University of Kurdistan
Dept. of Electrical Engineering
Smart/Micro Grids Research Center
smgrc.uok.ac.ir

An Emergency Active and Reactive Power Exchange Solution for
Interconnected Microgrids

Mobin Naderi; Yousef Khayat; Qobad Shafiee; Tomislav Dragicevic; Frede Blaabjerg, Hassan
Bevrani

Published (to be published) in: IEEE Journal of Emerging and Selected Topics in Power Electronics

(Expected) publication date: 2019

Citation format for published version:

Mobin Naderi; Yousef Khayat; Qobad Shafiee; Tomislav Dragicevic; Frede Blaabjerg, Hassan Bevrani.
(2019, November 19). An Emergency Active and Reactive Power Exchange Solution for Interconnected
Microgrids. IEEE Journal of Emerging and Selected Topics in Power Electronics(2168-6777), 1-1.
doi:10.1109/JESTPE.2019.2954113

Copyright policies:
e Download and print one copy of this material for the purpose of private study or research is permitted.
e Permission to further distributing the material for advertising or promotional purposes or use it for any profit-
making activity or commercial gain, must be obtained from the main publisher.
e If you believe that this document breaches copyright please contact us at smgrc@uok.ac.ir providing
details, and we will remove access to the work immediately and investigate your claim.

Copyright © Smart/Micro Grids Research Center, 2019


http://smgrc.uok.ac.ir/
mailto:smgrc@uok.ac.ir

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2019.2954113, IEEE Journal

of Emerging and Selected Topics in Power Electronics

An Emergency Active and Reactive Power
Exchange Solution for Interconnected Microgrids

Mobin Naderi, Student Member, IEEE, Yousef Khayat, Student Member, IEEE, Qobad
Shafiee, Senior Member, IEEE, Tomislav Dragicevic, Senior Member, IEEE, Frede Blaabjerg, Fellow, IEEE,
and Hassan Bevrani, Senior Member, IEEE

Abstract—In this paper, an important application of inter-
connected microgrids (IMGs) is presented in order to han-
dle an emergency condition of individual microgrids (MGs),
which causes an intolerable voltage magnitude or frequency
deviation. In this method, the active and reactive powers are
exchanged via an interlinking back-to-back converter (BTBC)
and in accordance with voltage magnitude and/or frequency
differences of individual MGs. In order to increase the IMG
reliability and overcome the communication challenges, only local
voltages and frequencies of both AC sides of the BTBC are
used to determine the required active and reactive powers to be
exchanged. A generalized droop control is employed to consider
the impact of voltage magnitude and frequency differences on
exchanging active and reactive powers separately for any type
of interlinking lines. In this emergency power exchange method,
a logical control is employed to detect the emergency and the
normal conditions. The former results in the IMG formation,
while the latter form the individual MGs operation again. The
real-time results, obtained from OPAL-RT simulator, practically
show advantages of the proposed method including voltage and
frequency supports, postponing the load shedding, plug-and-play
capability, good power sharing between the IMGs and method
compatibility with the controls of individual MGs.

Index Terms—Back-to-back converter, emergency control, gen-
eralized droop control, Interconnected microgrids, power ex-
change.

I. INTRODUCTION

ICROGRIDS are very well-known nowadays in the
power industry. Their grid-connected and islanded op-
eration modes present considerable capabilities such as relia-
bility and power quality improvements, more flexible power
production and increase of distributed generation (DG) pene-
tration. Another operation mode of microgrids (MGs), which is
less taken into account, is interconnected MGs (IMGs). In this
operation mode, MGs can be interconnected with each other
when they are islanded/connected from/to the grid. In both
conditions, Interconnecting the MGs have much advantages
such as reliability and resiliency improvement, penetration
increase of DGs than individual MGs, load supply and unit
generation flexibility, and improved load shedding after an
emergency condition. These benefits are highlighted in the
mode of islanded IMGs [1], [2]. An emergency condition that
leads to enable load shedding control in an islanded MG can be
supported by a power exchange in the IMG mode to postpone
or even cancel the load shedding procedure.
IMG operation mode is usually an ancillary mode for
individual islanded MGs or a distribution system. Going from
each of these situations to the IMG mode can be planed or

emergency-based (unplanned). It is worth to mention that in
the planned IMG formation, Interlinking number of MGs is fa-
vorable in order to increase flexibility and reliability. However,
for the emergency-based formation, interconnecting should be
minimized despite available inactive interconnections in order
to avoid propagation of probable instability.

