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Review of Active and Reactive Power Sharing
Strategies in Hierarchical Controlled Microgrids

Yang Han, Member, IEEE, Hong Li, Pan Shen, Ernane A.A. Coelho and Josep M. Guerrero, Fellow, IEEE

Abstract—Microgrids consist of multiple parallel-connected
distributed generation (DG) units with coordinated control strategies,
which are able to operate in both grid-connected and islanded mode.
Microgrids are attracting more and more attention since they can
alleviate the stress of main transmission systems, reduce feeder losses,
and improve system power quality. When the islanded microgrids are
concerned, it is important to maintain system stability and achieve load
power sharing among the multiple parallel-connected DG units.
However, the poor active and reactive power sharing problems due to
the influence of impedance mismatch of the DG feeders and the
different ratings of the DG units are inevitable when the conventional
droop control scheme is adopted. Therefore, the adaptive/improved
droop control, network-based control methods and cost-based droop
schemes are compared and summarized in this paper for active power
sharing. Moreover, nonlinear and unbalanced loads could further
affect the reactive power sharing when regulating the active power, and
it is difficult to share the reactive power accurately only by using the
enhanced virtual impedance method. Therefore, the hierarchical
control strategies are utilized as supplements of the conventional droop
controls and virtual impedance methods. The improved hierarchical
control approaches such as the algorithms based on graph theory,
multi-agent system, the gain scheduling method and predictive control
have been proposed to achieve proper reactive power sharing for
islanded microgrids and eliminate the effect of the communication
delays on hierarchical control. Finally, the future research trends on
islanded microgrids are also discussed in this paper.

Index Terms—Active power sharing, reactive power sharing,
microgrids, graph theory, consensus control, hierarchical control,
droop control, nonlinear and unbalanced loads, communication delay.
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Distributed generation

Energy management system
Low bandwidth communication
Multi-agent system

Microgrid
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Maximum power point tracking
Point of common coupling
Proportional integral
Phase-locked loop

Proportional resonant
Proportional reactive power sharing
Photovoltaic

Renewable energy source
Smith predictor

Voltage control mode

Virtual synchronous generator

Output voltage amplitude of the microgrid
Output voltage amplitude of the i DG
Measured averaged active power through a
low-pass filter
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Voltage amplitude of the microgrid

Frequency deviation

Active power deviation
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Active droop coefficient in P-f droop control
Reactive droop coefficient in Q-V droop control
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Active droop coefficient in P-V droop control
Output angular frequency of the i"" DG
Frequency of the microgrid

Changeable integral gain scheduler

Changeable proportional gain scheduler

Gain coefficients

Nominal values of the DG output voltage
amplitude

Nominal values of the DG angular frequency
Frequency reference

Maximum value of the active power
Maximum value of reactive power

Resistive virtual impedance

Nominal apparent power

Sampling time

Voltage reference
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I. INTRODUCTION

ITH the increased penetration of distributed generation (DG)

units on the electrical grid systems, the renewable energy
sources (RESs) including micro-turbines, fuel cells, photovoltaic
(PV) systems and wind energy systems have been widely used in the
distributed power systems in the past decades [1], [2]. The DG units
play an important role in reducing pollution, decreasing power
transmission losses and improving local utilization of RESs, which
becomes a strong support for the large-scale power grid [3].
However, DG units may also bring challenges to the distribution
network such as inverse power flow, voltage deviations and voltage
fluctuations. When a number of DG units are clustered together,
they can form a microgrid (MG) that solves the problems caused by
high penetration of DG units successfully and makes the large-scale
application of DG systems possible [4].

Fig. 1 shows the basic architecture of an AC MG system. The PV
systems and energy storage systems (ESSs) are connected to the AC
bus through the DC/DC/AC converters and wind turbines are tied to
the AC bus through the AC/DC/AC converters. In the case of
islanding operation, RESs mainly provide AC power to the loads
through the local control. In the grid-connected mode, the AC MG is
connected to the upstream grid through a tie line at the point of
common coupling (PCC) and there is power flow between MG
system and the grid [5-9].

In order to ensure stability and economical operation of MG, the
active and reactive powers of the DG units should be shared
simultaneously. The droop controls are the well-developed control
methods without communication lines and can be used to achieve
the power sharing by imitating steady state characteristics of the
synchronous generator (SG) in islanded MGs [10-13]. A new
control method called virtual synchronous generator (VSG) has
been proposed to mimic the steady-state and transient characteristics
by using the swing equation. Although the inertia of the DG units
can be enhanced compared to the droop control, the output active
power of VSG is oscillatory and dynamic power sharing among the
DG units would be sluggish due to the virtual inertia, especially
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under weak microgrid conditions [14-20]. Therefore, the utilization
of the improved droop control method is still popular to share the
active and reactive powers among the DG units in islanded MGs
[21-25].

To ensure the state optimization of a complex MG, the accuracy
and dynamic stability of active power sharing should be considered.
A static droop compensator is utilized for active power sharing in
[26]. An enhanced droop control featuring a transient droop
performance is proposed in [27]. To improve the active and reactive
power decoupling performance, improved droop controllers with
virtual output impedance are reported [28]. However, the
low-frequency dynamics of the inverter due to the time-scale
separation between the power, voltage, and current dynamics are not
improved in [24-28]. Therefore, an optimized droop control is
presented in [29] to improve the dynamic stability of the active
power sharing and an adaptive decentralized droop-based power
sharing control scheme is presented in [30] to adjust the dynamic
performance of the power sharing without affecting the static droop
gain. Moreover, in order to share active power under complex load
conditions, an algorithm-based active power regulation strategy is
proposed in [31], and a hierarchical active power management
strategy is presented in [32]. Although the active power sharing is
achieved and the dynamic response of the microgrid is ensured, the
complex feeder impedance and generation cost of the microgrid are
not considered. In [33], a high disturbance rejection performance
against voltage disturbances is achieved when sharing the active
power and some improved P-V and Q-f droop control methods are
presented in [34] to share the active power under resistive/unknown
feeder impedance conditions. As an economic problem is
introduced in hierarchical control, the criterion for active power
should be based on generation cost of the microgrid instead of a
simple proportional or equivalent relation based on the generator
ratings. A nonlinear cost-based scheme which is proposed in [35]
and a linear cost—prioritized droop scheme presented in [36] both
can optimize active power sharing and simultaneously minimize the
total cost of generation.

Communicatin Flow |
<—»  Power Flow

® Tertiary Control

s _ o

Higher Control Level

e Secondary Control

DC
AC

Active and Reactive | Power
A -
Filter |
p—

\ Current/

Voltage/
Frequency

— — >

Active and Reactive] Power
-~

DC
AC

Filter

™ Current/

Local Control Level

Voltage/

Fre(*uency

- — >

Energy security when

microgrid switches to w

Power Convertion
System

Distributed Energy
Storage

Fig. 1. Architecture of the AC microgrid [5].

islanded mode

Common AC Bus



http://www.microgrids.et.aau.dk/

When all DG units operate at the same frequency in the
steady-state conditions, the active power can be regulated well in
improved droop control schemes, but reactive power sharing is still
poor and harmonic power will appear in DG units under unequal
feeder impedance and nonlinear load conditions [37]. Under
extreme situations, the poor reactive power sharing may result in
severe circulating reactive powers among the DG units and may
cause system instability [38]. To share the reactive power, various
droop control methods have been proposed, which include three
main categories: the improved primary droop control methods [18],
[20], [39-41], [70], [71], the improved virtual impedance methods
[42-52] and the improved hierarchical control strategies [63-66],
[72]-[79].

An adaptive voltage droop control is presented in [39] to share the
reactive power. The effect of the mismatched feeder impedance is
compensated by the adaptive droop coefficients and a reactive
power sharing can be shared. The method is immune to the
communication delay, but the nonlinear and unbalanced loads are
not considered. An enhanced control strategy is presented in [40] to
share the reactive power accurately, where the active power
disturbance is adopted to identify the error of reactive power sharing
and it is eliminated by using a slow integral term. Unfortunately, the
signal injection method deteriorates the power quality and affects
the system stability. To regulate the unbalance power and the
reactive power, an adaptive inverse control with the improved droop
control algorithm is proposed to adjust the weight coefficients of
digital filters in real time [41]. However, the reactive power sharing
of islanded MG might be poor under unbalanced and nonlinear load
conditions.

It is difficult to share the reactive power accurately under the
mismatched feeder impedance, and nonlinear and unbalanced load
conditions by the improved droop control. As a supplement of the
improved droop control, the methods based on the virtual
impedance or improved virtual impedance, have been proposed to
share the active and reactive powers [42-49]. Although the inductive
virtual impedance can enhance the capacity of the reactive power
sharing under the mismatched feeder impedance condition, the
reactive power cannot be shared accurately when the loads are
nonlinear and unbalanced in islanded MGs. The energy
management system (EMS) is utilized in [50] to allocate the reactive
power to DG units according to their own capacities, the total
demand of loads and the adaptive coefficients, but the adaptive
coefficients are difficult to be obtained. In [51], an enhanced virtual
impedance control strategy has been proposed to share the reactive
power in the islanded MG with the mismatched feeder impedance,
where virtual impedances are used at the fundamental and harmonic
frequencies. However, a poor reactive power sharing may occur in a
three-phase converter with nonlinear loads. In [52], the control
strategy based on virtual resistance is presented to share the reactive
power under mismatched feeder impedance, and nonlinear and
unbalanced load conditions. However, if the feeder or load is
disconnected, the MG system would be unstable, which limits its
practical applications.

