs-ESSs control e ILC controls DC bus e DERSs-ESSs on AC sub- e DERs-ESSs on DC sub-
voltage DC bus voltage voltage grid control AC bus grid control DC bus
e DERSs-ESSs on both sub- e ILC in power control e DERs on MPPT mode voltage voltage
grid are co-ordinated mode e ESSs in charging mode e ILC controls power flow| [e ILC controls power flow

FIGURE 15. Hybrid AC/DC microgrid power management strategies.

etc. are used for power management in AC sub-grid
in stand-alone operation mode, while DC bus voltage
management in DC sub-grid can be achieved either
by DERs-ESSs direct droop control method [195] or
by indirect power balancing [51], [211] method. The
DC sub-grid voltage control mode, AC sub-grid voltage con-
trol mode, and output power control mode are important
control aspects of the ILC. In stand-alone mode, DERs and
ESSs connected to the AC and DC sub-grids, are used to
regulate AC and DC bus voltages respectively, while the
ILC manages the power flow between the two sub-grids.
However, for parallel operating multiple ILCs in a hybrid
AC/DC microgrid, some ILCs can operate in DC sub-grid
voltage control mode while other ILCs can operate in AC
sub-grid voltage control mode.

3) POWER MANAGEMENT STRATEGY OF HYBRID AC/DC
MICROGRID DURING MODE TRANSITION

Previously mentioned power management strategies for
hybrid AC/DC microgrid are utilized in the steady-state oper-
ation mode. The mode transition between the grid-connected
mode and the islanded mode of hybrid AC/DC microgrid
should be seamless; however, it may cause voltage spikes,
large voltage/frequency deviations, and circulating current in
DERs during mode transition. Two transition modes, 1) grid
following mode to grid forming mode transition, 2) grid
forming mode to the grid following mode transition will be
discussed in the subsequent sections.

a: GRID FOLLOWING MODE TO GRID FORMING MODE
TRANSITION

Mainly two types of control strategies are used for hybrid
AC/DC microgrid mode transition from grid following mode
to grid forming mode, 1) changing of the current/power con-
trol mode in grid following mode to voltage control mode
in the grid forming mode, 2) unified control method on
both modes of operation. Usually, DERs in current/power
control mode operates on MPPT to supply the maximum
power to the utility grid, whereas voltage control mode is uti-
lized to maintain generation and load demand, and to supply
continuous power to the critical loads. For a smooth mode
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transition, in [212], [213], a new seamless mode transition
is proposed which reduces DERs line current to zero before
mode transition. A faster mode transition without mak-
ing DERs line current to zero during the mode transition
can be achieved by coordinating voltage control in grid
forming mode and the current control in grid following
mode [214]-[216]. To switch the controller of hybrid AC/DC
microgrid from the grid following mode to grid forming
mode, various islanding detection algorithms such as active,
passive, and communication link based detection approaches
are used to select mode transition time [217], [218]. Imme-
diately after isolation, voltage control is activated, and the
synchronization unit starts its function at a fixed frequency
as an isolator. In the second approach, the control strategy is
same as before and after mode transition, and there is no need
to modify the control strategy [219]-[222]. It is therefore
challenging to develop a robust control method which should
work well in grid forming mode, grid following mode, and
transient mode. Thus, there is no need for islanding detection.
Therefore, in a unified control method in both modes of oper-
ation, smaller capacity DERs-ESSs are operated in current
control mode, whereas large DERs-ESSs are operated in volt-
age control mode. However, some modification on the control
approach is needed as the same control approach is being
used for grid-connected, stand-alone, and transition modes.
For instance, conventional droop is modified by combining
virtual impedance droop [220], [223], [224] with the PI based
droop control.

b: GRID FORMING MODE TO GRID FOLLOWING MODE
TRANSITION

Mainly two types of control strategies are used for hybrid
AC/DC microgrid mode transition from grid forming mode to
grid following mode, 1) switching of voltage control mode in
the grid forming mode to current/power control mode in grid
following mode, 2) unified control method on both modes
of operation. The microgrid voltage should be synchronized
with the utility voltage before re-connection, where active
and passive synchronization are used. In passive synchro-
nization, microgrid and main grid are connected when they
have the same phase angle assuming that both have nearly

144749



IEEE Access

M. Ahmed et al.: Stability and Control Aspects of Microgrid Architectures—A Comprehensive Review

equal voltage. This synchronization approach is widely used,
and an unequal voltage between microgrid and utility grid
may lead to some transients at the time of re-connection.
Active synchronization provides a fast synchronization and
seamless transition between the microgrid and the utility grid.
Active synchronization requires the coordination of multiple
DERs and ESSs. In some cases, a separate synchronization
unit embedded into the microgrid as an independent entity
to provide a synchronization signal to connect microgrid
with the main grid; whereas, in others, a synchronization
unit is embedded with the control strategies to reconnect
the microgrid to the main grid. In the grid forming mode,
mainly two control approaches are used, 1) some DERs
operating on voltage control mode while others are operating
on current control mode, 2) all DERs operating on voltage
control mode. Depending on these control modes, the active
synchronization is classified into the following two cate-
gories, 1) some DERs initiating synchronization while the
others are following them, 2) all DERs are participating in
the synchronization process. The first approach is used in a
microgrid where some DERSs are operating on voltage control
mode while other DERs are operating on current control
mode [225]-[227]. However, the second synchronization
approach is used in a microgrid where all the DERs are oper-
ating on voltage control mode [225], [228]. Hybrid AC/DC
microgrid power management strategies during mode transi-
tion are summarized in Fig. 16.