The planned IMG formation, control and operation are
mostly related to energy/power management level, which is
done by a global MG control layer or distribution system
operator (market operator) [3]-[6]. Nevertheless, low-level
control characteristics such as voltage and frequency dynamics
are taken into account in the literature [7]-[10]. Generally,
the conventional secondary control-based power flow between
multi-area power systems is developed for IMG power ex-
change through circuit breakers (CB).

Although, power exchange among areas of conventional
power systems is a well-known function of the secondary
control [11], [12], its application for CB-IMGs is still challeng-
ing issue due to intense interaction between the voltage and
frequency, which is due to the weakness of AC voltage source
converter (VSC)-based MGs. In [7], a special structure of AC
MGs including PQ-controlled and droop-based DGs is con-
sidered in which the PQ-controlled DGs facilitate IMG power
exchange, thus the challenges of fully droop-based MGs do
not reveal. In [8], a conventional secondary control is proposed
for CB-IMGs, but it is verified only for a small-signal model
of the IMGs. The hierarchical control introduced in [9] is a
power sharing method to supply common IMG loads that is not
able to exchange power between IMGs. In [10], a distributed
secondary control is developed that supports power exchange
between CB-IMGs only for planned operations. None of the
secondary control-based methods support emergency detection
and unplanned IMG formation.

The emergency condition in an islanded MG is defined as
large and sudden disturbances such as large load change or
DG trip, which change the balance between generation and
consumption [13]. The emergency-based IMG formation is
determined usually due to such an emergency condition in
a remote MG in order to support frequency and delay load
shedding mechanisms [14]. It is also an alternative solution to
using energy storage systems and extra-sized diesel generators
[15], which can be more flexible.

IMGs can be classified based on MG or interlinking de-
vice type [16]. According to MG type, there are three IMG
categories comprising fully AC IMGs [8], [10], [14], [17]-
[19], fully DC IMGs [20], and hybrid AC-DC IMGs [21]-[23].
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According to interlinking device type for AC IMGs, CBs and
static switches can interconnect only MGs with same nominal
voltages and frequencies [8]-[10], [14], however back-to-back
converters (BTBCs) eliminate this limitation [17], [24], [25].
On the other hand, CBs are more reliable and economic
for IMG formation, but BTBCs are more flexible. Frequency
isolation is a remarkable advantage of BTBC-IMGs, specially
paying attention to the low-frequency oscillations, which are
appeared in CB-IMGs due to inter-microgrid interactions and
may cause wide instability [8], [26].

In the literature of IMG control methods, a hierarchical
frequency control is firstly proposed, which is fully based on
the communication [27]. It is modified for DC MG clusters
[20], AC and DC IMGs with one point of common coupling
(PCC) [28], and fully AC IMGs [29]. In [20], the power
sharing among DC MGs is based on the distributed consensus-
based control, which reduces the communication infrastruc-
ture. However, the emergency detection is not included. In
[28], a high-bandwidth communication is used only for power
exchange without detection. Although the detection procedure
is only included in [29], it requires a high-bandwidth com-
munication. Furthermore, a different hierarchical control is
recently introduced [9], which is widely communication-based
and needs the information of spare powers and PCC voltages.

Some authors have researched on the control of an interlink-
ing AC-DC converter of hybrid AC-DC MGs in order to share
power properly [22], [23], [30]. In these hybrid MGs, power
sharing is done only between two interconnected AC and DC
MGs. A larger hybrid MG is investigated in [21], where two
AC MGs and two DC MGs are interlinked using three AC-
DC converters and without any need to BTBCs. The paper
uses an event-based distributed control to share the power
between the MGs while the communication and computational
burden is reduced. Another distributed control is used in [17]
for power sharing among fully AC IMGs. Power sharing is
only based on the frequency differences of MGs, which is
supported by ESS/STATCOM units in individual MGs. In [31],
a parallel operation of HVAC and diode-rectifier HVDC links
for offshore wind farms is investigated, which a composition
of distributed and centralized controllers is employed to flow
the generated wind power.