Since it is hard to achieve the reactive power sharing by improved
virtual impedance methods in complex MG systems, the
hierarchical control strategy has been proposed to guarantee the
steady-state and dynamic performance of the current sharing.
Moreover, the redundancy of MGs is improved, and the microgrid
frequency and voltage amplitude can be restored to the rated values
while sharing the active and reactive powers. Specifically, the
hierarchical control structure of MGs is divided into three layers as
indicated in Fig. 1 [53], [54].

1) Primary Level: The primary control focuses on the stability of
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voltage and frequency. The droop control is applied in this level
to achieve the active and reactive power sharing without using
communication channels.

2) Secondary Level: The secondary control performs the function to
eliminate the frequency and voltage deviations caused by the
droop control, which includes power flow control of the
interconnection lines.

3)Tertiary Level: The tertiary control deals with economic
dispatching, operation scheduling, and power flow between the
MG and grid by regulating the voltage and frequency of the
grid-connected MG, and adjusting the power generation in real
time. The energy storage and energy management systems are
also required for the MG to ensure a smooth transition between
islanded and grid-connected modes [55], [56].

To realize a smooth transition between grid-connected and
islanded mode, some literatures avoid the tertiary control in their
control strategies [57-62]. A flexible control method for
islanded/grid-connected MGs with enhanced stability is presented
in [60], where only local information is used in controllers to yield
better reliability of the MG and make the system stable over a wide
range of operation conditions with minimum transients. Considering
the case of the unplanned islanded microgrid, a multi-master control
method with secondary frequency control is presented in [61] to
modify the local generation profile of the MG to reduce the
imbalance between local load and power generation, and reduce the
disconnection transients [62]. However, the hierarchical control
strategies are often used to realize the seamless mode transfer in
complex microgrid, and the detail of such control methods are out of
this paper since this paper mainly focuses on the active and reactive
power sharing in islanded microgrid.

To share the reactive power by the adaptive droop control and
restore voltage amplitude and frequency to the rated value by the
secondary control, a self-adjusting strategy based on hierarchical
control is presented [63]. Moreover, a control method which
combines the microgrid central controller (MGCC) and droop
control is presented in [64] to share the reactive power. The MGCC
is utilized to calculate the averaged reactive power and regulate
reactive power references to the corresponding DG units. Actually,
the physical modes of the MG are complex and the reactive power
can be seriously affected by the communication delay. To share the
active and reactive powers, the distributed strategy which integrates
the current control mode (CCM) and voltage control mode (VCM)
units is presented in [65]. The droop and reverse droop control are
added to the CCM and VCM controllers to regulate the reactive
power adaptively. Moreover, the dynamic control method is
presented in [66] to ensure the reactive power sharing and prevent
the voltage swells/collapse ahead of time.

Most of the existing works discuss the control and power
management for islanded MGs while the power sharing problems
with the mismatched feeder impedance and nonlinear loads are
seldom fully considered [67-69]. In [70], the positive-sequence
power is used to generate the voltage reference and the
negative-sequence reactive power is used for the voltage unbalance
compensation, which realizes the load power sharing. An enhanced
power sharing method is proposed in [71] to share the reactive
power of the islanded MG, where the frequency droop is utilized to
compensate reactive, unbalance and harmonic power sharing errors.
With the interactions between the frequency droop control and the
variable virtual impedance in the MG, the unknown feeder
impedances can be compensated and an accurate reactive power
sharing is achieved in the steady state. With the further research on
MGs, the mismatch of the DG feeder impedance and nonlinear and
unbalanced loads supplied by MGs and communication delay in the
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TABLE I
Advantages and Disadvantages of the Different Control Strategies for the Reactive Power Sharing of Islanded Microgrid

Control strategies for the

reactive power sharing Major technologies

Advantages Disadvantages

Improved primary droop
control

Optimized droop equations
[18], [20], [39-41], [70], [71]

eNo communication line

eNeed complex algorithms
e Not suitable for complex loads
e Not suitable for complex MG

eHigh reliability
eHigh redundancy

Adaptive/Enhanced virtual

Improved virtual 4
impedance [42-52].

impedance method

eGood performance for the reactive

e Suitable for nonlinear and

e The adaptive coefficient is difficult
to be obtained
et is not easy to design a high
efficiency algorithm

power sharing

unbalanced loads

Optimized secondary control
[63-66], [75].
Algorithm based on graph theory
[72-74].

Multi-agent systems [76]

Improved hierarchical
control

e No high bandwidth requirement
eRestore the voltage and frequency to

e Simplify complex model of MGs
e Share the reactive power with mismatch

eCommunication delay is in low
bandwidth lines
ePoor reactive power sharing under
nonlinear/ unbalanced load conditions
e The algorithms are complex

rated values

feeder impedance

low bandwidth communication (LBC) lines show that the control
strategies for the accurate reactive power sharing still need
improvement. Recently, it is popular to imitate the physical
structure of MGs by the graph theory and then optimize the control
strategies using the algebraic algorithms [72]. An optimized
algorithm based on graph theory is presented in [73] to achieve the
reactive power sharing under the mismatched feeder impedance
condition. In [74], the programming algorithm is presented to ensure
the safety of the equipment and achieve a precise reactive power
sharing simultaneously. The stochastic reactive power management
strategy is presented in [75] and the uncertain active power
injections are utilized to obtain an online control method for the
reactive power. Note that this strategy is fully distributed and only
the data of active power injection are required. Considering that the
uncontrollable RES is sensitive to the outside environment, an
agent-based method is presented in [76] to stabilize the active and
reactive powers.

The advantages and disadvantages of different control strategies
for the reactive power sharing are summarized in Table I.

Since the communication delay always exists in hierarchical
control, the output correction signals sent to primary control need a
time delay owing to the communication lines, which will cause
damage to microgrid systems. To achieve a better active and
reactive power sharing, the communication delay caused by the low
bandwidth communication lines need to be considered. A gain
scheduler method in [77] is utilized to adjust the reference signal
from the secondary control and decrease the influence on low
bandwidth communication delay. In [78], this influence is
minimized by using the predictive control scheme as well.
Moreover, a cooperative distributed secondary/primary control
paradigm is used to realize the reactive power sharing by
considering the communication delay for the MG [79].

The rest of the paper is organized as follows: Section Il analyzes
the shortcomings of the conventional droop control scheme for
active power sharing, and summarizes the various active power
sharing strategies considering the effects caused by feeder
impedance, generation cost of MG. In addition, the drawbacks of the
conventional secondary control methods and the necessities for
sharing the reactive power are analyzed in Section IlI, and
conventional hierarchical reactive power sharing strategies in
islanded MGs are presented. Section IV presents the various
methods for reactive power sharing under the mismatched feeder
impedance and changeable environmental conditions, which
includes the algorithms based on graph theory, programming and
multi-agent systems. Besides, methods for reactive power sharing
under the mismatched feeder impedance, nonlinear and unbalanced
load conditions are reviewed in Section V. Section VI presents
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Fig. 2. The equivalent schematic of two parallel-DGs in an islanded microgrid [50].

predictive control and cooperative distributed control to decrease
the effect of LBC delay. The future trends of MGs are summarized
in Section VII. Finally, this paper is concluded in Section VIII.

Il. CONTROL STRATEGIES FOR ACTIVE POWER SHARING PROBLEM

It is important to improve the stability of DG units and achieve
the load power sharing in islanded MGs. The active power is usually
considered to be shared in a decentralized manner when the droop
coefficient is adopted reasonably. However, there are still some
shortcomings for active power sharing in the conventional droop
control strategies [80-85].

A. Problems of the Active Power Sharing in the Droop Control

Generally, for a large/medium system, the impedance is
approximately inductive and the power-frequency (P-f) and reactive
power-voltage (Q-V) droop control are always used [11-13]. The P-f
and Q-V droop control can be determined as [11-13], [18], [42]:

o = —mpP, Ei:Ei*_niQi 1)
where i is index representing each converter, w; and E;" are rated
angular frequency and voltage amplitude of converter i, respectively.
P; and Q; are measured average active and reactive power values
through a low-pass filter, respectively. m; and n; are active and
reactive droop coefficients, respectively. The equivalent circuit of
two parallel-DG units is shown in Fig. 2. Z,; and Z, are feeder
impedance of line 1 and line 2, respectively. X (X, X1, X;and X;»,)
and R (R, Ry, R, and Ry ) are the reactance and resistance values of
feeder impedance, respectively. E; £ d; represents the voltage of DG;,
and ¢; is the phase angle difference between E; and Vpcc (i represents
the i" DG).