Grid forming to grid
following mode

P

Uniform control
strategy

Grid following to grid
forming mode

Switch voltage
control mode to
current/power control mode

Switch current/power
control mode to
Voltage control mode

Uniform control
strategy

Synchronization

Passive synchronization

| Active Synchronization |

FIGURE 16. Hybrid AC/DC microgrids power management strategies
during mode transition.

C. COORDINATED CONTROL OF ILC AND ESS

The ILC connects both AC and DC sub-grids to form hybrid
AC/DC microgrid. It behaves like a source to one sub-grid
and load to another sub-grid. The main responsibilities of the
ILC are bidirectional power transfer between two sub-grids,
the DC bus voltage regulation, voltage/frequency regulation
of the AC bus, and plug-play operation [229]. When hybrid
AC/DC microgrid are connected to the utility grid, utility
grid maintains real/reactive power in AC sub-grid, and the
ILC regulates the DC bus voltage by providing active power.
While in islanded mode, coordinated control among DERs,
ESSs and ILC is needed to maintain voltage/frequency of
the AC sub-grid and the DC bus voltage of the DC sub-
grid. Droop based autonomous control of ILC is proposed
in [230], whereas autonomous control operation of ILC with
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droop utilizing normalized frequency and DC bus voltage are
investigated in [231]. The studies have only considered single
droop based VSC rather than multiple DERs connected in
parallel.

Autonomous control operation of ILC with combined
power/frequency and voltage/frequency droop are proposed
in [195]. Multiple DERs droop coefficients are difficult to
combine properly by dynamic droop characteristics and any
DER may shutdown due to maintenance [229]. Conventional
DC voltage based droop for the hybrid AC/DC microgrid
ILC creates circulating power because of line resistances
which overstress the ILC. In order to avoid circulating power
between multiple ILCs, frequency based droop is proposed
in [232]. Existing hybrid AC/DC microgrid architectures use
two separate storage system for the AC sub-grid and the DC
sub-grid. Because of significant amount of power exchange
and multiple interconnections between the AC and the DC
sub-grids, multiple ILCs are proposed in [233]. Important
ILC control approaches are presented in the subsequent
sections.

1) UNIFIED CONTROL OF ILC

Unified control of the ILC is proposed in [233], and the
control block diagram is illustrated in Fig. 17 which consists
of an outer power control loop and an inner voltage/frequency
control loop. The DERs and the ESS on both the AC and
the DC sub-grids are categorized into two types, 1) power
terminals, 2) slack terminals. The DERs-ESSs on the AC and
DC sub-grids which are used to control frequency and AC and
DC sub-grid voltages are known as slack terminals (or power
balancing unit) while the DERs-ESSs on the AC and the
DC sub-grids which are working in MPPT mode (dispatched
output power mode) are known as power terminals. Lets
consider that the total real power output of the AC and the
DC sub-grid power terminals are P,. and Py respectively,
and the droop characteristics of the slack terminals take the
following forms;

Vae = Vd*c + (P;*ic — Pyc)/Kac

% *
Wae = Wy + (Pac — Puc)/Kac (21)
ILC_1
AC /|8
DC g
AC DC
Microgrid ILC 2 Microgrid
ac A |
DC

Q| © P

Equ (23)

Pul V! Va

Ref.
Voltage [

Gen Eb
‘a

FIGURE 17. Unified control structure for ILC.

Here, Vye, V., Kac, P}, and Py are DC sub-grid slack
terminal voltage, reference DC bus voltage, DC droop gain,
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FIGURE 18. Control structure of the ILC with ESS.

reference real power, and actual real power, respectively
whereas wge, @), P, Pac, and K, are AC sub-grid slack
terminal voltage, actual frequency, reference frequency, ref-
erence real power, actual real power, and AC droop gain,
respectively. The actual active power output of the PCC of the
AC sub-grid and the DC sub-grid is maintained based on the
capacity (K) in normal condition. The power error (AP) at the
PCC of the AC sub-grid and DC sub-grid takes the following

form;
AP =Py — K *x Py, (22)
After applying the droop characteristics from (21) into (22)

AP = [Py + Kae(@y, — wac)] — K[Pye + Kae(Vge — Vae)]
(23)

In Fig. 17 the output power reference can be measured by
applying the (23), and after that, the active power reference
set-point can be calculated from the regulator transfer func-
tion G(s). For inner control loop, the amplitude reference (E)
and phase reference (§) are calculated based on the reactive
power/voltage droop (Q — v) and real power/frequency droop
(P-f), respectively [234]-[236]. Therefore, instantaneous AC
voltage control is utilized and the proportional resonant con-
troller is used for the AC voltage tracking which reduces
steady-state error and improves dynamic stability.

