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Overview of control, integration and energy management

of microgrids

Yunwei LI (<), Farzam NEJABATKHAH

Abstract Microgrids are being developed as a building
block for future smart grid system. Key issues for the control
and operation of microgrid include integration technologies
and energy management schemes. This paper presents an
overview of grid integration and energy management strat-
egies of microgrids. It covers a review of power electronics
interface topologies for different types of distributed gen-
eration (DG) units in a microgrid, a discussion of energy
management strategies, as well as the DG interfacing con-
verter control schemes. Considering the intermittent nature
of many renewable energy based DG units, the ancillary
services of DGs using the available interfacing converter
rating are also discussed in the paper.

Keywords Distributed generation, Energy management
schemes, Harmonic compensation, Interfacing converters,
Microgrid, Power quality, Unbalance voltage
compensation

1 Introduction

In recent years, the rapid increase of distributed gener-
ation (DG) installation, especially those based on renew-
able energy sources, is expected to address the concerns on
greenhouse gas emissions, energy sustainability, energy
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security, etc. Among various kinds of renewable energy
based DGs, wind and photovoltaic (PV) power generation
are relatively mature and are the fastest growing DG
technologies. Since mid-1990s, wind power installation has
been growing by 25% per year. By 2011, China has the
highest installed wind power capacity with more than 60
GW [1]. PV installation follows a similar trend, but with an
even faster growth rate around 48% each year in recent
years, making it the fastest growing energy technology in
the world. As of 2011, PV installation has reached around
70 GW with Germany as the leader [2]. In addition to
renewable energy sources, alternative energy sources or
micro sources such as fuel cells and microturbines have
also been used increasingly in recent years for power
generation. Fuel cells produce electrical power directly
from chemical energy contained in a fuel, which can be
hydrogen, natural gas, methanol, gasoline, etc. These
power generations are inherently modular in nature, and
their capacity can be added easily as loads grow. On the
other hand, microturbines had been originally designed for
aircrafts applications [3]. Modern microturbines using
advanced components such as heat exchangers, power
electronics, communications, and control systems are
becoming more popular for DG applications [3].

A common feature of the renewable energy based or
micro sources based DG systems is the power electronics
interfaces that required to convert the energy sources out-
put to the grid ready voltages [4]. These power electronics
also provide enhanced flexibility for the DG operation and
energy management. In order to better organize these DG
systems, the concept of microgrid has been developed,
which has higher capacity and more control flexibility
compared to a single DG systems. A microgrid can operate
in both grid-connected and stand-alone operation modes
and benefit both utility and customers with better reliability
and power quality. However, the operation and control of
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Fig. 1 Power electronics interfaces for DGs with dc output powers

microgrid also present challenges in terms of DG-grid
integration technologies, current/voltage control strategies
and energy management schemes.

For proper operation of a microgrid, energy management
strategies are important to regulate the output powers of each
DG as well as the voltage and frequency of the microgrid
systems [5-7]. Additionally, to achieve improved power
quality in a microgrid, proper design and control of the DG
interfacing converters to provide the ancillary services are
important. This is particularly true when considering that
most renewable energy based DG systems are not always
operating at their rated power, and the available converter
rating can be used to facilitate grid frequency and voltage
regulation, harmonics control, unbalance voltage compen-
sation, etc.

This paper presents an overview of grid integration
technologies and energy management schemes of mi-
crogrids. First, different DG interfacing converter topolo-
gies are reviewed and their applications and development
trend are discussed. Different types of energy management
schemes including communication-based and communica-
tion-less strategies are then reviewed. In addition, the
control schemes of DG interfacing converter are discussed.
At last, ancillary services of DG systems and microgrids
for grid support and power quality improvement are
presented.

2 Interfacing converter topologies
Since the output of renewable energy sources and micro

sources are mainly dc or non-utility-grade ac, power
electronic converters are critical to interface the energy
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source to the grid in these DG systems. In the DG inter-
facing power electronic converters, the requirements rela-
ted to the energy source characteristics, the energy storage
system, the distribution system configuration, voltage lev-
els, power quality, etc. need to be considered.