The output active power and reactive power for DG; can be
obtained as [18], [42], [80], [81], [86]:
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P- — (XI + XLi)(EiVPCC COSé‘i _VPCCZ) + (R| + RLi)EiVPCC Sin é‘l .
I (Xi_FXLi)Z_'—(Ri-"_RLi)2
— (xi + XLi)(EiVPCC COSé‘i _VPccz) _(Ri + RLi)EiVPCC sin é‘l . (3)
(Xi + XLi)2 +(Ri + RLi)2
In addition, the power angle d; is small and it can be assumed that

singi=d;, cosd=1. Moreover, when the reactance is much larger than
the resistance of the feeder impedance, (2) and (3) can be simplified:

()

Q

P = EiVPCC5i Q = VPcc (Ei _VPCC) ) (4)
C(XEXy) T (X +Xy)
When the feeder impedance is approximately inductive

(resistance is negligible), the active power can be shared when the
droop coefficient is adopted reasonably, but some shortcomings for
active power sharing are inevitable in the conventional droop
control [53-56], [80-85], [101-103].

1) For the limited range of frequency deviations, the droop
coefficient has to be small, which violets sharing active power.
Although a larger droop coefficient can improve active power
sharing performance, it would result in a higher voltage deviation
from the nominal values [33-36].

2) Only the equivalent active power sharing can be guaranteed in
the conventional droop control under inductive feeder impedance
scenario. However, active power sharing accuracy may be
compromised, and active and reactive power coupling may exist in
the resistive networks. Besides, the proportional active power
sharing cannot be achieved [101-103].

3) As different types of DG may exist, the conventional droop
control cannot reduce the generation cost for the considered MG.
Furthermore, the transition between a grid-connected and an
islanded microgrid mode vyields a large-signal disturbance and the
dynamic stability of the active power sharing is affected [35], [36].

Therefore, the droop control for active power sharing should be
further improved to get an accurate and robust active power sharing
for MGs, and the details and characteristic of various control
methods will be discussed herein.

B. Equivalent Active Power Sharing under Inductive Feeder
Impedance Condition

In order to get high disturbance rejection performance of the
active power sharing controllers against voltage disturbances and
eliminate voltage and frequency deviations, an adaptive droop
control is presented in [33] with the following droop functions:

. . dP . . dQ,
a)i:a)i_mipi_mdd_tl’ Ei:Ei_niQi_nd% ®)
where M, and A, are adaptive gains. In this adaptive droop control,
the dynamic performance of the active power sharing can be
adjusted without affecting the steady-state regulation requirements.

The adaptive droop control shown in (5) can enhance the
reliability of microgrids, but the dynamic stability of the active
power sharing under different microgrid operating conditions are
not considered. An optimized active power sharing strategy based
on performance function is presented in [29] to improve the
dynamic stability of active power sharing under different microgrid
topologies. A quadratic performance index J is considered to find
the optimum transient droop parameters my and maximize the
microgrid stability under different operating conditions with the
following expression:

1= 3 Y IKTE,, (F ©)

i=1 k=1
where E,i(k) represents the frequency error at the time k for DG;, T
is the sampling time, | is the total number of samples, and n is the
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total number of DG units in an islanded microgrid. In (6), the
frequency error is weighted by the respective time k, which ensures
optimized gain tuning under different operating conditions.
Combining the particle-swarm optimization technique in [87], the
robust and flexible microgrid operation with seamless transfer in the
transition mode can be obtained with optimized dynamic power
sharing performance.

C. Improved P-V/Q-f Droop Control under Resistive Feeder
Impedance Condition

The active power sharing accuracy may be compromised by the
conventional P-f and Q-V droop control under resistive networks.
Before using the conventional P-f and Q-V droop schemes with
resistive networks, the decoupling techniques such as performing
linear transformation and inserting virtual impedance are presented
to solve this problem [88-90]. Moreover, P-V and Q-f droop control
strategies are often used to achieve equivalent active power sharing
under resistive feeder impedance condition [91], [92], and the
transfer function of droop equations are denoted as:

a)iza)i*+mQ-Qi,Eiin*+nF,~F’i @)
where np and mq are the active and reactive droop coefficients in
P-V and Q-f droop control, respectively. However, many problems
cannot be solved by using the conventional P-V and Q-f droop
control, such as line impedance dependency, inaccurate active
power or reactive power regulation and slow transient response [93],
[94]. In [46], the improved P-V and Q-f droop control is written:
a)i:wi*_mi'(Pi_Qi)' Ei:Ei*_ni’(Pi""Qi)- 8

Equation (8) shows that the improved P/V and Q/f droop control
can simplify the coupled active and reactive power relationships,
and a good dynamic performance can be achieved in case of
resistive networks. Moreover, except for introducing derivative
control into the droop method [33], [95], [96], an enhanced resistive
droop method (RDM) is proposed to guarantee the voltage
regulation and enhance power sharing performance [97], which can
be obtained as:

E =E —(m +m,s)P, o :a)f+(np PN nDszi 9)
s

where np is another reactive power droop gain, and mp and np are
the active and reactive derivative droop coefficients, respectively.
The enhanced RDM is adopted to eliminate the inherent
contradiction between voltage regulation and power sharing
performance, and the stability of microgrid can be improved under
resistive feeder impedance condition.

D. Active Power Sharing Strategies under Unknown Feeder
Impedance Condition

In many existing literatures, the networked-based active power
sharing strategies are proposed [98], [99]. However, there are two
major drawbacks: 1) The frequency drops cannot be eliminated due
to the presence of the frequency and voltage droop loops. 2) The
communication delays would increase system sensitivity under
parameter uncertainties [99].

An improved networked-based power sharing strategy is
presented in [34] to share active power under unknown impedance
condition and the control function in time-domain can be obtained:

o = m
5DGi (t):a)n,t+(;/P-Pw[—Pi)x[?'+ Kpij (10)

where wy is the frequency when DG operates at no load condition,
yp is the desired share of the active power generated by the

DG;. P, is the total average active power. Kp, is the additional

tot

active power sharing controller gain, and J*pg; is the command angle
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of DG;. The distributed power regulators are located at each DG unit
to obtain the delay-free local power measurement. Note that the
improved control strategy can achieve the equivalent active power
sharing while maintaining the steady-state frequency constant.
Besides, this method improves dynamic performance of MG and
minimizes active power sharing errors under unknown line
impedances, and the high reliability and robustness of the MG
system can be achieved against network failures.

E. Proportional Active Power Sharing Strategies Based on
Nonlinear Cost Function

A common variable-based proportional active power sharing
strategy is proposed in [100] for inverters with resistive output
impedance, which is modified as:

E, :j[Ke (B Vi )= Ky Pi]dt (11)
where K. and Kg are integral gains and V¢ is the common voltage.
Although this control strategy can achieve proportional load sharing
and be robust to the system parameter variations, it needs the load
voltage information and the common voltage may not exist in
complex microgrids. Besides, the criterion for power sharing should
no longer be a simple proportional relation based on the generator
ratings when economical dispatching is introduced in hierarchical
control [47], [53], [98]. Several nonlinear cost-based droop schemes
have been presented by using a single second-order reference cost
function for formulating frequency and voltage offsets added to the
conventional droop equations [101], and a cost-based droop scheme
is presented in [102] to realize active power sharing considering
reducing the generation cost of the microgrid.

An optimal power sharing strategy is presented in [35] to
guarantee the proportional power sharing and increase active power
generation of DG units, and decrease the generation cost of the
microgrid. The generation cost for the DG; can be approximated as:

Ci(R):aiPi2+ﬁiPi+yi (12)
where a;, £ and y; are the gain parameters. Combining the auxiliary
controllers, m, P, =m, P can be obtained in finite time and the

minimal total cost of generation can be achieved while satisfying

www.microgrids.et.aau.dk
system active power balance requirement. Note that the whole
system is fully distributed and the dynamic performances of the
secondary controllers can be guaranteed.

F. Proportional Active Power Sharing Based on Linear Cost
Function

Compared with the existing nonlinear cost-based schemes, the
control schemes with linear droop functions can be used to optimize
the total generation cost. When high-cost of load exists in DG units,
a linear cost-prioritized droop scheme is presented in [103] to
reduce active power sharing. In addition, an improved linear power
sharing cost-based schemes for DG units are presented in [36] to
reduce the total generation cost of the autonomous microgrid. The
cost saving is realized by tuning the DG droop gradients in
accordance to their respective maximum generation costs, and the
active power sharing is implemented easier with reduced cost. A
linear cost-based droop scheme is given in (13) and (14).

f o —f. .
f. . =|f M ™. p 13
ref i ( max Pmax,i |J ( )
fmini = Tmax fmax - fn‘lil‘l (14)
' maX(Cr'r,]ax,l’ Cr,r:axz 1 Crlr'lax,S’L ’Crlr'lax,i) X Cr’r:am

where fyini represents the minimum frequency of DG, fmin and frax
represent the maximum and minimum frequency, respectively.
C,max,i _represents the maximum cost incurred by DG; and
max(C naxi) is @ function that returns the maximum cost among all
DG units in the microgrid.

The principle of the derivation of maximum cost-based linear
droop scheme utilizes the DG maximum generation costs to
differentiate them on the droop plots so that the least costly DGs will
have higher power generation. Therefore, the active power sharing
can be achieved while reducing the total generation cost of MGs
autonomously without compromising the flexibility of a linear
droop implementation.

The advantages and disadvantages of the various methods for
active power sharing in MG systems are summarized in Table II.