Communication-free methods are also proposed by employ-
ing modified droop controllers in order to exchange power
among AC IMGs [19], [24], [32], [33]. All these papers
present the IMG power exchange by controlling the inter-tied
BTBC and only using the frequency deviations. In addition,
no solution presents for seamless connection/disconnection of
IMGs during/after an emergency control. Emergency-based
IMG formation/cancellation has been presented in [14], [34],
but only applicable for MGs with the same nominal voltages
and frequencies due to using static switches instead of BTBCs.

A. Summary of Power Exchange Methods

The power exchange methods among IMGs have been
reviewed, which can be considered from different points of
view. The power can be exchanged as planned [3]-[10] or
emergency [14], [34]. In the planned type, the operator tries to

find an economic solution to distribute power among IMGs for
hours. However, the techniques are not fast enough to be used
in the emergency condition. In contrast, the emergency power
exchanges are not necessary to be economic, nevertheless they
need to rescue the critical MG(s) in short critical time spans.
Therefore, they should quickly be done like other emergency
reactions, e.g. load shedding.

In terms of interlinking devices, the power exchange meth-
ods can be divided into two categories: 1) uniform-frequency
IMGs through CBs [7]-[10] or instantaneous static switches
[14], briefly named CB-IMGs, and 2) multi-frequency IMGs
using BTBCs for AC IMGs [17], [24], [25], [32], [33] (BTBC-
IMGs) or other power converter kinds for other IMG types
[21]-[23], [28], [30]. The first group makes the interlinking
hardware more economic. Nevertheless, it is limited to inter-
connect MGs with the same nominal frequencies in which the
secondary controllers of droop-based DGs play the main role
in exchanging power. Such a limitation is removed in BTBC-
IMGs, while they are relatively expensive. Moreover, BTBC-
IMGs benefit from more flexible control due to employing
controllable power converters instead of CBs.

The level of using communication causes three differ-
ent power exchange categories. Communication-based central
controller is the first technology [27]-[29], which has been
employed to coordinate the power exchange participants,
e.g. the BTBCs and the MG central controllers in BTBC-
IMGs. The disadvantages of high-bandwidth central controller
such as single point-of-failure and huge data transfer [35],
push authors to use the distributed control methods for IMG
power exchange [17], [20], [21]. Nevertheless, the emergency
power exchange, which needs to be fast, leads to using
communication-free local measurement-based power exchange
methods [14], [19], [24], [32], [33], especially for small-scale
IMGs. By increasing the number of MGs, communicating data
is unavoidable due to numerous variables and high level of
the complexity. Therefore, the communication-free methods
are still limited to emergency power exchange among a low
number of IMGs.

B. Paper Contribution and Features

In this paper, an emergency-based IMG formation and
cancellation are studied that encounters the challenges of
emergency situation and its elimination detection, as well
as power sharing between IMGs. The main contribution and
notable features of this paper are as follows:

o A completely automatic detection of emergency condi-
tion and its stop are proposed using local measurement
and without employing communication links. All BTBC
control processes are based on this detection that means
an emergency IMG power exchange. In addition, the lack
of using communication links enhances the reliability.

« In contrast with the existing works [17], [24], [28], both
voltage and frequency deviations of individual MGs are
sensed to detect the emergency condition. It is obvi-
ous that in individual MGs, the voltage and frequency
deviations in association with the active and reactive
powers are related to the X/R ratio of DGs coupling line
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Fig. 1. A general structure of interconnected AC microgrids through back-to-
back converters and AC lines focusing on interconnection between MGy, and
MG; by BTBC;.
impedances. Therefore, in MGs with different X/R ratios,
the voltage and frequency deviations can have different
situations. An emergency condition in all these situations
should be detectable, which is possible only by sensing
both voltage and frequency of individual MGs.

o The voltage and frequency differences of BTBC’s AC
sides are a complete set to determine the value of active
and reactive powers to be exchanged. This set is applied
to a generalized droop control (GDC) method to produce
the power references for the interlinking BTBC. The
GDC method shares the power robustly between IMGs
against the interlinking line X/R ratio. In addition, the
GDC produces the active and reactive power references
separately by decoupling the interferences of the voltage
and frequency deviations.

o The proposed emergency control is compatible with the
primary controllers of both sending and receiving MGs
due to considering the rated powers and maximum ac-
ceptable voltage and frequency deviations of individual
MGs in the GDC and logical control designs.