2) ENERGY STORAGE WITH INTERLINKING CONVERTER

A new structure of the hybrid AC/DC microgrid which
includes ESS within the ILC is presented in [195]. The
capacitor or battery system at the DC-link of the ILC can be
used for energy storage purposes. The ILC storage system
is connected to the DC sub-grid through a DC-DC boost
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DC-link capacitor
control

converter and to AC sub-grid through a DC-AC converter.
The control structure of the ILC with the storage system is
illustrated in Fig. 18. AC sub-grid voltage (V) is converted
to voltage (V) and frequency (f) through PLL and, these two
quantities are then converted to per-unit values. The control
error is caused by the different droop gains due to the line and
system parameters, and it is eliminated by converting system
parameters to per-unit quantities. The per-unit quantity of
frequency (f,,) and voltage (V},) can be formulated as;

f - %(fmax +fmin)

fou =
" %(fmax _fmin)
V = 1Viar = Vi
Vpu _ : 2( max min) (24)
j(Vmax - Vmin)

The error of the per-unit voltage and frequency is passed
through the PI-1 controller which generates an active power
reference signal (P}). The active power reference signal
determines the active power transfer between the AC and the
DC sub-grid. After that, the active current reference (/) and
the DC current reference (Il*) are calculated from P’f using
the following equations;

I; =2xPf/3V
I = =P} /Va (25)
where, V. is the DC terminal voltage of the ILC. The reactive

component of the current (I*) is calculated from the reactive
power droop by the following equations;

Q* _ V- Vmax
U0
Ir = —207/3v (26)
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FIGURE 19. Bi-directional ILCs control structure for the d-axis, g-axis, and 0-axis.

Here, Q is the reactive power droop co-efficient. AC side
current (I; + jI q*) and DC side current (I) of the ILC
are tracked by the PI-2 and PI-3 respectively. The DC-link
capacitor voltage is kept constant by using PI-4 controller.
This PI-4 controller produces small active current signal (1)
which is added to the active DC current reference (/ i* ) signal.
A storage system, instead of a DC-link capacitor can be
added to the ILC. The charging and discharging of the storage
system is fixed based on the two basic criterion, 1) the storage
should be charged when the generation is greater than the
demand, 2) the storage should be discharged when generation
is less than the demand. These two criterion require sensing of
generation and demand which are done by measuring DC ter-
minal voltage and frequency. The mean value, V| = JM
is passed through the charging-discharging reference power
generator (P}) which incorporates with the active power
reference signal (P’f), and modifies the AC and DC current
references.

3) CONTROL OF MULTIPLE BI-DIRECTIONAL ILCs

A distributed coordination control of multiple parallel
bi-directional ILCs in a hybrid AC/DC microgrid is pro-
posed in [52], where AC and DC sub-grids are connected
through multiple ILCs, and the ESS is attached to the AC sub-
grid. The significant difference of the existing control meth-
ods presented in [69], [243]-[245] with this approach [52]
is three-axis d — g — o control in inner current control
loop of the bi-directional multiple ILCs and the feedback
linearization technique. Furthermore, normalized (per-unit)
frequency/DC voltage droop is adopted to realize power inter-
action. As highlighted in many literature, multiple parallel
ILCs can create a circulating current which is suppressed by
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the d — g — o inner current controller while the square of the
DC sub-grid voltage based feedback linearization technique
is used as a decoupling controller [246], [247]. The detailed
control architecture of the multiple ILCs with three axis
d — g — o inner current loop is illustrated in Fig. 19. These
two combined control strategies greatly enhance ILCs inner
current control performance, active power sharing (outer loop
DC droop) between ILCs, and reduce ESS stress by produc-
ing reactive power. The power management which includes
power interaction between AC and DC sub-grids, and DC
current sharing is mainly achieved by the outer control loop.
DC droop is utilized to achieve DC current sharing. The
power interaction can be derived as follows;

Vdc,ref = V;C -8V — RK(idc - lj;c) (27)

where, ., ige, Vac,ref» Vj.» 8V, and Rg are rated output DC
current, output DC current, DC-link voltage reference, rated
DC-link voltage of inner loop, output of power interaction
control, and droop co-efficient respectively. The §V can be
obtained by §V = K(frer — f). where, fr.r, K and f are
reference frequency, droop coefficient, and actual frequency
respectively. The reactive droop used to generate reactive
power can be expressed as;

Oref = Q — Ng(Vu = V) (28)

where, V,, Qj‘ef, Nk, and Q are actual AC sub-grid voltage,
reactive power reference, reactive droop co-efficient, and
rated reactive power output respectively. The outer control
loop generates reactive current reference (iy_sr) for the inner
control loop. As mentioned earlier that the inner control loop
is based on three axis d —g— o control and feedback lineariza-
tion based on VL%C is adopted to avoid non-linear coupling
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TABLE 12. Coordinated control between ILC and ESS of a hybrid AC/DC microgrid.

Approach

Pros

Cons

Unified control of
ILC

ILC with Energy
storage

Three co-ordinate
control of multi-
ple ILCs

Modified droop
based control
of ILC as a key
segment

Superimposed
frequency based
droop control of
multiple ILCs

The improved
virtual
impedance
control  method
of ILCs

Unified control comprises two control layers, 1) outer power control, 2)
the inner voltage and frequency control. These two control loops ensure
autonomous mode of operation and seamless mode transition. Moreover,
it can be easily implemented without a communication link.

ILC is equipped either with DC-link capacitor or energy storage. The ILC
seems like storage system is connected to DC sub-grid through a DC-DC
boost converter and storage system is connected to AC sub-grid through
DC-AC converter.

AC and DC sub-grids are connected through multiple ILCs, and ESS is
attached in the AC sub-grid. The significant difference of the existing control
methods in literature with this approach is three axes d —g—o control in the
inner current loop of the bi-directional multiple ILCs. Multiple parallel
converters can create a circulating current which is suppressed by the inner
current controller and square of the DC-link voltage is used in feedback
linearization method as a decoupling controller.

Modified droop based control strategy for ILC in hybrid AC/DC microgrids
is proposed as a key segment and exchange required amount of energy
between two sub-grids. The significant difference of this approach with the
literature [196], [225], [239], [240] is ILC is operated in voltage control
mode and no need for frequency measurement. The voltage control mode
ensures voltage quality in AC sub-grid, and P — f droop slope can be chosen
small, leading to small frequency variation.