TABLE Il. ADVANTAGES AND DISADVANTAGES OF DIFFERENT ACTIVE POWER SHARING STRATEGIES

Active power

sharing methods Major technologies

Advantages

Disadvantages

Equivalent active
power sharing with
inductive feeder
impedance

Adaptive droop control [33].
Optimized droop control
[29], [87]

e Achieve equivalent active power sharing
eFEliminate voltage and frequency deviation
eHigh disturbance rejection performance
eImprove the dynamic stability of active
power sharing

eNot suitable for multiple DG units
eNot considering total cost of generation
eProportional active power sharing
is not achieved
e Not suitable for complex
feeder impedance

Decoupling techniques [88-90].
Improved P-V and Q-f
droop control [46], [91], [92].
Enhanced RDM [95-97]

P-V/Q-f droop
control with resistive
feeder impedance

elmprove transient response
e|mprove inherent contradiction between
voltage and power sharing
eImprove the stability of microgrid

eNot suitable for complex MG
eNot considering total cost of generation
eProportional active power sharing is not achieved

Active power
sharing strategies
under unknown
impedance condition

Networked-based active power
sharing schemes
[34], [98], [99]

eImprove dynamic performance
of microgrid
e|mproved active power sharing under
unknown line impedance
e High robustness on communication delays

eNot considering total cost of generation
eProportional active power sharing is
not achieved

A common variable-based
active power
sharing strategy [100]

e Achieve proportional load sharing
eEliminate voltage and frequency deviations
eRobust to the system parameter variations

e Sensitive to communication delays
eNot suitable for complex MG
eNot considering total cost of generation

Nonlinear cost-based
droop schemes

Proportional active [35], [101], [102]

power sharing

e Share active power
eEliminate voltage and frequency deviation
eMinimize total cost of generation

o Cost function is difficult to be computed
e Not suitable for complex
feeder impedance condition
o Not suitable for complex MG

strategies
Linear cost function
[36], [103]

eShare active power
o Reduce the total generation cost of
MGs easier and autonomously
eEliminate voltage and frequency deviations

®Be sensitive to communication delays
e Not suitable for complex MG
eNot suitable for complex
feeder impedance
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I1l. BACKGROUND OF THE REACTIVE POWER SHARING
IN ISLANDED MICROGRIDS

As discussed in section Il, P-V and Q-f droop control are usually
applied in a small system where the feeder impedance is more
resistive, while P-f and Q-V droop control are used in a medium or
large system where the feeder impedance is approximately inductive
[47]. In this paper, the droop control (P/f, Q/V) for islanded MGs are
discussed to evaluate the performance of reactive power sharing.

A. Problems of the Reactive Power Sharing in the Droop Control

In the conventional droop control, by combining (1) and (4), Q;
can be obtained as:

VPCC (E: _VPCC)
(Xi + XLi )+ r]iVF’CC
where the reactive power of the DG is related to the feeder
impedance, PCC voltage and reactive droop coefficient. It can be
deduced from (15), although the two DG units (in Fig. 2) have the
same capacity and reactive power droop coefficients, the reactive
power of the DG; can also be smaller than DG, under a mismatched
feeder impedance condition (X;>X,) [18].

Fig. 3 shows the voltage deviation problem of the reactive power
sharing in conventional droop control method. E” is reference
voltage and E; " is larger than E;" in Fig. 3. When the reactive droop
coefficient is n;, DG; and DG, operate at E, while DG, and DG,
operate at £ when the reactive droop coefficient is n,. A and B
indicate that the reactive power of DG, is Q" (droop coefficient n,)
and Q" (droop coefficient n,), respectively. C and D indicate that
the reactive power of DG, is Q," (droop coefficient n;) and Q,"”
(droop coefficient n,), respectively. The reactive power difference
of DG; and DG, is AQ (Q;"- Q") when they operate at E, and the
difference is AQ" (Q,""- Q,"") when they operate at £". Although AE
is smaller than AE’, AQ is larger than AQ " (when n,>n;). Therefore,
the reactive power deviation can be reduced by increasing the droop
coefficient, but it will cause a large voltage deviation in the steady
state [82], [84], [104].

B. Problems of Reactive Power Sharing in the Secondary Control

In order to solve the problems caused by the conventional droop
control, a secondary control is used to eliminate the frequency and
voltage deviations [105], [106].

Fig. 4 shows the classical secondary control scheme for the two
parallel-DGs in islanded MG. The output frequency (fug) and
voltage (Vus) of the MG are compared with the frequency and
voltage references, respectively. The frequency/voltage deviation
(Af/AV) is then adjusted through proportional-integral (PI)
controller. The adjusted frequency and voltage of the MGCC are
sent to the primary and inner control loop through a communication
lines to regulate the initial voltage and frequency references [105].

The reactive power sharing is poor when the voltage is regulated
by using the conventional secondary control. When two identical
DGs are connected to a common distribution bus, as shown in Fig. 4,
the two feeder reactances are different (X; > X,). Besides, a
phase-locked loop (PLL) is needed to calculate Vg and fyg from
the measured voltage at PCC.

The E-Q droop characteristics with and without a conventional
secondary control are depicted in Fig. 5 [73]. The blue/green dashed
line is the secondary control curve for DG,/DG, and the black solid
line is the conventional droop control curve. In Fig. 5(a), A (Q1, Ey)
and C (Q,, E,) represent the output voltage of DG, with the injection
of reactive power Q; is E; and the voltage of DG, with Q, is E, in the
conventional droop control, respectively. B (Q;", E") and D (Q,’, E")
represent the output reactive power of DG; is Q;" and DG, is Q,’

Q= (15)
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when the voltage is restored to the rated value E” in the conventional
secondary control. However, the reactive power deviation between
DG; and DG; increases (Q;'<Q:<Q,<Q3").

The situation in Fig. 5(b) can be obtained by one of the schemes
presented in next section. As shown in Fig. 5(b), when the reactive
power is regulated as Q;=Q,=Q"" (a special situation of proportional
reactive power sharing) in the conventional secondary control, B’
(Q”,Ey)and D’ (Q"", E,"") are the output voltages of DGy (E;"")
and DG, (E,""), respectively. However, the voltages of DG; and
DG, cannot be restored to the rated values and the voltage difference
is larger compared to the primary control (E,<E, '<E;<E;”).
Therefore, the conventional secondary control cannot regulate the
voltage accurately while sharing the reactive power equally or
proportionally [73].

E A — — — droop coefficient: n,

droop coefficient: n,

U Q ~Q

Fig. 3. Characteristic curves of the reactive power droop control with two DGs [104].
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Fig. 4. The conventional secondary control for two parallel-DGs in the MG operating
in islanded mode [105].
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Fig. 5. Diagram of the secondary control for the islanded microgrid. (a) E-Q droop
curve when the voltage is restored to the rated value. (b) E-Q droop curve when the
reactive power sharing is achieved (X;>X;) [73].

C. Conventional Reactive Power Sharing Strategies in the
Secondary Control

It is well-known that the reactive power sharing is poor under the
mismatched feeder impedance and complex load conditions in the
conventional droop control. To solve the problem of reactive power
sharing in the secondary control, some control strategies have been
suggested by many literatures [61], [63], [72], [107-112].

A decentralized self-adjusting control strategy for reactive power
management is presented in [63] to prevent reactive power
circulation among the DG units under unequal feeder impedance
condition. A virtual inductive impedance loop is utilized to enhance
the steady-state precision and transient responses for reactive power
sharing. Although the complex load conditions are not considered, it
has presented an idea to share the reactive powers by combining
adaptive control strategy and virtual impedance.

In [107], a robust nonlinear distributed controller is presented to
maintain the stability of the active and reactive powers, and ensure
faster response when MG operates on different conditions
(three-phase short-circuit fault, loads changes, etc.). Combining
with the genetic algorithm, an improved virtual impedance
controller is utilized to minimize the global reactive power sharing
error [108], and gives a good direction to design algorithms by
utilizing the knowledge on computer science, mathematical science,
etc. The reactive power sharing and voltage restoration method is
presented in [109], which employs both consensus control and
adaptive virtual impedance control for islanded MG under
mismatched feeder impedance. Moreover, a consensus-based
distributed voltage control for reactive power sharing is presented in
[72] to guarantee the desired reactive power distribution in the
steady state, and shows that the distributed regulation is less
sensitive to the failure of communication links. Therefore, when a
sparse communication structure is used, improved stability and
reliability of complex MG systems can be ensured [72], [109].

In summary, frequency and voltage stability, and accurate
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reactive power sharing are all important performance criteria in MG
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Fig. 6. The physical model and adjacency matrix for four DG units based islanded
MG. (a) The physical model of the microgrid with four DG units. (b) The graph
representation of the physical model. (c) The adjacency matrix of the graph [74].

systems [59], [110-112]. Therefore, the conventional hierarchical
control strategies need to be improved, in order to share the active
and reactive powers in complex MGs, and the schemes to realize the
reactive power sharing in the improved hierarchical control
strategies are analyzed in detail in the forthcoming sections.

IV. REACTIVE POWER SHARING WITH MISMATCHED
FEEDER IMPEDANCE

In the conventional secondary control, the reactive power sharing
cannot be achieved when the voltage amplitude and frequency are
restored to the rated value in islanded MGs with mismatched feeder
impedance. Currently, the most popular methods to solve these
problems can be summarized into three main categories: optimized
the secondary control equations [72], [113-117], programming
algorithm [19], [74], [121-123] and multi-agent system (MAS)
algorithms [72], [76], [113], [133].