The rest of this paper is organized as follows. Section II
addresses the basis of IMG control including individual MG
and interlinking BTBC controls. In Section III, the proposed
emergency power exchange control is illustrated. Real-time
simulation results and discussions are presented in Section I'V.
Finally, the paper is concluded in Section V.

II. BASIC CONTROLS OF INTERCONNECTED MICROGRIDS

A general structure of AC BTBC-IMGs including Individual
MGs, interlinking lines and BTBCs is shown in Fig. 1. In this
section, the main control structure of such IMGs including
Individual MGs and BTBCs is presented.

A. Individual Microgrid Control

In order to have a stable, reliable and efficient MG opera-
tion, many controllers are needed to take the responsibility
of all MG control objectives in different operation modes
and time scales. Therefore, a hierarchical control strategy is
applied, which consists of four levels (three levels in some
references e.g. [36]), namely the primary (local), secondary,
central/emergency, and global controls [13]. For an islanded
MG, voltage and frequency stability, current limiting, and
active and reactive power sharing are done in the local control
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Fig. 2. (a) Hierarchical four-level microgrid control comprising primary,
secondary, central and global control levels. (b) Primary control level for
the autonomous operation of the typical MGy,.

level. The secondary control improves power sharing and
restores the deviated voltage and frequency to the nominal
values [37], [38]. The central/emergency control level pro-
motes the supervisory MG activities such as grid connecting,
islanding detection and emergency control [13]. Finally, the
global control plans the optimal power flow between MGs
themselves and the main grid [3]. Fig. 2(a) shows a general
scheme of the four-level hierarchical control for a typical MG.

A considerable difference between the control levels is their
time scale of activation. Basically, the primary control is on-
line and acts instantly after events, however the secondary level
can have a slower response (a few seconds) to give time to
the primary level to complete its action. The upper control
levels act in the larger time spans respectively, except some
functions such as the emergency control, which has to act as
fast as possible in order to avoid instability.

All planned power exchanges between IMGs are managed
in the global control. Nevertheless, the emergency power
exchange, which is focus of this paper, should be considered as
a part of each emergency MG control to support the critical
MG. Therefore, the emergency power exchanges among the
IMGs should be faster than the secondary control of each
individual MG. According to this fact, only the primary
controls of individual MGs are considered in this paper.

The primary control consists of the droop characteristics
and internal loops, i.e. the current and voltage loops, which
are shown in Fig. 2(b). The DG output powers are calculated
and filtered as follows
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We i i
P = P (vt + quoq), (1a)
We .
= bt — 1b
Q P +w (vdzo v, Zod) ( )

where, w, is the cut-off frequency of the low pass filter (LPF),
s is the Laplace operator, v}, v , 1% 4 and ¢}, g are the direct and
quadrature components of the output DG; voltage and current,
and P; and @); are the averaged active and reactive output
powers of DG;. The DG; frequency w; and voltage magnitude
reference Vi rey are provided using the well-known w— P and
v—Q droop characteristics as follows

k
Wi = Wy,

Vnk - ni Q’L'a
where, w¥ and V¥ are the nominal frequency and voltage

amplltude of MGy. mp and nq are the w — P and v — @
droop coefficients of DG;, which are calculated as follows

(2a)
(2b)

[
_mpPia

leref =

ml, = Awl ./ Pl (3a)
Mg = AViRan/ Q1 (3b)
where, AwF_  and AVrﬁlx are the maximum acceptable

frequency and voltage amplitude deviations in MGy, and P!
and Q' are the rated active and reactive powers of DG;.
The quadrature voltage reference of DG;, vy ., is usually
considered to be zero in order to earn a zero voltage phase
angle at phase a.

In the voltage control loop, vd rey and vq ref are used to
be tracked by the measured voltages using two PI controllers.
Similar PI structure is used for converter current control. Main
duty of this loop is converter current limiting.

In this paper, the DC links of DGs converters are assumed
to be ideal DC voltage sources, i.e. the DGs can provide
their ratings during an emergency condition, which cause pre-
determined voltage/frequency drops due to the droop charac-
teristics. In practice, this assumption is acceptable when the
MG can provide enough power by dispatchable DGs.