The AC and the DC sub-grids are interconnected through multiple ILCs, and
power-sharing between them is controlled by introducing a superimposed
frequency based droop in DC sub-grid. As the AC voltage is proportional to
the output power, the DC converter superimposes an AC voltage signal to
the DC voltage signal. Since the superimposed frequency signal is the same
for all the converters, ILCs can share loads corresponding to the droop gain.
Hence, power sharing is not affected by the line resistance.

An improved virtual impedance control is proposed for ILC to accurately
share power and circulating current reduction, in which current sharing
deviation and circulating current are used as feedback to the controller.
The two main drawbacks of virtual impedance, 1) large virtual impedance
limits power transfer capability, 2) small virtual impedance degrade current
sharing accuracy [243], [244] are solved by this approach.

It proposed multiple ILCs between the AC and the
DC sub-grids. However, the co-ordination control
between multiple ILCs and ESS are missing [235].

A single ILC is incapable of large amount of
power transfer because of practical inverter size
constraint. In autonomous mode, if the storage
system SoC is less than 20% and AC sub-grid or
DC sub-grid generation is less than demand, then
AC and DC sub-grids will lose its synchronism
[196].

As three axis d — g — o controller increase the
system order and also its a coupled system, there-
fore the stability analysis is a very complicated task
[52].

None of the AC sub-grid and DC sub-grid have
a storage system and the coordinated control be-
tween ILC and ESS is missing [241].

There is no storage system and the coordinated
control between ILC and ESS is missing [242].

This approach is suitable for a specific hybrid
microgrid configuration, which has a specific bus
that is used to connect the bi-directional converters
to AC bus to AC loads and the main grid [245].

of active current (ig) and reactive current (iz). The inner
d-axis controller has two control loops, 1) voltage control
loop, 2) current control loop. The voltage control loop is
slower than the current control loop. The d-axis voltage
controller is a PI based controller which produces iy s for
the current controller and PI based d-axis current controller
generates iy current. Similarly, PI controller based g-axis
current controller generates i, current. A damping resistance
(Ry) is used in the o-axis controller to suppress the circu-
lating current. Furthermore, iy and i; decoupling through
the corresponding compensations are also implemented here
to improve the system performance. Table 12 summarizes
existing coordinated control approaches of multiple ILCs
and ESS.

VIil. FAULT RIDE-THROUGH OF MICROGRIDS
The voltage restoration technique to support the grid voltage
during a fault is known as the low voltage ride through
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(LVRT). The microgrid inverters should have the volt-
age support capability under grid faults scenarios. Many
research studies have been carried out on the LVRT capa-
bility of inverter dominated DERs during grid faults con-
sidering inverter maximum current constraints [250]-[253].
The inverters essentially supply allowable reactive power
during a grid fault and boost up the PCC voltage. The LVRT
requirements and reactive power capability standards for the
microgrids are illustrated in Figs. 20 (a) and (b) respectively
[248], [249]. In Fig. 20 (a), grid fault occurs at t = 1.0 s,
if the PCC voltage drops bellow 0.3 pu, the microgrid should
be disconnected from the main power grid. On the other
hand, if PCC voltage gradually recovers, microgrid should
remain connected to the main power grid. The corresponding
reactive power requirements due to PCC voltage sag can be
calculated from Fig. 20 (b). For example, if the PCC voltage
drops by 0.2 pu, the reactive power should be increased by
m, where m is reactive power slope constant. If the PCC
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FIGURE 20. LVRT capability curves, (a) LVRT requirements, (b) reactive power capability [248], [249].

voltage is higher than 1.2 pu, the microgrid should be dis-
connected due to over-voltage and the microgrid’s inverter
should supply maximum reactive power (Qngqy) if the PCC
voltage drops bellow 0.5 pu. The LVRT capability of the
hybrid AC/DC microgrid will be discussed in the subsequent
sections.

A. LVRT CAPABILITY OF AC MICROGRIDS

As the penetration level of grid-connected microgrids is
increasing, AC microgrids should have LVRT capability
against faults either in the utility grid or within the micro-
grids itself. A hierarchical control strategy for improving the
LVRT capability of AC microgrids is proposed in [254] where
four distinct control levels are employed, 1) primary fault
current limits, 2) secondary fault current limits, 3) tertiary
fault current limits, and 4) quartus fault current limits. Dur-
ing a fault, the fault current of the VSC can be controlled
by controlling either amplitude or phase angle. Since fault
ride-through voltage magnitude is constant, the phase angle
is adjusted to limit the fault current. Therefore, the phase
angle of the positive/negative sequence fault current of the
VSC should be shifted to eliminate the effects of fault current.
In summary, the hierarchical control strategy work sequence
is as follows: first, the reactive current injection is determined
by the grid code requirements; then, the VSC phase angle
shift is determined and updated. After that, the active current
injection is formulated to justify the phase angle requirements
and finally, the VSC generates the output current. A super-
conducting fault current limiter based on flux coupling is
proposed in [255] to limit fault current and improve the LVRT
capability of the AC microgrid. This control approach can
work well for both grid-connected and islanded modes of
operation of AC microgrids which is integrated into the VSC.
Once a fault has occurred, it detects the fault condition
and initiates control actions to suppress the fault current
immediately.

The LVRT capability of a VSC is improved by an addi-
tional voltage controller which can be implemented into the
VSC controller without any modification into the control
architecture [256]. The auxiliary controller identifies faults
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using fault identification algorithms and determines the active
and reactive power dispatch of the VSC according to the
grid code requirements. The LVRT capability of the inverter
interfaced AC microgrid is proposed in [257], where cur-
rent and voltage limiters are implemented into the output
of the voltage and current controllers of the VSC which
limits the current reference during over-current due to the
faults.