A. Control Methods Based on Graph Theory

1). Graph Theory

Considering the theory of weighted graph in discrete mathematics,
a multi-agent cyber-physical system can be expressed with a graph
from the perspective of control methods, where agents (sources) are
modeled as nodes of the graph and communication links are mapped
to edges connecting nodes [74], [79]. The model of MG is shown in
Fig. 6 (a) and its equivalent weighted graph is in Fig. 6 (b). The DG;
is represented by node x; in Fig. 6 (b) and the edge lines (double
arrows in Fig. 6 (b)) indicate that communication link among the
DG units. Fig. 6(c) shows that the adjacency matrix

A=[a; |eR" is the nXn weighted adjacency matrix of the

graph with elements a;j=;;>0. The weight of edge is denoted by (v;,
v;), and a;;=0 when there is no communication between DG; and DG;.
Note that the adjacency matrix A is usually a sparse matrix and only
low bandwidth communication is needed in the hierarchical control
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algorithm [113], [114].
In addition, the in-degree matrix D = diag € R™" is defined as a

diagonal matrix with di=zjeNi0€ij and the corresponding

Laplacian matrix is defined as L=D—A. A graph is called to have a
spanning tree, when all nodes have a directed path to a root node.
Moreover, a graph carries the minimum redundancy if it contains
sufficient redundant links, and the graph will remain connected and
present a balanced Laplacian matrix, where any individual link fails
[115], [116].

Since complex model of MG is analyzed by the graph theory, the
control algorithm can be improved effectively by using A, D, L and
other reasonable parameters. Note that an equation and two
theorems are always used in the control algorithm based on the

graph theory:
).(i = ui = z e, (16)

where any scalar x; must satisfy the principle of distributed
averaging (consensus) in the continuous time. In addition, the two
important theorems in the graph theory are described as [117]:

Theorem I: If there is a spanning tree in the communication
graph, consensus control can be reached and the Laplacian matrix
L has a simple zero eigenvalue and all the other eigenvalues have
positive real parts.

Theorem II: If there is a spanning tree in the communication
graph and a root node i satisfying i € B, all agents’ states will
converge to the external control signal v.

Theorems | and Il are often used in the consensus control to
analyze the stability of MG systems [72]. Moreover, almost all the
algorithms based on graph theory satisfy (16) to ensure the selected

aij(xj = %)
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Accordmg to (16), it is assumed that x; is equal to «; and x; is equal to
;i , and the angular frequency of MG is equal to the nominal
angular frequency (wi=w; ) in the steady state.

2). Reactive Power Sharing with Mismatched Feeder Impedance
Based on Graph Theory

i. The distributed average proportional integral (DAPI) control
method based on the graph theory is presented in [73] to share the
reactive power. The optimized secondary control equations can be
described by (17)-(19), where the Q;/e; is only an integral term in
the conventional secondary control method.

o=0 -mP+Q,, E =E -nQ +¢ a7

ddft2 =—(0-0)- Zau(Q -Q)) (18)
Q 9

19

Q) Q 19)

where gain coefficients 4 and k; are aII positive, and define an
n-order matrix B which is composed of bj (bj>0). In the DAPI
control scheme, the conventional current and voltage control loops,
active and reactive power droop control loops and virtual impedance
loops are all applied in the primary control [82], [85], [118-120].

According to (16), (k, %)' =0 can be achieved to share the reactive
power in the steady state. If #=0and B # 0, then:

(20)

variable to be equal to a known parameter in the steady state.
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Fig. 7. The control structure of the consensus algorithm based on the hierarchical control [117].
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Equation (20) shows that the equivalent reactive power sharing is
achieved. Moreover, E;=E* can be achieved when p#0 and B=0.
Therefore, the reactive power sharing can be realized and the
voltage can be restored to the rated value when f#£0 and B0.
Although the DAPI controllers can be tuned to enforce either
voltage regulation, reactive power sharing, or a compromise
between the two, the proportional reactive power sharing and
accurate voltage regulation cannot be achieved. Moreover, the
reactive power capacity and LBC delay are not considered [73].

ii. A consensus-based distributed control method is presented in
[117] to achieve the proportional reactive power sharing by
integrating the droop and secondary control, where only a sparse
network is required.

The consensus-based primary and secondary control is shown in
Fig. 7. The voltage reference is obtained by eliminating the reactive
power and voltage amplitude mismatch among DG units through Pl
controllers. In addition, the reference frequency can be regulated by
consensus-based secondary controller. Note that the identical Qi/n;
can be achieved by using the protocol in the consensus-based
primary controller. According to (16), x; is replaced by a
controllable variable v;:

Vi :szNI (&_g

nj n;

(21)

where v, = 0and Qi/ni= Q;/n; in the steady state.
According to (16), the control signal v, is sent to a set of

networked agents with only sparse communication links, and the
reactive power sharing is achieved by using the consensus control
protocol in the consensus-based secondary controller:

SE =Y . (6E; —S5E)+b(SE - 5E). (22)

According to Theorem 11, all local 6E; will converge to JE in the
steady state. Note that the communication line exists in DG; and DG;
when b;=1, or there is no communication line between them when
bi:0.

The consensus control parameters track the reference signal JE
through the MGCC, and the secondary control signals JE; will be
obtained under the different rated capacities of DG units and
mismatched feeder impedance conditions. Furthermore, the reactive
power sharing can be achieved and the voltage amplitude can be
restored to the rated value by combining the consensus-based droop
and secondary control algorithm.

Since the voltage regulation and reactive power sharing are
realized by using a sparse communication with significantly lower
bandwidth requirement, the communication cost can be greatly
reduced. Note that the proportional reactive power sharing and
voltage regulation can be achieved simultaneously in the
consensus-based primary and secondary control. However, similar
to the DAPI control method, the reactive power capacity and LBC
delay are not considered in [117].

B. Reactive Power Sharing Considering Characteristics of the RES

The active power of the RES fluctuates greatly, the poor active
and reactive power sharing are inevitable when the environment
changes. If the active power is extracted from the maximum power
point tracking (MPPT) algorithms, the stability of MG system may
be affected and overload may occur in the system [74]. Therefore,
the algorithms for sharing active and reactive powers mentioned in
the preview section may not be applicable, which may affect the
stability of MGs.

1).Programming Algorithms for the Reactive Power Management
in the MG with RES
The core of the programming algorithm is “procedural”, and the
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design of such algorithm mainly relies on the three characteristics
[121-123]:

(1)Finiteness: The algorithm can stop after a finite number of
steps.

(2)Definiteness: Every step of the algorithm should be clearly
defined. Moreover, results of each step can be effectively
implemented.

(3)Sequentiality: From the initial step, every step is the
prerequisite for the next step.

In addition, iterative method, dynamic programming method,
branch/bound method and nested loop algorithm can all achieve the
control for one DG to n DG units (e.g. the reactive power sharing
between two DG units is extended to n DG units) [19], [74],
[121-123]. A reasonable algorithm can improve the reliability of the
system and simultaneously reduce the cost of the hardware
investment [124-129].

Considering the capacity limitation of individual RES, a control
method based on programming-algorithm is presented in [74] to
share the reactive power and limit the apparent power of each
converter to be lower than its rated value.

The relationship between the maximum apparent power Qpmax and

reactive power is:
Q.. =+/S; —P? (23)

where Qnax IS the maximum reactive power of the converter. Sy is
the nominal apparent power of the converter. The constraint
conditions of the reactive power sharing can be obtained as:

Pi2 +Qi2 = Si2 < Slii + Quaxi = \/sfu - Pi2 (24)
where S; and Sy; are the apparent power and the nominal power of
the i™ converter. When the converters are operating with apparent
powers higher than the nominal power, the reactive powers of these
converters need to be limited. But the capacity of reactive powers of
the unlimited converters are free, whose apparent powers are lower
than nominal values. Specifically, the proportional reactive power
sharing (PRPS) algorithm can be simplified to the following steps.

The first step is to calculate the total active power P\, reactive
power Q. and the maximum of possible reactive power of converter
Qmaxi» and P, Q, are derived as:

PL:zPi’QLZZQi' (25)

The second step is to analyze whether the reactive power of each
DG exceeds the reactive power limit and regulate Q; of limited
converters. Moreover, an intermediate variable is utilized to save all
the reactive power of unlimited converters to make them equal to Q;.

The third step is to obtain the adjusted reactive power (Q,;) for
converters by the preset algorithm [74]. The PRPS algorithm can
realize the proportional reactive power sharing among n DG units.
However, it is still difficult to design a programming algorithm that
can accelerate the computing and processing speed, and reduce the
communication cost in the existing literatures.

2). The Reactive Power Management in a Multi-Agent Based RES
System

The MAS is a group or organization of autonomous
computational entities (agents) that communicates in a peer-to-peer
fashion, which has the capacity to perceive its environment and
solve control problems effectively in complex systems [130], [131].
The agents have varying degrees of intelligence based on their roles
and the architecture, which can be categorized into passive agents,
active agents and complex agents [132]. Besides, the agents pursue
global views for the system and accomplish goals by using of
knowledge and optimizing the certain performance within a special
environment [133], [134]. In addition, agents have the capability to
interact with other agents, which involve negotiation or cooperation.
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TABLE I1.