For DGs with dc output power such as PV and fuel cell,
the interfacing converters can be classified as single-stage
and double-stage configurations. These configurations are
shown in Fig. 1. The double-stage topology is the tradi-
tional solution. In this topology, the first stage dc-dc con-
verter is mainly used for two purposes: boost the dc link
voltage and control DGs’ output power with maximum
power point tracking (in PV) or maximum efficiency
operation (in fuel cell). The second stage dc-ac converter
can work on dc bus voltage control mode, or output power/
current control mode depending on different control
requirements. In such as system, electrical isolation is
typically provided by high frequency transformer in the
dc—dc converters such as flyback or push-pull dc—dc con-
verters with lower weight and size.

On the other hand, the single-stage topology is becom-
ing more popular in recent years. It features higher effi-
ciency with less power electronics converters and power
conversion process. However its drawbacks include com-
promised control flexibility and limited operation range.
Moreover, this topology needs an overrated inverter and
high dc output voltage from DGs [8]. Multilevel converters
have been increasingly used in the single-stage topology
with better dc voltage utilization and output power
quality.

In DGs with ac output power such as wind turbine or
microturbine, the power electronic interfaces can be clas-
sified as double-stage or multi-stage converters as shown in
Fig. 2. In the double-stage converters, the front-end PWM
rectifier is usually used, and dc bus voltage is controlled by
this rectifier. While in multi-stage topology, lower cost
diode rectifier can be used, and dc-dc converter controls dc
bus voltage. From cost point of view, the multi-stage
topology could be more cost effective although it has low
efficiency in comparison to two-stage topology [4].

With the development of power electronic technologies,
multiple-port interfacing power converters are becoming
more attractive in microgrid. Multiple-port power con-
verters are used to connect various power sources (DGs or
energy storage elements) to the grid and load through a
single converter structure with lower cost and compact size
[9-13]. The schematic diagram of this multiple-port
interfacing converter is shown in Fig. 3.

These multi-port converters can be classified as elec-
trically-coupled and magnetically-coupled structures. The
electrically-coupled types are usually implemented with
non-isolated topologies such as buck, boost, and buck-
boost switching cells [9, 10, 12]. In these topologies, in
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Fig. 3 Schematic diagram of multiple-port power electronic inter-
facing converter

order to avoid large buck/boost conversion ratios and to
effectively handle the ports, the operating voltage of dif-
ferent power ports need to be close to each other. This
constraint is the main drawback of electrically-coupled
multiple-port converters [13]. In magnetically-coupled
topologies, the energy sources are coupled through mag-
netic coupling (mainly high frequency ac-link), which
provide electrical isolation between the power ports [9, 11].
In these topologies, because of the use of multi-winding
transformers, DGs with different operating voltage levels
can be connected to power ports. These converters can
handle quite different operation levels of DGs and energy
storage units, but with relatively complex structures and
control systems.

Finally, different interfacing converter topologies such
as Z-source converters [14], multi-level converters (neutral
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point clamp (NPC) [15, 16], cascaded H-bridge [17], multi-
modular converter [18, 19], etc.), soft-switching convert-
ers, matrix converters, etc., have been used in microgrids as
DGs interfacing power electronics.

3 Energy management schemes

For sound operation of a microgrid in both grid-con-
nected mode and stand-alone mode, proper energy man-
agement strategies are very important. These energy
management schemes determine output powers and/or
voltages of each DG source, which are then fed to the
control system of interfacing converters as the control
tracking references. Details of the converter control
schemes will be explained in Section 4, while a review of
the energy management schemes are provided here. In
general, power management schemes in microgrids can be
classified into communication-based and communication-
less schemes.

3.1 Communication-based energy management
schemes

In the communication-based energy management
schemes, the system information (current, voltage, power,
etc) is communicated in the microgrid to determine oper-
ation point of each DG. These schemes take the full
advantage of intelligence in the integration of the com-
puting and communications technologies in order to
determine the output powers of each DG. Considering the
distances of power sources, level of security, cost, and
available technologies, appropriate communication method
is determined. The communication methods can be based
on fiber-optics, microwave, infrared, power line carrier
(PLC), and/or wireless radio networks (GSM and CDMA)
[20, 21]. In these schemes, combination of Internet Proto-
col (IP) with existing industry protocols and standards are
used to communicate over the grid.