B. LVRT OF DC MICROGRIDS

The LVRT capability of a hybrid ESS in DC microgrids is
briefly analyzed in [258]. Since current drawn during a fault
is increased without any control, it will damage equipment
and switches. This research proposed a controllable switch in
series with hybrid storage systems to limit fault current and
hence improved the LVRT capability. A resistive supercon-
ducting fault current limiter for DC microgrid is proposed
in [259]. The benefits of this control approach are as fol-
lows: 1) limiting the DC fault current; 2) compensating DC
bus voltage drop to ensure LVRT capability improvement;
3) enhancing the power transfer capability during a fault.
A superconducting magnetic ESS embedded with fault cur-
rent limiting functionality can be utilized to improve LVRT
capability in DFIG dominated DC microgrids [260]. In this
control method, two DC choppers are connected with the
superconducting magnetic coil. In nominal operation, super-
conducting magnetic ESS acts as the storage system and min-
imizes power fluctuations of DFIG, whereas during a fault,
the superconducting coil detects the fault and initiates control
actions to limit severe fault currents. A resistive fault current
limiter can be utilized to improve LVRT capability in perma-
nent magnet synchronous generator (PMSG) dominated DC
microgrids [261]. The significant advantage of the resistive
fault current limiter compared to the inductive limiter is that
the PMSG operation is not affected by the resistive device.
Moreover, additional resistance together with PMSG inertia
will limit the rate of rising of fault current. This research has
evaluated the effect of resistance on fault current reduction
and identified a possible range of resistor values for LVRT
capability improvement of PMSG dominated DC microgrids.
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C. LVRT CAPABILITY OF HYBRID AC/DC MICROGRIDS

The hybrid AC/DC microgrid either in grid-connected mode
or islanded mode should have LVRT capability against faults
both inside the microgrid and in the utility grid. The LVRT
capability is ensured by the microgrid energy management
system and the DERs remain connected during and after
faults. Authors in [262] proposed a control strategy for a
DFIG based individual DER to improve the LVRT capability,
whereas authors in [263] proposed an ESS integrated into
the back-to-back converter for a PMSG based individual
DER. The ESS maintains stable DC-link voltage and supplies
more reactive power during grid faults and hence improve
LVRT capability; however, additional ESS needs more capital
investment. Authors in [264] have investigated the LVRT
capability of a hybrid AC/DC microgrid only with the AC
sub-grid faults. Authors have maintained the same gener-
ation capacity and load demand for both the AC and the
DC sub-grids for a fair comparison of the LVRT capability.
It is identified that the individual DER with LVRT capability
enhanced the DC sub-grid LVRT capability and insignificant
improvement noticed in the AC sub-grid due to the lack of
coordination between the ILC and the AC and DC sub-grids.
Authors in [265] have investigated the LVRT capability of a
hybrid AC/DC microgrid with the both AC and DC sub-grids
faults where the individual DERs have embedded with LVRT
control strategy and ILC is operated on power transfer mode.
It is identified that DC sub-grid has more LVRT capability
compared to the AC sub-grid for both the DC and the AC
network faults. It happens because the ILC tracks the pre-fault
power reference and helps to quickly restore the DC sub-grid
voltage. Different LVRT techniques are presented in the sub-
sequent sections.

1) SECONDARY CONTROL FOR LVRT

An AC microgrid secondary control of DERs for LVRT
capability improvement is proposed in [248]. The hierarchi-
cal control architecture of the DER is illustrated in Fig. 21
where the primary control is responsible for power-sharing,
while the secondary control is responsible for LVRT voltage
restoration. The consensus algorithm is used for the sec-
ondary control loop and communication infrastructure is used
to measure average ac voltage and current (Eqye and Igy,)

LCL filter

1 |
: R + jX
J_ DC _:"vv\A‘T"va 1 JA ’—{%
DER C, ; s
L .

AC

Power Calculation [€—

Voltage control | ¢ [ Reference
loop generator

FIGURE 21. Secondary control scheme for LVRT.
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which are then used to adjust the reactive power and restore
the PCC voltage during grid faults.

2) LVRT WITH DISTRIBUTION STATIC SYNCHRONOUS
COMPENSATOR

Using distribution  static ~ synchronous compensator
(DSTATCOM) at various points of the microgrids is proposed
in [266] to improve the LVRT capability of microgrids, which
is investigated in grid connected mode by the following
two approaches, 1) A DSTATCOM is connected to the low
voltage side of the distribution transformer to improve micro-
grids PCC voltage restoration capability, 2) The external grid
voltage and reactive power support are provided by using
aggregated reactive power capability of the DERs within the
microgrid. In the second approach, the DSTATCOM is con-
nected to the DER terminal and there is no additional voltage
support for the low voltage distribution transformer. It was
evident that the DSTATCOM improves LVRT capability of
the microgrid in both the autonomous and grid connected
modes.