Advantages and Disadvantages of the Improved Hierarchical Control Strategies for Reactive Power Sharing Considering
the Mismatched Feeder Impedance or Changeable Production and load

Major techniques Reactive power sharing problems

Advantages Disadvantages

Optimized the
secondary
control equations
[72], [113-117]

The reactive power is affected by
unequal feeder impedance

eBe suitable for a complex MG
® Active power sharing is achieved
eFrequency deviation is eliminated
eReactive power sharing is realized
without high bandwidth communication
e The control law can be simplified

eProportional reactive power sharing
is difficult to be achieved
eCommunication delays exist in
the LBC
e Control equations need to be
further optimized in the MG

by graph theory with complex loads

Equipments may be damaged
when RES operates using MPPT
method due to overloading

Programming algorithm
[19], [74], [121-123]

eProportional reactive power sharing

e The equipment safety is ensured
e#Good performance for expansibility
eBe used to control complex DG units

e The programming algorithm is difficult to be
designed in a complex MG
eDelay/data drop in algorithm need
to be considered
eDelays in algorithm need to be considered

can be achieved

Multi agent systems
[76], [133]

The output active and reactive
powers are affected by
environment

e The stable active and reactive powers

sharing can be achieved LBC lines
e The control law can be simplified eGood protocol in agents is difficult
by graph theory to be designed

eOrganize information autonomously
computational entities
eBe beneficial to exchange information

eCommunication delay is in

e The active and reactive power sharing are poor
when data drop exists in the preset algorithm

In a complex system, agents are required to exchange, analyze,
process, accept and reject the information from other agents to reach
a common goal under a changeable environment condition [135].

The RES is sensitive to the environment and it would affect the
active and reactive power sharing of islanded MGs. However, the
influence can be eliminated by the cooperation among agents. The
decentralized secondary control method based on the MAS is
presented in [76] to regulate the active and reactive powers. A set of
control laws for agents in any given network can be derived by the
secondary control and only local information is needed.

As shown in Fig. 8, the control scheme of the MG is depicted and
the bottom layer is composed of DG units with local controllers, and
the top layer is encompassed by the agents and the communication
network. The agents connected to an uncontrollable or partially
controllable DG (represented by circle) are called controllable and
partially controllable agents, respectively. The other agents are
called controllable agents (represented by diamond). When the
output power of the RES starts to change, uncontrollable agents
receive information from their corresponding uncontrollable DGs
and then send the information to adjacent controllable agents
according to the preset control method. These controllable agents
adjust the corresponding controllable DGs to get the desired active
and reactive powers. The active power production of DG, depends
on environment (e.g. PV panel depends on sunlight) and it will be
larger once the intensity of sunlight increases. Since the controllable
DG, is adjacent to DG;, Agent; and Agent; will send the
information to Agent, (neighbours Agent; and Agents), respectively.
And the output power of the controllable DG, is regulated by Agent,,
making the total active power to the desired value.

In the communication network, agents exchange information and
make decisions according to the preset control laws, which include
the environment, the load demands and the delay, etc. Although the
power rating of a RES is usually designed along with the active
power generation, the reactive power of the system can be utilized to
supply the apparent power to reduce the active power requirement.
When the information is sent to the controllable DG units by
corresponding agents, a MAS can be used to regulate the active and
reactive powers properly after the powers at the next time instants
are estimated. Therefore, the output power of DG units can be
regulated by local controls under the changeable environmental
conditions to achieve a balance between the production and

consumption of the energies in the MG.

Considering the capacity of the reactive power and changeable
production and load, a well-designed MAS algorithm can achieve
equivalent or proportional reactive power sharing. However, the
communication delay is also inevitable in the MAS.

The advantages and disadvantages of the various methods for the
reactive power sharing under the mismatched feeder impedance and
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V. REACTIVE POWER SHARING WITH MISMATCHED
FEEDER IMPEDANCE
It is well-known that output powers of MGs with RESs are
affected by the feeder impedance and the loading/production of
power. Moreover, the reactive power sharing would be poor due to
the nonlinear and unbalanced loads in the islanded mode [64], [84],
[136-140].

A. Direct Control Methods for the Reactive Power Sharing

The main task of direct control methods for the reactive power
sharing is to get the required value in each DG, do the sum of these
values, and then assign these adjusted powers to each DG on
average (weighted average) [141]. In [141], each converter is
responsible for providing the information of the required reactive
power to the MG via low bandwidth communications links. In
addition, the MGCC determines the way that how the reactive
power supplies for each converter.

Fig. 9 shows a distributed control scheme for eliminating reactive
power mismatched in an islanded MG, where the reactive power Q;
obtained from the droop control is sent to the secondary control to
make a sum, and the Q; obtained from the secondary control is sent
to the primary control through Pl controller. Moreover, the
compensation of the droop control E* is adjusted by AE;. The
reactive power demand Q;” for each converter can be calculated by:
Q = A

ey

i i=1 ni

where XQ; is the total reactive power supplied by all the converters.
Q/" is the reactive power demand supplied to the i" converter and n;
is the droop gain of the i converter. The MGCC is responsible for
regulating the reactive powers according to the reactive power
reference of each converter, and the communication delay Ggq (s) is
defined as:

(26)

1
T,s+1°

The control method shown in Fig. 9 can solve the problem of the
equivalent or proportional reactive power sharing with a certain
communication delay. The values of the reactive power are
extracted directly and not affected by load impedance, thereby this
control method is suitable for both the linear and nonlinear load
conditions. However, the communication delay is always uncertain
and it may result in a poor reactive power sharing.

G, (s) = (27)

B. Indirect Methods for the Reactive Power Sharing

Compared to the direct methods for sharing the reactive power,
the indirect methods are more comprehensive. Note that the default
variable is controlled to share the reactive power indirectly in the
indirect control schemes, and more factors that may affect the
reactive power sharing are considered [73] [117].

A two-layer cooperative method that controls the voltage/
frequency as well as the active/reactive power is presented in [142],
as shown in Fig. 10. The voltage controlled voltage source inverters
(VCVSIs) are used to eliminate the voltage and frequency
deviations in the first layer, and the current controlled voltage
source inverters (CCVSlIs) are responsible for sharing the active and
reactive powers in the second layer. In summary, the control
objectives of the VCVSiIs are to regulate voltage magnitude and
frequency, and CCVSIs are used to control output active and
reactive power of each DG in the two-layer distributive cooperative
control. Note that a sparse network needs to be constructed by the
graph theory, and each DG only requires its neighbour and own
information on the LBC network [113-116].
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1) Frequency Control of VCVSIs

The control of the voltage and frequency is utilized to
synchronize all voltages and frequencies of the VCVSI to nominal
voltage and frequency, respectively. The assumption that makes the
frequencies restored to the rated values is based on (28)-(31) as:

MR == mR 28)

Vi =+ mipi (29)

o = vyt (30)

Vi = _Cfi(z a;j (@ _wj)+ 9 (@ — @ ) + Z g 1y _mjpj)) (31)
jeN; jeN;

where vy is an auxiliary variable, which is chosen based on each
VCVSI’s own and the neighbour information in the communication
graph. w; is the input angular frequency controlled by vg, and c;; is
the control gain and g; = 0. It is assumed that VCVSIs can
communicate with each other through the communication graph to
achieve the synchronization. According to (16), it can be obtained
that every DG can operate at the same frequency in the steady state.

2) Reactive Power Control of CCVSlIs

The reactive power of CCVSlIs is set based on their reactive
power ratings as:
Q_._Q_

< _...__*_aQref .

Q Q

According to each CCVSI and its adjacent information, the

auxiliary control vq; can be chosen as:

Voi :_CQi(Z aij(Qi Qi)+g.(Ql*

&7 Q Q

where o, represents the pre-specified reactive power ratio

(32)

(33)

Qg )

reference, and cq; and g; are the control gains.

Considering the consensus principle of (16), the Q/Q"; can be
synchronized to a reference value, and equivalent or proportional
reactive power sharing can be achieved. Although the algorithm in
two-layer control is complex, it is not affected by the feeder
impedance and it is suitable for sharing the reactive power in
islanded MG with unbalanced and nonlinear loads.

C. The Reactive Power Sharing in the Hierarchical Control
Strategies with Harmonic Compensation

A frequency droop control with additional disturbance is utilized
to produce some active power sharing variations to regulate the DG
virtual impedances at the fundamental positive sequence,
fundamental negative sequence, and harmonic frequencies under the
unknown feeder impedance, and achieves the reactive power
sharing by combining variable virtual impedance with the frequency
droop control in [143]. In [70], the positive- and negative-sequence
components of the voltage and current are applied to calculate
positive-sequence active and reactive powers, respectively. The
output voltage and phase angle references are obtained by the
positive-sequence powers, and then the voltage unbalance can be
compensated by negative-sequence reactive power. Finally, the
voltage is well-regulated and the reactive power sharing is realized
in the MG with nonlinear load.