In general, the communication-based energy manage-
ment schemes can be divided into centralized and decen-
tralized energy management schemes [22, 23]. These
schemes are explained as follow.

3.1.1 Centralized energy management scheme

This strategy is also known as supervisory energy
management. In general, master-slave control and central
mode strategies belong to centralized energy management
strategies. In this scheme, one centralized system or control
center makes decisions and determines operation points of
DGs. This control center receives all the measured signals
of all energy units in microgrid, and sets the operating
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Fig. 4 Block diagram of centralized energy management scheme

points of DGs based on the objectives and constraints,
which can be minimizing system operation and mainte-
nance costs, environmental impact (carbon footprint),
maximizing system efficiency, etc [22-25]. These objec-
tive functions along with the constraints can be conflicting
and sometimes solving these problems is difficult (if not
impossible). After making decisions, the control signals are
sent to the DG local control systems. The DG local control
is mainly realized by controlling the DG’s power elec-
tronics converters. Figure 4 shows block diagram of cen-
tralized energy management scheme, where the DG units
include both the energy sources and DG-grid interfacing
power electronic converters.

An example of such supervisory energy management
scheme is for microgrids based on PV-Wind-Battery-FC
(fuel cell) input power sources [26]. In this work, the
measured microgrid data are sent to the central system, and
the objective function in the center controller is to provide
the load power with high reliability.

The advantage of this centralized control scheme is that
the central system receives all the data of system, and then
based on the available information the multi-objective
energy management system can achieve global optimiza-
tion. However, heavy computation burden is one of its
main drawbacks. Another drawback of this system is the
reliability concern as a failure in the communication sys-
tem may cause overall shut down in the system.

3.1.2 Decentralized energy management scheme
In decentralized energy management scheme, all the

local controllers are connected through a communication
bus. This bus is used to exchange data among DGs’
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controllers. In this energy management system, each local
control system knows the operation point of other con-
verters. This information is used to determine the DGs’
operating points according to different optimization
objectives [22, 23, 27]. In these systems, intelligent algo-
rithm has been often used to find optimal operation point
[28]. Figure 5 shows the block diagram of the decentral-
ized energy management strategy.

This strategy has some advantages over centralized
strategy. For example, it is easy to extend the control
system to newly added energy sources with plug-and-play
feature. Moreover, computation requirement of each con-
troller is reduced, and the redundancy and modularity of
the system is improved [22, 23]. However, failure in the
communication link can still cause problem in the system
(although unlike the supervisory control where a commu-
nication failure may collapse the system). Also, potential
complexity of its communication system is still a concern
of this strategy.

Multi-agent system (MAS) can be the best example of
decentralized energy management system [23]. In MAS,
autonomous computational agents make decisions based on
goals within an environment, and they communicate
information about their goal achievement to other inde-
pendent agents [29-31]. These systems are mainly used for
large and complex microgrids, and artificial-intelligence-
based methods such as neural network or fuzzy systems are
used to determine each DG’s operation point while
improving the overall performance of the microgrid
[29-31].

In addition to centralized and decentralized energy
management schemes, a combination of these schemes will
produce a hybrid centralized and decentralized scheme. In
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this hybrid strategy, DGs are divided into groups. In each
group, centralized scheme is used, which is responsible for
local optimization within group. Among different groups,
decentralized energy management scheme is utilized for
global optimization. Such a hybrid strategy could be suit-
able for large systems with interconnected microgrids,
where centralize control of each microgrid and decentral-
ized coordination among microgrids could improve reli-
ability and resilience of the system. The recently proposed
hierarchical energy management scheme can be considered
as a hybrid centralized and decentralized energy manage-
ment scheme [32-34].