3) LVRT CAPABILITY IMPROVEMENT OF WIND TURBINE
GENERATOR DOMINATED MICROGRID WITH
SUPER-CAPACITOR ESS

The super-capacitor ESS is attracting considerable interest
as an effective equipment to improve the LVRT capabil-
ity of wind turbine generator based microgrids. Authors
in [267] have investigated the LVRT capability of super-
capacitors for a DFIG based microgrid under main grid
faults. The super-capacitor ESS provides additional reac-
tive power due to the voltage imbalance during the main
grid fault to keep the microgrid connected by main-
taining the LVRT requirements. A super-capacitor with
DSTATCOM is utilized to enhanced the LVRT capability of
the DFIG where the super-capacitor responds to the active
power requirements, while the DSTATCOM responds to the
reactive power requirements during main grid faults [268].
In [269], a super-capacitor ESS is incorporated into the
DC-link of the PMSG based wind generator to improve the
LVRT capability during grid faults. The super-capacitor oper-
ates in two modes, 1) Buck converter mode, 2) Boost con-
verter mode i.e., supplying energy to the DC-link capacitor.
The DC-link voltage and the super-capacitor voltage control
the operating modes. This control approach minimizes short
duration power fluctuation and maintains smooth power dur-
ing the steady-state operation mode. In addition, it improves
the LVRT capability of PMSG wind generator by supplying
stored energy during grid fault and remaining connected to
the power grid.

IX. HYBRID AC/DC MICROGRID PERFORMANCE UNDER
DIFFERENT CONTROL STRATEGIES-A CASE STUDY

The hybrid AC/DC microgrids dynamic performance under
various control strategies is investigated by developing a
hybrid AC/DC microgrid in MATLAB/SIMULINK as shown
in Fig. 22 [270], [271]. The AC sub-grid of the hybrid
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FIGURE 22. Test model of hybrid AC/DC microgrid.

AC/DC microgrid consists of two 0.5 MVA DERs connected
to the AC sub-grid PCC via a standard overhead distribu-
tion feeders as shown in the single-line diagram. A 1 km
distribution feeder connects a 2 MVA, 400 V synchronous
generator to the AC sub-grid. The distribution feeder will
be considered either resistive or inductive. Therefore, R and
X of the resistive distribution feeder are 0.2 € and 0.02 @
respectively, while in the inductive distribution feeder R and
X are 0.002 2 and 0.02 €2 respectively. A 200 kW solar-PV
system with a DC-DC boost converter, and a 450 kW PMSG
is connected to the DC sub-grid, and the DC bus voltage is
maintained at 650 V. A 300 kW constant impedance load is
connected to the DC bus of the hybrid AC/DC microgrid. The
dynamic performance of the hybrid AC/DC microgrid under
different control strategies and different distribution feeder
parameters have been carried out considering the following
scenarios;

e Dynamic performance under P — f and Q — v droops,
and different X /R ratios.

e Dynamic performance with P — vand Q — f droops, and
different X /R ratios.

e Dynamic performance with VI in P—f and Q —v
droops, and different X /R ratios.

e Dynamic performance with P — § and P — f droops, and
different X /R ratios.
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e Dynamic performance with P — f and Q — v droops, and
dynamic loads.

A. DYNAMIC PERFORMANCE UNDERP —f AND Q —v
DROOPS AND, DIFFERENT X /R RATIOS

In this scenario, P — f and Q — v droops are applied to the
VSC by assuming that the distribution feeder X /R ratio is 10,
making it mainly inductive and 0.1 (resistive). A contingency
in the hybrid AC/DC microgrid is created by connecting and
disconnecting a 300 kW load in the AC sub-grid at ¢ =
1.5 s and t = 2.5 s respectively. Figs. 23 (a) and (b) illus-
trate the AC sub-grid PCC voltage and system frequency
respectively, whereas Figs. 23 (c) and (d) illustrate the DC
sub-grid voltage and the injected power to the AC sub-grid
from the DC sub-grid through ILC respectively. It can be seen
from the AC sub-grid PCC voltage and frequency plot that
P —f and Q — v droops work well in inductive distribution
feeder and its performance deteriorates when distribution
feeder becomes resistive causing large voltage and frequency
deviations. The AC sub-grid dynamics eventually propagates
to the DC sub-grid through the ILC which injects more
active power from the DC sub-grid to the AC sub-grid to
boost up the PCC voltage which results in DC bus voltage
deviation.
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FIGURE 23. Hybrid AC/DC microgrid characteristics with P — fand Q — v
droop, (a) PCC voltage, (b) frequency, (c) DC bus voltage, (d) ILC power.

B. DYNAMIC PERFORMANCE WITH P —v AND Q — f
DROOPS AND, DIFFERENT X /R RATIOS

According to (5), for a resistive distribution feeder, active
power is related to voltage, and reactive power is related
to frequency. Therefore, P —v and Q —f droops known
as reverse droop will be applied on the VSC, and X/R is
maintained at 0.1. The dynamic performance of the reverse
droop with X/R = 0.1 and X/R = 10 are presented here.
AC sub-grid PCC voltage and system frequency are illus-
trated in Figs. 24 (a) and (b) respectively, whereas DC
sub-grid voltage and injected power to the AC sub-grid from
DC sub-grid through ILC are illustrated in Figs. 24 (c) and
(d) respectively. By examining the hybrid AC/DC microgrid
characteristics parameters such as AC sub-grid PCC voltage,
frequency, and DC bus voltage it is observed that the reverse
droop performance is greatly influenced by the distribution
feeder X /R. The reason behind the poor performance of the
reverse droop when X /R changes from 0.1 to 10, is that it
actually changes the basic assumptions of the reverse droop
relationship when the feeder becomes inductive.