B. Interlinking Back-to-back Converter Control

As mentioned, the power flow between two IMGs is con-
trolled using a BTBC. Fig. 3 shows the BTBC including
two VSCs and their control units. The VSC; is controlled
as a power flow controller, while the VSCs is controlled as
a DC voltage controller. The power controller try to flow
power between IMGs based on the active and reactive power
references and the DC voltage controller stabilizes the DC
capacitor voltage during operation. Since the BTBC should be
connected to the MGs, two PLLs are required to synchronize
VSCs to MGs during power exchange.

The power controller receives the active and reactive power
references, P! 7 and QE} s> from an upper control level. In the
case of planned power exchanges, this upper control level is
generally the global MG control as shown in Fig. 2(a). On
the other hand, in the emergency power exchange, the power
references come from the emergency control. In this paper,
the power references are produced in an event-based GDC,
which is explained in the next section. The active and reactive
powers can be exchanged by tracking the references using a

PI current controller. The current references, chre P and i¢
are calculated as [39]

4 Tef’

-C'1 / Cl Cl
Zd'r‘ef ef ) qref

ref/ (4)

where, Vdc1 is the direct component of the AC side voltage of
the VSC;. Therefore, a PI current controller can be employed
to achieve the power control as follows

B ~Kreref' + Kior [ e§dt = 1w 40§, (5w

ESY =Kpciel! + KICl/edCIdt + LG wnid 0, (5b)
where, €G! = i — G}, i§" and i{! are the measured
currents of VSC; AC side, LC1 is the filter inductance of
VSCy, EC1 and EC1 are the d1rect and quadrature components
of the VSC1 output voltage, and Kpc1 and Kjcop are the
proportional and integral gains of the VSC; current controller.
Hence, by applying a control effort on the VSC; output voltage
as (5), the desired powers expressed in (4) are flowing.

The injected/absorbed power to/from the DC link should be
delivered/received to/from the AC side of VSCs. Otherwise
the power cannot be exchanged and the DC voltage will
be unstable. Therefore, a similar power control should be
apghed on VSC2 with a mandatory active power reference
Py =—-Pr f and an optional reactive power reference, Q
In addition, the DC voltage of BTBC should be controlled
by the VSCs controller. Therefore, another PI controller is
employed, which tries to control Vg, as follows

C1

Pref - KI%C(VTCf Vdc) + K?C / (V“if Vdc) PTef (6)

A fully correct operation of the BTBC depends on two other
loops including the PLL and initial DC voltage control. Both
PLLs should be tuned well in order to ignore their dynamics
in the main controllers. Besides, the DC capacitor should
be charged to have an initial voltage near the V;ff . This
decreases the possibility of instability during the BTBC start
up by decreasing the oscillations and overshoot of the V..
The capacitor charger is not included in this study.

III. PROPOSED EMERGENCY POWER EXCHANGE
CONTROL

To benefit from the surplus energy of the adjacent MGs in
a critical MG, an emergency control is required to detect the
emergency condition. On the other hand, it should be checked
whether the adjacent MG has enough energy to exchange
without exceeding limitations or not. In such a control process,
logical controllers and nonlinear constraints are inevitable.

In the proposed emergency control, both detection of the
critical condition in the receiving MG and the excess power
in the sending MG are based on the voltage magnitude and
frequency monitoring. According to the droop characteristics,
an overload, a DG trip, or any change in the MG pro-
duction/consumption can be seen as voltage, frequency or
both deviations. Therefore, the output DG powers or load
powers does not need to be measured and communicated in
order to detect the emergency/normal condition. Using only
the local voltage magnitude and frequency of AC sides of
the interlinking BTBC avoids the communication links and
facilitates the emergency power exchange.
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Fig. 4. Overview of the proposed emergency control for power exchange of
interconnected microgrids via back-to-back converter.

Fig. 4 shows the schematic of the proposed control frame-
work. The open circuit voltage amplitude and frequency of AC
BTBC sides before the CBs are available via voltage sensors
and PLLs of the BTBC. These voltages are used in the basic
BTBC control in order to synchronize it with both AC sides.