3.2 Communication-less energy management schemes

The main idea of communication-less energy manage-
ment strategy is that every DG unit must be able to operate
independently when communication is too difficult or
costly. Figure 6 shows the block diagram of communica-
tion-less energy management strategy. In these methods,
each energy source has its own local controller without
having communication links with the other controllers.

Droop control method is probably the most popular
strategy in communication-less energy management [5, 35,
36]. This method emulates the behavior of synchronous
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generator where the voltage and frequency vary with the DG
outputreal and reactive power. The droop control is based on
the assumption that the output impedance of DG is mainly
inductive, and it uses droop characteristics of the voltage
amplitude and frequency of the each DG to control its output
[36]. In other words, the virtual communication link here is
the microgrid voltage amplitude and frequency.

This strategy has obvious advantages: there is no com-
munication requirement, so the control strategy is more
reliable. Also, the control system is expandable with true
plug-and-play function. However, there are some potential
issues. First, in this method nonlinear loads are not con-
sidered and the nonlinear current sharing among DG units
cannot be addressed directly. In addition, in low voltage
microgrid systems, high R/X line impedance ratio may lead
to real and reactive power coupling and stability concerns
[37, 38]. Also, the mismatched DG output can cause power
sharing error. Recent works have been done to improve
droop control by adjusting the output voltage bandwidth,
adding virtual impedance, or implementing the droop in
virtual frames [37]. However, without a central control/
optimization algorithm, optimal operation of the microgrid
system 1is still difficult with the communication-less based
control strategy.

Other than the droop control method, if all DGs work at
the MPPT mode, it is not necessity for communication
between DGs. As a result, this method can also be con-
sidered as a communication-less energy management
strategy. However, in such a system, energy storage devi-
ces are essential in stand-alone operation mode to provide
the microgrid voltage and frequency regulation.

Considering the drawbacks of communication-based and
communication-less energy management schemes, a com-
bination of the droop control with communication-based
control could have both improved reliability and control
performance, and may be a good option for future microgrid
systems. In such a combination strategy, with the help of
communication-based energy management, the DG opera-
tion point in both grid-connected and stand-alone modes can
be determined more accurately. Also with the droop control
as backbone, the communication requirement (such as speed
and bandwidth) can be reduced and failure of the commu-
nication links will not cause a system collapse.

4 Interfacing converter control strategies

The previously discussed energy management strategies
determine operating point (such as power references) for
each DG, and at the same time guarantee voltage and
frequency regulations, load demand matching, etc. In the
DG interfacing converter control system, the reference real
and reactive powers are controlled through DG output
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current and voltage regulations. Therefore, the DGs output
power control strategies are generally categorized as cur-
rent control mode (CCM) and voltage control mode
(VCM). These strategies are explained in following.

4.1 CCM based power flow control strategy

The CCM scheme is shown in Fig. 7. As seen from the
figure, both active and reactive powers are tracked in the
closed-loop manner. The real power control loop produces
the synchronous frame d-axis reference current, while
reactive power control loop generates the g-axis reference
current. Note that the real power reference could be from
energy management scheme or from a MPPT scheme. With
these reference currents, the DG output current can then be
controlled in the synchronous frame as shown in Fig. 7 or
in the stationary off frame. In this control strategy, the grid
voltage angle information from phase-locked-loop (PLL) is
used to synchronize the inverter output current with the
grid voltage.

The d-axis reference current can also be generated by dc
link voltage control. This condition occurs mainly in two-
stage converters (in either dc—dc 4 dc—ac or ac—dc + dc—ac)
where real power is controlled by first stage (dc—dc or
ac—dc converters). In other words, output real power of the
inverter is controlled to regulate dc link voltage where the
power difference between the input stage and inverter
output can be used to charge or discharge the dc link
capacitor [39, 40].

In general, the CCM based power flow control strategy
is popularly used in grid-connected operation mode where
the ac bus frequency and voltage are determined by the
grid. However, in stand-alone operation of a microgrid, the
CCM based method cannot directly regulate the microgrid
voltage and frequency, and therefore the VCM based
control strategy of at least one or more large DG units or
energy storage units in a microgrid is necessary.