C. DYNAMIC PERFORMANCE WITH VIIN P — f AND Q — v
DROOPS, AND DIFFERENT X /R RATIOS

In this scenario, steady-state and transient performance of the
hybrid AC/DC microgrid with VI loop is analyzed briefly.
A load disturbance is created by adding a 300 kW load at
the AC sub-grid PCC at t = 1.5 s, and subsequently, it is
removed at = 2.5 s. It is important to note that the VI loop is
incorporated into the reference voltage generator loop of the
VSC to adjust output impedance of the VSC and the distribu-
tion feeder is assumed to be inductive. Figs. 25 (a) and (b)
illustrate AC sub-grid PCC voltage and system frequency,
whereas Figs. 25 (c) and (d) illustrate DC bus voltage and ILC
output power transfer from the DC sub-grid to AC sub-grid
respectively. It is clearly seen from the AC sub-grid PCC
voltage and system frequency plot that VI loop helps to
maintain proper voltage and frequency compared with no
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FIGURE 25. Hybrid AC/DC microgrid characteristics with VI, (a) PCC
voltage, (b) frequency, (c) DC bus voltage, (d) ILC power.

VI loop in the VSC. Furthermore, AC sub-grid PCC voltage
and system frequency plot with the VI loop for X /R = 0.1 and
X /R = 10 shows that the VI loop effectively decouple active
and reactive power sharing relationships. However, there are
small deviations in the PCC voltage and system frequency.
The transient condition in the AC sub-grid eventually prop-
agates to the DC sub-grid through the ILC and affects the
DC sub-grid dynamic performance. For instance, ILC injects
more power to the AC sub-grid (in case of X/R = 10 and
without VI loop) as the AC sub-grid PCC voltage deviation
is larger and as a results, DC sub-grid voltage deviates from
the nominal value.

D. DYNAMIC PERFORMANCE WITH P — § AND P — f
DROOPS, AND DIFFERENT X /R RATIOS

A comparative analysis is conducted between the P — § and
P — f droops. A similar contingency like the scenarios of
A, B, and C, is applied in the AC sub-grid of the hybrid
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AC/DC microgrid. Figs. 26 (a) and (b) illustrate the AC
sub-grid PCC voltage and system frequency with angle and
frequency droop, whereas DC bus voltage and ILC out-
put power with angle and frequency droop are illustrated
in Figs. 26 (c) and (d) respectively. The AC sub-grid PCC
voltage (Fig. 26 (a)) and frequency (Fig. 26 (b)) with angle
and frequency droop under load disturbances is almost same
for X/R = 10. However, the PCC voltage and frequency
deviate from the nominal values for the X /R = 0.1. It indi-
cates that with the microgrid feeder X /R = 10, it follows an
active power-frequency droop relationship. Therefore, P — &
droop and P — f droop dynamic performance is similar for
inductive microgrid feeder. Although the dynamic perfor-
mance of P — § droop and P — f droop is complementary
for inductive microgrid feeder, their performances deteriorate
when microgrid feeder becomes resistive i.e., X/R = 0.1.
The AC sub-grid transients eventually pass through the ILC
and correspondingly affected the DC sub-grid. For instance,
the poor performance of the P — § droop and P — f droop
under resistive microgrid feeder (X /R = 0.1) caused large DC
bus voltage deviation and ILC power transfer imbalance.
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FIGURE 26. Hybrid AC/DC microgrid characteristics with P — § and P — f
droop, (a) PCC voltage, (b) frequency, (c) DC bus voltage, (d) ILC power.

E. DYNAMIC PERFORMANCE WITHP —f AND Q —v
DROOP SCHEMES, AND DYNAMIC LOADS

This simulation sub-section evaluated the hybrid AC/DC
microgrid dynamic performance with the presence of
dynamic loads, such as IMs. In power system, IMs con-
stitute a large portion of the electric loads from residen-
tial to large industrial consumers. The non-linear dynamics
of IMs introduce low-frequency oscillations (LFOs) in the
system, which can adversely affect the damping of low
frequency modes. In this scenario, P — f and Q — v droops
are applied to the VSC by assuming that the distribution
feeder X /R ratio is 10. The 400 kW load in the AC sub-grid
of the hybrid AC/DC microgrid is replaced by, 1) two
200-hp IMs, and 2) one 200-hp IM and forty 5-hp IM.
A disturbance in the hybrid AC/DC microgrid is created
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by connecting and disconnecting a 300 kW load in the
AC sub-grid at t = 1.5 s and t = 3.0 s respectively. The
rotor speed of the IM and system frequency are illustrated
in Figs. 27 (a) and (b) respectively, whereas AC
sub-grid voltage and injected power to the AC sub-grid
from the DC sub-grid through ILC are illustrated
in Figs. 27 (c) and (d) respectively.
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FIGURE 27. Hybrid AC/DC microgrid characteristics with P — fand Q — v
droops and dynamic loads, (a) IM rotor speed, (b) frequency, (c) AC bus
voltage, (d) ILC power.

The load disturbance at the AC sub-grid causes IM rotor
speed oscillations. In steady-state, the IM electro-mechanical
torque should be equal to the mechanical load torque. When
a large load disturbance occurs, there is a large voltage dis-
turbance at the IM terminal, and hence electro-mechanical
torque unbalance occur at the IM. This electro-mechanical
torque unbalance leads to rotor speed oscillations which is
directly coupled with the system frequency. It is clearly seen
from the rotor speed (Fig. 27 (a)) that the speed deviation is
larger for the case with one 200-hp IM & forty 5-hp IMs com-
pared to the case with two 200-hp IMs. Even though the total
IM load is same, the rotor speed oscillation and frequency
deviation are large for multiple parallel operating IMs.