Before using the voltage magnitude and frequency of AC
sides in the emergency controller, they should be normalized:

(7a)
(7b)

wy' = woi/wy,
Ci Ci k
Ud;\lf = Uq Z/ Vn )
where we; and vfi are the measured frequency and volt-
age amplitude of VSC;, w§’ and v$y are the normalized
frequency and voltage amplitude and ¢ = 1,2. In addition,
the voltage amplitudes should be transformed in a common
reference frame, because in practice they are calculated in
two different reference frames by the asynchronous PLLs. The
transformation is straight-forward as

AVpg = Ts.Avgg, ®)

where the Vpg and vy, express variables in common and
individual reference frames respectively, and

T, = { cos A —sin Ad

sinAd cosAd |’

where AJ is the angle difference between each individual
reference frame and the common reference frame. Note that
the common reference frame can be selected from each one
of individual reference frames of MGs.

The difference between the voltage magnitude and fre-
quency of two AC BTBC sides after the normalization and
transformation, Awpg and AVpg, are provided as follows

c1_,,C2
Awpp = wy — Wy,

AVpp =V5y - V53,

(9a)
(9b)

Since Awpgr and AVpgp are the voltage magnitude and
frequency differences between a critical MG and a normal
MG, they show that how much active and reactive powers
should be exchanged between them and when the BTBC
should be connected. In fact, by applying Awpp and AVpg
to a GDC after a necessary logical process, the references of
BTBC'’s active and reactive power exchanges are determined.
These powers are injected to the critical MG and lead to
frequency/voltage support. In other words, a power shortage
in the critical MG is compensated by the adjacent MG reserve
flown through the BTBC.

It is noteworthy that in this application of IMGs, the BTBC
is connected only during an emergency condition, which
can be detected by a logical control. In addition to this
function, other functions such as detecting the return to normal
condition, disconnecting IMGs and averaging the voltage and
frequency deviations are included in the logical controller,
which is explained in the later subsection.

A. Logical Control

Fig. 5 shows the flow-chart of the logical control including
emergency condition detection, averaging the deviations and
normal condition detection after an event. The Awpgr and

2168-6777 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2019.2954113, IEEE Journal

of Emerging and Selected Topics in Power Electronics

Emergency condition detection

Monitor and Filter
AOJPE and AVPE

Normal condition detection
after the event

AA

Averaging
P rocess

av ATav
Al = EV [ Aoy (0t

L ———

1 o,
AVSE”=FJ‘ AV, (t)dt

___.*__

Calculate Power
References (Eq. 19)

| Power Exchange On I— | Power Exchange Off I—

Fig. 5. Flow-chart of the logical control, used in proposed emergency power
exchange including detection of emergency and normal conditions.

AVpp are measured continuously as (9) and compared with

their thresholds Aw@™ and AVE™ as follows
|Awa,| > AwTr , (10a)
|AVpE| > AV, Tr . (10b)

Note that the emergency condition can be detected by each
one of (10a) or (10b). The threshold values are defined such
that the normal condition is not included and the emergency
condition is detected before exceeding the limitations of the
individual receiving MG as follows

| AWNE max| < Awo < [Adhiax (11a)
‘A Cmax’ <A "< |A max|7 (11b)
where, Awk and AVF, are related to MGy power con-

trollers through (3a) and (3b), and can be calculated as
0.5% of the nominal frequency and 10% of the nominal
voltage amplitude [40]. Awp/S ., and AVRLT, . are the
design parameters such that the larger amounts result in more
strict detection and vice versa. Another condition for the
emergency detection is that the BTBC is off i.e. Ppx = 0
and Qgx = 0. In order to avoid the detection during
transient voltage/frequency changes, in addition to use an LPF,
a persistence check is included.

Once Awpg and AVpg start to go to zero after the
emergency power exchange from the normal MG to the critical
MG, their related PTeX and Q deviate unintentionally from

0.8 T 2

A Averaging «! Ao
r

. 06F N\ ]
3 /
S 04f
3
g 02 Averaging interval —», «—

Emergency detection T TPower TN\ T T —————_

02 Rigorous event— exchange
“0 0.5 ] 1 15
Time (s)

Fig. 6. Detecting, averaging and fixing processes of the frequency deviation
after an emergency condition.

the desired amounts. This is due to the lack of an integrator in
the GDC method, which causes an oscillating power exchange.
In order to avoid these oscillations and stabilize the power
references during the power exchange, Awpp and AVpg
are averaged and frozen on the averaging values, i.e. Awpy
and AVSY, before exchanging the power. Fig. 6 shows the
averaging procedure after a rigorous event and its detection in
the case of Awpp. If a persistent increase in the Awpg or
AVpg compared to their thresholds occurs, the averaging is
started and the amount is fixed after the averaging interval
AT,,. The averaging interval is another design parameter
such that the larger averaging interval leads to the slower
detection, which results in the more precise averaging for small
disturbances and causes poor averaging or even instability in
the large disturbances. In fact, it is a trade-off between the
averaging accuracy and detection quickness.