4.2 VCM based power flow control strategy

In this control strategy, output voltage of DG is con-
trolled to regulate the DG output power, and the DG
behaves like a synchronous generator. The droop control
can be easily implemented on VCM based DG units.

Considering that the inverter is connected to ac bus
through line impedance (Fig. 8) which is mainly inductive
with high X/R ratio, and the phase angle § between inverter
and ac bus is typically small, it can be concluded that the
output active power of DG is proportional to the phase
angle difference between inverter output voltage and grid
voltage (), and the output reactive power is proportional to
voltage magnitude difference (V; — V,). Therefore, the
output active power can be controlled by the DG output
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phase angle (or frequency), and the output reactive power
can be controlled by the DG output voltage magnitude.
The block diagram of this control strategy is shown in
Fig. 9. This control scheme can be applied for both grid-
connected and stand-alone operation modes of microgrids
[5, 6, 41]. In this figure, the active and reactive power
references are provided by power management strategies.
As discussed, in this strategy, the output voltage phase
angle is determined by active power controller and the
output voltage magnitude is controlled by the reactive
power controller. The DG output three-phase voltages are

Pres P ol 716 )

regulated on their reference values with closed-loop control
system. In this strategy, the voltage closed-loop control
system can have an inner current loop for transient and
stability performance improvement [42]. In this control
scheme, the active and reactive power controllers can be
proportional controllers for realizing active power-fre-
quency droop (P — w) and reactive power-voltage mag-
nitude droop (Q — V). More complex controller can also
be used here to closely mimic the synchronous generator
with excitation and torque dynamics [43].

Compared to CCM based control, the main advantage of
VCM based control is that it can be used in both grid-connected
and stand-alone operation modes, which makes the operation
mode transition easy and smooth. Possible issues when utiliz-
ing this method are mainly related to the lack of direct control of
DG output current, especially during fault or grid voltage dis-
turbances. These problems can be avoided by implementing
virtual impedance control at the DG output [38, 44].
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Fig. 9 Voltage-based real and reactive power control strategy
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5 Ancillary services

Ancillary services for DG systems are becoming an
important issue that may further improve the cost effec-
tiveness of DG systems. This is a promising idea especially
considering that many renewable energy based DG systems
(such as PV and wind) do not operate at the maximum
rating all the time (PV systems simply idles during the
night). As a result, the available ratings from these DGs’
interfacing converters can be utilized to provide ancillary
services such as flicker mitigation [45], unbalance voltage
compensation [46, 47], harmonic control [48], power factor
correction etc. Here the harmonics compensation and
unbalance voltage compensation are briefly discussed.

5.1 Harmonics compensation

The power electronics interfaced DGs can be controlled
like active power filters at the harmonic frequencies to mit-
igate system harmonics. As mentioned in Section 4, there are
two types of control strategies in DG systems: CCM and
VCM. The CCM based control strategy is widely adopted in
active power filters to mitigate harmonics [49]. As a result,
CCM based DGs can be easily controlled as shunt active
power filters to absorb harmonic currents produced by non-
linear loads. To do this, DGs can be controlled to act as virtual
resistances at the selected harmonic frequencies. The block
diagram of CCM based DG control method for harmonic

STATE GRID

compensation is shown in Fig. 10. In this control method, the
reference active and reactive power control loops produce
DG’s output fundamental reference current Ipg ¢ ,or(similar
to Fig. 7). The reference harmonics current of DG is pro-
duced by harmonic component of PCC voltage divided by the
desired virtual resistance value (I;_,,r = Vpcc w/Rp). By
behaving as a small virtual resistor at the harmonic fre-
quencies, the DG will help to absorb the nonlinear load
current and improve the system power quality.