In power system dynamic stability studies, the aggregated
model of IMs has been considered, which does not reflect the
true dynamics of IMs. Authors previous work investigated the
LFO characteristics of the multiple parallel operating small
IMs and a large IM of equivalent power rating [132], [271].
It was found that the multiple parallel operating IMs have
multiple dominant oscillation frequencies which introduces
more non-linearity into system dynamics. Similarly, the volt-
age deviation at the AC sub-grid and the power injection
of the ILC from the DC to AC sub-grid due to the load
disturbance are large for the cases with IM loads.

X. CONCLUSION

A comprehensive literature review of the stability, control and
power management aspects of AC, DC, and hybrid AC/DC
microgrids are presented in this paper. According to the
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review, AC and DC microgrids are widely being used, while
hybrid AC/DC microgrid is becoming popular due to lower
conversion losses, reliability, and efficiency. The microgrids
follow hierarchical control architecture including primary,
secondary, and tertiary controllers. The primary control (or
LC) is embedded in the DER to ensure reliable operation by
maintaining stable voltage/frequency and power regulation.
Secondary control manages microgrid communication pro-
tocols to reduce steady-state voltage/frequency errors caused
by the primary control; hence, optimizing the power quality.
The tertiary control manages the power-flow between the
microgrid and the main grid to ensure economic operation.

The power management and control of hybrid
AC/DC microgrids are more complex compared to the indi-
vidual AC and DC microgrids. The bidirectional ILC coor-
dinates the AC and DC microgrids; hence, the stability of
the hybrid AC/DC microgrid depends on the reliability of
the bi-directional ILCs. Moreover, the bi-directional ILC will
either control the DC microgrid voltage or the AC microgrid
voltage/frequency depending on whether the hybrid AC/DC
microgrid is operating on the grid-connected or autonomous
mode. Furthermore, multiple ILCs can increase the power
transfer capacity between the AC and DC microgrids, but can
lead to further stability and the reliability issues in the system.
A case study on the dynamic performance of a hybrid AC/DC
microgrid under different control strategies are investigated in
this paper and the following conclusions can be drawn from
the simulation results and the literature review;

e After recognizing the benefits of both AC and DC micro-
grids, they have been combined to form hybrid AC/DC micro-
grids, which intends to improve the reliability, efficiency and
economic operation of the system. However, the network
structure of the hybrid AC/DC microgrids is complex com-
pared to individual AC and DC microgrids, which requires
further research studies on coordinated control strategies for
individual AC and DC microgrids, intermittency of DERs,
reactive power compensation, etc.

e Because of the significant amount of power exchange
between the AC and DC sub-grids, multiple ILCs are utilized
between the AC and the DC sub-grids. However, having
multiple ILCs would increase the overall cost and creates
circulating power because of line impedance mismatch which
can overstress the ILCs.

e The distributed ESSs are connected to both the AC and
the DC sub-grids. The main problem of the distributed ESSs
with different SoC levels are the charging and discharging
control. Some research studies focused on equalizing the
different SoC levels of distributed ESSs, while some other
research studies utilized the master-slave control scheme for
distributed ESSs of different SoC levels.

e The control strategy of multiple parallel operating ILCs
between two sub-grids is more critical with the presence of
distributed ESSs in both the AC and DC sub-grids. There-
fore, further studies are required for a coordinated control
strategy between multiple parallel operating ILCs and dis-
tributed ESSs.
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e The P —f and Q — v droop control schemes are applied to
the VSC by assuming that the microgrid feeder is inductive
and a contingency in the hybrid AC/DC microgrid is created
by load switching in the AC sub-grid of the hybrid AC/DC
microgrid. It is identified that the P — f and Q — v droop
are performing well when the microgrid feeder is inductive
and the performance deteriorates when the microgrid feeder
become more resistive.

e Similar results are observed when the P — v and Q — f
droop are applied to the VSC by assuming that the microgrid
feeder is resistive and the performance deteriorates when the
microgrid feeder becomes more inductive.

e The VI control is utilized to eliminate the microgrid
feeder X /R ratio effect and hence improve the dynamic per-
formance of the hybrid AC/DC microgrid. However, the per-
formance of the VI control deteriorates when it is designed
for a particular X /R ratio of the microgrid feeder and the X /R
ratio of the microgrid feeder is changed from the pre-designed
value. Therefore, a universal control strategy is required for
the VSC which will work for any X /R ratio of the microgrid
feeder.

e Similar results are observed between the P — § and the
P — f droop. The dynamic performance of these two droops
depend on the X /R ratio of the microgrid feeder.

e The entire microgrid will go into complete shutdown
if the central controller fails due to the failure of the com-
munication infrastructure. However, in distributed control
techniques there is no central controller and the LCs of
the individual DERs exchange information with each other,
hence they are capable of improving microgrid’s reliability.

e Hybrid AC/DC microgrid dynamic stability is signifi-
cantly affected by the dynamic loads, such as IMs. More-
over, the stability impact of multiple parallel operating IMs
of equivalent power rating is more severe compared to the
aggregated model of IMs.

e Some research studies proposed a power oscillation
damping controller for the ESS controller to damp LFOs gen-
erating from the dynamic loads such as IMs. Therefore, fur-
ther research studies are required to damp the high-frequency
oscillations in the hybrid AC/DC microgrids by the ESS.

e In future more and more microgrids will be intercon-
nected with each other and eventually, they will form micro-
grid clusters resulting in complex dynamics between them.

This review will pave the way for policymakers, power
industry, and academic researchers to understand the stability,
control and power management aspects of various microgrid
architectures and ultimately assist to improve the stability and
reliability of future microgrids.
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