The last function, considered in the logical control, is
detecting the normal condition after the event. A special
constraint to not mixed up with the emergency detection is
considered as follows

| < AwdIT
@ | < AVOST,

|[Awpr + Awp)
|AVPE + AVE

(12a)
(12b)

where, Aw%f 7 and AVﬁf T are the thresholds of the frequency
and voltage magnitude deviations for stopping the power
exchange. The normal condition can be detected by each one
of (12a) or (12b).

The thresholds should be theoretically zero and (12a) and
(12b) should be in equality form. Nevertheless, in the practical
cases, the equality conditions are hardly satisfied. Therefore,
the Aw$P!/ and AVD/S are considered less than 10% of
Aw?" and AV, 797", respectively. The compulsory constraint
before stopping the power exchange completely by opening
the CB, is decreasing the exchanging power to zero. This
condition is included in the logical controller as Ppx ~ 0
and Qgx ~ 0, which can be seen in Fig. 5. A persistence
check is included in this function.

B. Generalized Droop Control

The GDC power sharing method provides an opportunity to
exchange the active and reactive powers according to the both
frequency and voltage deviations. The benefit of GDC is more
obvious when X/R ratio of the MGs is taken into account. As
an example, one can consider an AC MG, which X/R < 1
or X/R ~ 1 for DG coupling lines. It is obvious that the
active load changes lead to larger voltage deviation than the
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Fig. 7. Relationship between different droop characteristics used in calculating
gains of the proposed GDC method including main MG droops, power
exchange MG droops and proposed GDC-based droop.

frequency deviation for the normalized variables [41]. In such
a case, only measuring the frequency is not enough because
it is stable and the critical voltage amplitude, which is not

measured will be the reason for the instability.

As mentioned, the Aw$y, and AVEY, determine the refer-
ences of the exchanged active and reactive powers. For this
purpose, the droop characteristics can be employed. As the
AC interlinking lines may have different lengths, in order
to decouple the active and reactive powers, a GDC method
is used to separate the impact of Aw%’% and AVgEE on the

P};{ and QTEe)J;, respectively. Therefore, the rotational power
references as ancillary variables [41], [42], are obtained as

re XL 0 Awdy R [AVER
Pl =2 {P - - :
Zr |1 EX % Zir % QEx
ref R Aws X AVEL
,E)j( == |:P2‘X - PE] 2 [QEX - PE} , (13)
Zrr kp kp

where, Ry, X1, and Z;, are the resistance, inductance and
impedance of the interlinking line, and P2 and QY are the
nominal active and reactive exchanged powers. k, and k, are
the coefficients of the conventional droop characteristics in the
case of power exchange i.e. Awprg—Pgrx and AVpr—QEex.
Two main points should be considered to find the coefficients:

1) The frequency and voltage magnitude of each MG should
not be exceeded due to exchanging the power. This can be
satisfied by limiting Awp®® and AVEE* to the maximum
deviations of the same Varlables from their nominal values
in both sending and receiving MGs. Fig. 7 shows the relation-
ship between the droop characteristics of the receiving MG
Wi — x5, its power exchange (y£, — 2%.), sending
MG (y3;c — 251¢), its power exchange (y3 5 — 5 5) and the
proposed GDC-based emergency controller (Aypp — Tpg).
Note that the power exchange droops are related to the VSCs
of the BTBC. Without loss of generality and in order to show
clearer graphs, MG; and MG, are considered as sending and

receiving MGs respectively and the same nominal values are
considered for both MGs. Besides, the output power (z) direc-
tion is considered in the power direction of VSC;. According
to the MG droop characteristics, the maximum y axis deviation
of the power exchange droop for each sending/receiving MG,
Ayps, is obtained as follows

yrr = (1/2)-Ayiic

where, y € [ w V ]T for x € [ P Q ]T, respectively.
Ay equals Awk,, . or AVE of MGy. This constraint

max max
limits the sender MG to send power only for situations that
there is enough power equivalent to utmost (1/2). Ay,