In VCM based DG systems, the current-controlled har-
monic compensation schemes mentioned before are not
applicable, as they cannot directly control the DG output
current. The VCM based control strategy of DGs for har-
monic compensation is shown in Fig. 11. In this control
scheme, the fundamental reference voltage of DG is pro-
duced by active and reactive power control (similar to the
control scheme in Fig. 9), while the harmonic reference
voltage of DG is produced by measuring the harmonic
components of PCC voltage with Vpg j_er = Vpcc nG [48].
As a result, the DG will behave as an impedance of
ZpG_eq = Zpc!/(1 + G), where Zp is the impedance of DG
side [48]. Obviously, by scaling down the DG side imped-
ance, the harmonics will be absorbed by the DG unit. Finally,
the more recently proposed hybrid voltage and current
control scheme can regulate the fundamental voltage and
harmonic current at the same time, and therefore is expect to
be more flexible in term of providing the harmonics regu-
lation services [50].
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5.2 Unbalance voltage compensation

Using the DG interfacing converters to compensate the
grid voltage unbalance can be an important ancillary ser-
vice for the utility, where the unbalanced loads could cause
serious unbalanced voltage resulting in poor power quality
and even protection responses. For unbalance compensa-
tion, DG mitigates/reduces voltage sag and unbalances by
injecting additional negative sequence current. Therefore,
the DG injected current contains both positive sequence
and negative sequence components where the positive
sequence component can help to improve the power factor
or voltage support as discussed earlier, while the negative
sequence component could reduce negative sequence of
voltage at PCC [46].

The control block diagram of DG for unbalance voltage
compensation is shown in Fig. 12. Here, different sequence
extractor can be used to extract positive and negative
sequence component of the voltage [51-53]. Moreover, the
active power reference is provided by power management
strategies or dc-link voltage regulator, and reactive power
reference is provided by voltage support strategies, phase
current limitation scheme, etc [46]. Based on the reference
active and reactive powers, and positive and negative
sequences of PCC voltage, reference currents of DG (in of8
frame) are produced as following [54]:

ki 1—ky)
I(x_ref = PRef B V; + ( 2 ) Va
v*] v
b . (-k).
+ Orer e Vi +—|v,‘z Vs
ko (l—k) .
Ig_ref = Pref |v+|2V" + v Vi
b o, (—k).
O T

where Pg.r and Qg,r are DG reference active and reactive
powers; Vi, V,/, V} and Vj are the positive and negative
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sequences of PCC voltage; vl and Iv™| are the amplitude
of positive and negative sequences of PCC voltage; k; and
k, are the control gains which provide flexible control of
positive and negative sequences of active and reactive
powers. By controlling these gains, different control
strategies such as active power oscillation cancellation,
reactive power oscillation cancellation, etc. can be
obtained as mentioned before [54]. Similarly, other
objectives such as dc link ripple minimization, DG phase
current limitation, etc. can also be considered in this
control system by properly designing the gains of k; and
kz.

Finally, other than the above mentioned ancillary ser-
vices, the DG systems or microgrid as a whole can be
used to improve the power system operation by providing
the reserve functions [55]. For these reserve functions, the
DG or microgrid can be controlled with frequency or
voltage droop control and help to the grid frequency and
voltage regulations. This can be done by the DG systems
alone or collectively with both the DG and load response
control. With more controllability and flexibility in a
microgrid system, valuable ancillary functions can be
provided for better grid operation and better grid power
quality.

6 Conclusion

Microgrid is becoming an important aspect of future
smart grid, which features great control flexibility,
improved reliability, and better power quality. The
important aspects of the microgrid are the grid integration
and energy management strategies, which enables sound
operation of the microgrid in both grid-connected mode
and stand-alone mode. This paper conducts an overview of
grid integration technologies and energy management
strategies of microgrids. It shows that the recent research
trend on the DG interfacing converter is focused on better
efficiency, reduced size, multi-port and modular design.
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For the energy management strategy, a hybrid combination
of communication-based and communication-less energy
management technologies could be a good balance of
system optimal operation, reliability, and resilience. In this
paper, the interfacing converter control schemes are also
discussed, and it shows that VCM based methods are
gaining more attention due to its ability to mimic the
behavior of a synchronous generator. At last, this paper
discusses the ancillary services of DGs. The ancillary ser-
vice is becoming a promising topic to further assist the grid
control, enhance the grid power quality and, at the same
time, to improve the cost effectiveness of power electronic
based DGs and microgrids.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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