Fig. 11 shows a classical approach to share the reactive power.
The load voltage harmonics are eliminated by the harmonic
compensation algorithms, and the deviations of voltage amplitude
and frequency are compensated by the secondary control. In
addition, the active and reactive powers can be shared by combining
the virtual impedance and secondary control [144]. Each converter
is required to transmit the reference reactive power to the MG (Q;
and Q,) by using the MGCC, and the MGCC determines how the
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total reactive power is allocated to each converter (Q; and Q,).
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TABLE IV.
Advantages and Disadvantages of the Different Control Strategies for Reactive Power Sharing under Nonlinear or Unbalanced Load Conditions
Control methods Advantages Disadvantages
e The equivalent/proportional reactive power sharing is eCannot share the reactive power in islanded
Integration of the MGCC realized microgrid with more complex loads
and the primary control eMethod is easy to expand e\Without considering communication delay
[64], [141] eFirst-order communication delay is considered e\Without considering data drop in
eBe suitable for linear or nonlinear load conditions communication lines
e The two-layer control is fully distributed and will . . .
The hierarchical control not affect each other. * Total generation cost of MGs is not considered

e The algorithm is complex
e\Without considering LBC delay
e The performance of controller is affected

based on graph theory e The proportional reactive power sharing can be achieved
[73], [117], [142] e The model is suitable for a complex MG
e The control method is suitable for islanded MG with

nonlinear load conditions by data drop
Integration of secondary e Suppress harmonic voltage effectively e The influence of feeder impedance is not considered
control and virtual e The stability of the system is enhanced eNot suitable for large scale MGs
impedance loop e The equivalent/proportional reactive power e Poor expandability of the control strategy
[70], [143], [144] sharing is realized e The reactive power sharing is influenced

eInfluence on nonlinear load is considered by LBC delay
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The formula of computing the reactive power demand (Q;) is the
same as (26) and the reactive power sharing compensator for any
converter i can be expressed as:

AE; =Ko (Q ~Q)) +kigs [ (Q7 ~Q)dlt (34)
where kpos and kigs are the control gains and AE; is the additional
voltage deviation which is added to the droop control loop.

The harmonic compensation loop is used to improve the power
quality and stability of the MG. Specifically, the harmonics caused
by the nonlinear load are compensated by harmonic controller, and a
resistive virtual impedance Ry is used to improve the stability of the
microgrid. The transfer function of virtual impedance can be
obtained as:

@, K

Z,(8)=R,~ ¥ e

2 2
n=3,5,7,9-- S™+ a)cns + (On

where Zy(s) is the virtual impedance transfer function. k., are the
harmonic resonant gains, w¢, are the harmonic resonant bandwidths
and w, is the n" harmonic frequency. The voltage across the
capacitor of the output filter can be expressed as:

V, (8) =Vt (8) =i, (5)Z, (5) (36)
where V' (s) is the reference voltage that is determined by the outer
droop control loop. V (s) is the compensated input to the inner loops
and i(s) is the output current of the k™ inverter. The harmonic
compensation is used to damp the voltage harmonics at the PCC. In
addition, a secondary voltage harmonic compensation loop can be
applied to further reduce the voltage harmonics at the PCC. Overall,
the improved reactive power sharing strategy with harmonic
compensation controller achieves the reactive power sharing while
eliminates the voltage and frequency deviations.

The advantages and disadvantages of the various control methods
for reactive power sharing in islanded MGs with nonlinear and
unbalanced load conditions are summarized in Table IV.

(35)

VI. PROBLEMS OF COMMUNICATION DELAY IN THE
HIERARCHICAL CONTROL

The communication delay always exists in both the secondary
and multi-agents control. The frequency and voltage amplitude are
restored to the rated value in the hierarchical control, but the output
correction signals sent to primary control need a time delay owing to
the communication lines. Therefore, these signals may be different
to the theoretical values, which will cause damage to MGs.
However, the communication delay problems have not yet been
considered in many studies.

A. Reduce the Impact of Delay through a Gain Scheduler

The delay in the communication lines between local control and
MGCC has been mentioned in [77], the characteristic of the delay
can be constant, bounded, or random in terms of the network
structure. The washout filter-based power sharing strategy with no
communication line is presented in [145] to replace the secondary
control and eliminate the impact on delay, but the nonlinear and
unbalanced loads are not considered.

Usually, when secondary control is used in active and reactive
power sharing strategies to eliminate the frequency and voltage
deviations, the communication delays cannot be ignored. Many
literatures have presented various gain scheduling methods to deal
with the problems brought by time-delay in a complex MG system
[146-149]. The gain scheduling approach is presented in [77] to
compensate the effect of the communication delay on the secondary
frequency control to guarantee the active power sharing and stable
operation of the MG.

As shown in Fig. 12, there are conventional droop control and
current loop in the local control, which are used to regulate the
output active and reactive powers and output current. Besides, the
local control is equipped with a gain scheduler to counteract the
communication delay and the PLL is utilized to measure the MG
frequency. The active power references for each DG are calculated
by the secondary frequency controller to restore the frequencies to
the nominal value and sent to local converters. These references are
obtained by P*F i1, where T, is the time stamp (sent by the
MGCC). The references are marked as P> ; 1o, where T, is another
time stamp (received by local control). The communication delay z;
=T, — T, is calculated by comparing the two signals P 1, and
PSF i1 TO counteract the effect of communication delay, a gain
scheduling approach is used in secondary controller with the
following transfer function:

Git = B,,iG; G :ﬂpwipr (37)
where Gy /Gy are fixed integral/proportional coefficient in the
secondary frequency controller. g,,/p,.; denotes an changeable
integral/proportional gain scheduler, and Gy and G, are the

equivalent gains of the secondary frequency controller after gain
schedulers equipped in each local control. Considering (37), the
equalized load frequency controller has the following form:

G\ . _ G, .
PS =| Gy +— (& —@,), P =| Gy +— |(& - @) (38)
S S
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where P is the supplementary power set point of the i DG
assigned by the secondary frequency controller. Equation (38) can
be utilized to investigate the root locus of the time-delay
small-signal model to find optimal g, and f,, and the stable
operation of the microgrid system could be guaranteed under
different LBC delay conditions. In addition, the cost function J is
built to find the relationships between the gain-scheduler variables
and the system performance of the MG, which is defined as:
T
1= [ (@,0-a®)
t=0

where the frequency of the DG; when the microgrid operates with
and without communication delays are represented by w4(t) and
wiqg(t), respectively. Considering relationships between the time
delay 7; and its corresponding feasible gain 5./, “'pw,-, a proper cost
index is needed to be built to obtain the gain value of different MGs.
After a certain delay margin is obtained by taking into account the
relationship between the cost function and the gain variable, the
impact of communication delays on the LBC lines can be
compensated while the performance of active power sharing is
guaranteed by the gain scheduling method. And the communication
delays on management of reactive power can also be eliminated
when the gain scheduling methods are further improved.

(39)

B. Reducing the Impact of Delay by using Predictive Control

As known in [77], [78] and [150-152], secondary frequency
controller is affected by the LBC delays and then the poor active
power sharing is inevitable in the hierarchical control. Generally,
predictive control is used to deal with the LBC delay problems. In
[150] and [151], the predictive control method is presented to
compensate for the impact on the communication delay and data
loss. In addition, the model predictive controller (MPC) and smith
predictor (SP) are presented to solve the problems brought by
communication delays [78], [152].

As shown in Fig. 13, the output current of the converter is passed
through an LCL filter to reject the high-frequency switching noise.
In addition, the capacitor voltage and output currents of each
converter are sent to the droop controllers to calculate the active and
reactive powers. Droop controllers set the voltage and frequency
references based on the generated active and reactive powers.

Moreover, the output frequency and voltage are adjusted by SP or
MPC. When the control systems are decoupled, the characteristic
equation of the secondary control system (SCS) is obtained as [78]:

1+e¥G,GH =0 (40)

where H is the PLL transfer function. e is the transfer function of
the communication delay. G; is the delay transfer function of Pl
controllers and G, is the delay transfer function of the system device
to be controlled. It can be inferred that the accurate estimation of the
delay transfer functions in a typical operating point is required when
a SP is implemented in the secondary frequency controller, which is
shown in Fig. 13. For the MPC, a set of future control actions needs
to be calculated by optimizing a cost function with constraints on the
manipulated and controlled variables.

In summary, the MPC and SP controllers can be used to test the
unknown communication delays in a MG. Specifically, in the MPC-
based SCS, the future behavior is predicted by optimizing a cost
function with constraints on the controlled variables in the MG. The
dynamic performance of the MPC is slower than the SP, but the
MPC is more robust to time delays and preferred to operate in
systems with unknown communication delays. In addition, the
reactive power sharing performance of a well-designed algorithm
can be further improved, and the system can be immune to the
communication delay by using the MPC and SP controllers.

C. The Reactive Power Sharing Scheme Considering Feeder
Impedance, Complex Loads and Communication Delay

Considering the communication delay, the secondary control
strategy for the reactive power sharing is facing challenges and it is
difficult to solve this problem effectively. The distributed
cooperative control method for large-scale DGs with time-varying
delays is presented in [153] to achieve the reactive power sharing. A
more comprehensive method is presented in [79] to combine the
advantages of primary and secondary control. A weighted graph is
used to replace the actual information system and the control
algorithm is further optimized to achieve the reactive power sharing.
Specifically, this method is based on the voltage, reactive power and
active power regulator modules in the MG.

As shown in Fig. 14, each inverter is considered as an agent of a
multi-agent system to exchange data with a few other neighbor
inverters, and process the information to update its local voltage set
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points and synchronize their normalized power and frequencies.
Moreover, global voltage regulation, frequency synchronization and
proportional load sharing can be achieved by the cooperation among
voltage, reactive power and active power regulators effectively in a
fully distributed control strategy, and the stability and robustness of
MG can be improved. Specifically, the node i receives the
information ¥; from its neighbors node j, and regulate the neighbor
and local data ¥; to update its voltage and frequency references (E*
and w;). The voltage reference is obtained by two voltage correction
terms (JE;* and 0E;%) from the voltage and reactive power regulators,
and the reactive power and frequency can be regulated by
eliminating the reactive power and frequency deviations among the
neighbors through PI controllers. Then, the reference voltage E;" of
DG,; can be obtained as:

E'(t)=E +0E/ (1) +5E (1)
Mg, = Z baij (Q: _Q.*) , 00, = Z Ca; (Pj* _Pi*)
jeN; jeN;
where E” is the rated voltage magnitude of the MG. The voltage
regulator at node i is compared with the rated voltage E”, where the

(41)
(42)
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difference is fed to a P1 controller (G;(s)) to generate the first voltage
correction term OE?, b and c¢ are gain coefficients. The
neighborhood reactive loading mismatch mg;, which measures the
difference between the normalized reactive power of the source i
and the average value of its neighbors, and the mismatch in (42) is
then fed to a PI controller (Hi(s)) to adjust the second voltage
correction term SE;2. The frequency correction term dew; represents
the information of neighborhood active loading mismatch.

Due to the performance of the PI regulator, all reactive powers
will be synchronized to the same value and reactive power sharing is
achieved. The active power regulator module keeps the frequency at
the rated value, and precisely tunes the phase angle reference dw;* to
reroute the active power across the MG and mitigates the
neighborhood active power mismatch.

In order to reduce the impact of LBC delay, the cooperative
distributed control strategy is tested to find a delay margin to ensure
controller parameter immunity and stability of the MG. In addition,
the equivalent active and reactive powers can be shared when the
LBC delay is constrained within the delay margin [79], [154].
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Fig. 14. Control scheme for the cooperative distributed control in islanded microgrid [79].

TABLE V.
Advantages and Disadvantages of Different Hierarchical Control Strategies Considering the Effect of Communication Delay

Control methods

Major technologies

Advantages

Disadvantages

Gain scheduling method
[77] [146-149]

The data from the MGCC is
adjusted by the gain
scheduler

eProvides a general model
eReduce the cost by designing the
reasonable cost function
eThe system can guarantee a good power
sharing in the delay margin

eGain coefficients are not easy to select

eCommunication delay in reactive power
controllers is not considered
eData drop is not considered

Predictive control
[78], [150-152]

Predict the unknown delay
by the SP or MPC

eGood robustness to the constant
communication delay
eProvides a general model
eThe system can guarantee a good power
sharing in the delay margin

e The algorithm is complex
ePoor expandability
e Cannot deal with the problems brought
by random delay

Cooperative
distributed control
[79], [153]

A sparse network is needed
and share the
active and reactive powers
by the distributed control

e The equivalent active and reactive
power sharing can be achieved under
complex load conditions
eGood plug-and-play capability
eHave resiliency to a single
communication link failure
eGood robustness to the constant
communication delay

eData drop is not considered
e Cannot deal with the problems brought
by random delay
eThe proportional reactive power can not
be realized
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In the cooperative distributed control strategy, MG can run at the
rated voltage and angular frequency, combining the active power
regulator, the voltage and reactive power regulators. The
cooperative distributed controller can realize the equivalent reactive
power sharing under the mismatched feeder impedance and
nonlinear load conditions when the LBC delay is within the delay
margin, but proportional active and reactive power sharing cannot
be achieved. Different hierarchical control strategies for eliminating
the LBC delays in MGs are summarized in Table V.

VII. DISCUSSION ON FUTURE TRENDS
From the previous discussion, it can be seen that each of these
control techniques has its own characteristics, advantages and
disadvantages. Microgrids can be better utilized when the problems
of load active and reactive power sharing are effectively solved. The
future trends on MG research and application can be summarized as
follows [155-169].

A. Advanced Distributed Control in Microgrids

With a high penetration level of the DG units, the research on
how to realize accurate active and reactive power sharing among
multiple DG units, improve the robustness and reliability of the
system and simultaneously optimize/eliminate the energy flow
using the graph theory/predictive control/multi-agent systems has
been a mainstream trend [155], [156].

A microgrid model can be simplified by graph theory, and the
complexity of an algorithmic design can be further reduced. The
multi-agent cooperative control method for coordinating power
allocation between the ultra-capacitors and batteries distributed
throughout the microgrid is presented in [155]. Besides, a predictive
control is designed in [156] to achieve the active and reactive power
sharing with nonlinear load, which indicates that the future
predictive control needs to be improved in order to deal with the
effect of harmonic and unbalanced loads.

B. Control for Microgrids with Complex Loads

The methods for active and reactive power sharing in microgrids
with linear load are well developed, but it is still difficult to ensure
the reactive power sharing when microgrids supply complex loads
such as dynamic loads, induction motor, the pulsed loads and the
electric vehicles, etc. The realization of the reactive power sharing
in such variable loads is one of the important directions in the future
research [157-160].

The situation of different nonlinear loads is analyzed in [157],
and the results from its experiments indicate that the actual

operation of the microgrid is influenced by different load conditions.

The microgrid with sensitive loads discussed in [158], and a new
method to supply energy for the loads by using the fuel cell as
energy storage equipment is proposed. A hybrid DC power system
is designed in order to supply a pulsed load [159]. Moreover, a plug
and play method is presented in [160] when the microgrid supplies
the sensitive and unbalanced loads, which enhances the power
quality.

C. Cost-Prioritized Control Schemes

It is important to minimize the operation cost and coordinate
supporting services, meanwhile maximizing the reliability and
controllability of microgrids. Therefore, optimization of the MG
cost function is one of the trends in the future research [161-164].

Considering realistic values for the bids, actual market prices,
typical load profiles and renewable productions, the economic
evaluation of a microgrid participating in a real-time market is
obtained in [161], which shows that the economical microgrid
operation can reduce energy prices for the consumers and increase
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revenues for the aggregator. A genetic algorithm is used in [162] to
reveal the economic benefits of both distribution network and
microgrid. A directly operating schedule for a whole day is
presented in [163], which allocates the power to the loads in an
optimal strategy by constructing the cost function reasonably. A
short-time predictive control is presented in [164] to regulate the
active and reactive powers in the microgrid, and coordinate the
optimal operation of dispatchable resources and the daily costs of
the energy imported from the grid.

D. Reduce the Impact of Communication Delay

The control methods are always involved with the transmission of
data when multiple DG units are connected, but the delay is
inevitable in both low and high bandwidth communication lines.
Therefore, it is important to consider the load power sharing
problem in the constant, bounded, or random delay. Furthermore, it
is essential to develop stability analysis tools for practical cases in
the future.

The open communication infrastructures including Ethernet,
Internet, worldwide interoperability for microwave access (WiMax),
and wireless fidelity (WiFi) are increasingly implemented for smart
grid communications [165-169]. However, the delay or data loss
may occur during their transmission. Therefore, the solution to
decrease the cost and increase the delay margin is one of important
research directions of microgrids in the future.

VI1I1l. CONCLUSION

This paper presents an overview of the different active and
reactive power sharing methods. Owing to the limitation of the
conventional droop and secondary control, the poor active and
reactive power sharing of the DG units are inevitable. A
comprehensive analysis and comparison of the improved control
methods to share the active and reactive power have been presented.

In a complex MG, the dynamic stability of active power sharing
needs to be enhanced and some improved droop control methods are
analyzed in this paper to achieve the optimized active power
sharing. Considering that the active power may be affected by
feeder impedance, this paper presents some improved P-V and Q-f
droop control schemes to share the active power under
resistive/unknown feeder impedance conditions. Moreover, as
economic problem is considered in hierarchical control, the criterion
for active power needs to be established on generation cost of the
microgrid, and various linear/nonlinear cost-based schemes are
analyzed in this paper to optimize active power sharing and
minimize the total cost of generation simultaneously.

Most of the existing methods only consider the reactive power
sharing under linear load conditions with mismatched feeder
impedance. However, a poor reactive power sharing may exist when
MGs operate on mismatched feeder impedance, nonlinear and
unbalanced load conditions. Therefore, the algorithms based on
graph theory, multi-agent systems, predictive control and
cooperative distributed control have been discussed in detail to
share the reactive powers under these complex circumstances.

In addition, owing to the low bandwidth communication lines in
the hierarchical control, the transmission speed of the upper control
is much lower than the response rate in the primary control.
Therefore, this paper analyzes the problems on LBC delay in the
hierarchical control and presents some solutions to solve these
problems, such as gain scheduling scheme and predictive control
methods.

Finally, the future trends of the control technologies in MGs are
discussed. The ways to simplify the complicated control algorithm
and decrease the low bandwidth communication by graph theory,
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process and optimize the performance of MGs by MAS, improve
power quality of MGs with RES by predictive control and enhance
the robustness of MGs to the unknown environmental factors under

the

high penetration of DG units have become the mainstream

trends. In addition, the analysis for the relationship among the cost,
the design and the operation of MGs are still the main topics in the
future research of MGs.
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