2) According to (9), the proposed GDC-based droop char-
acteristic is a subtraction of the power exchange droop char-

acteristics of sending and receiving MGs as

(14)

AYpp = Ypr — Y- (15)
Hence, the £, and k, are calculated according to the frequency
and voltage limitations and maximum powers of GDC-based

droop characteristics (15) as follows

omax _ wmin _ wmin _ (ymax Amax
kp — ( PE PE) ( PE PE) — PE (163.)

Pgl]%x _ (_ Pmax) P}I:'n]%x ?
Vmax me Vrmn Vmax Avmax
kq = ( max 1 (_( max) ) - max (16b)
PE PE PE

where Awpz* and Awpa* are calculated using (14), and Pp'g*
and rf;’%" are the rated active and reactive powers of the

interlinking BTBC determined as

wpp = (1/2)-25Gs;
max

where xf&, is the active/reactive power of the sender MG,
which can be recognized by the frequency/voltage deviation
sign according to (9). This constraint limits the rated BTBC;;
power between MG; and MG; as

a7)

max max

xPEZ] = (1/2)'max{xnl\}[8§w$MG]}

Finally, the main references of the active and reactive ex-
changed powers can be calculated as

(18)

Ped | _ g [ X/Zn Ru/Zu 1 PR g
Ee)f( - Z 7R[L/ZIL XIL/ZIL g&)f( 9
where, K. «RIL/ZIL)Z + (X11./Z11)?)7". Note that,

P};X and Q"L "»x are used in (4) as the power references.
Note that the surplus power of the sender MG is considered

to be provided by the ideal DC links of the DGs. Otherwise,

a low-bandwidth communication is required among the DGs

and the proposed emergency control to precisely determine

max
TrGs:

C. Coordination of BTBC Emergency Controls

The proposed emergency control for two BTBC-IMGs can
be generalized for more IMGs. A coordination is required
among connected BTBCs to each MG, in fact among all
BTBCs in IMGs. The coordination is based on the mini-
mum number of interconnecting, which means if the first
BTBC/connection compensates the power shortage, the second
BTBC/connection should be avoided. It is realized by off-line
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TABLE I. POWER AND CONTROL DATA OF THE INTERCONNECTED MGS

Value
400
780,750
1007

Parameters
RMS line-line voltage (V)
DC voltage and initial value (V)
Nominal frequency (rad/s)
DC capacitor (uF) 1200
MGs MG1 MGQ, MG3
MG Praz (KW) 3 3
MG Qmaz (KVAr) 1.5 1.5
0.5Pmaz 0.8Pmaz
Ongax 04Qmax
DGs DG, DG2 DG, DG2
DG ratings (Simaz) (KVA) 1.12 2.24 1.12 2.24
Series filter inductance (mH) 1.8 1.8 1.5 1.5
Series filter resistance (£2) 0.05 0.05 0.05 0.05
Shunt filter capacitance (uF") 3.7 7.5 5.2 10
P-f droop coefficients
(10-3rad/s.W) 1.6 0.8 1.6 0.8
Q-V droop coefficients
(1072V/VAR)

Initial load

6.5 32 6.5 32

Basic control coefficients Kp Kr

PI voltage controller for all DGs 0.05 20

PI current controller 30 500

PI DC voltage controller 5 1778
Proposed emergency control BTBCi2 BTBCi3
Emergency detection thresholds 0.63 rad/s, 13V 0.75 rad/s, 17 V
Normal detection thresholds 0.35 rad/s, 7V 0.35 rad/s, 7V
Averaging time interval (s) 0.1 0.2

adjusting for frequency and voltage thresholds of BTBCs as
well as averaging intervals as follows:

AWM < AWl < - < AWST < - < AwQT (20a)

Trn>
AV < AVER < - < AVER < -oo < AVE, (20b)
ATpy < ATy < -+ < ATy < -+ < ATRZ,  (200)

where Aw@" ., AV,O% and AT, are respectively the fre-
quency threshold, the voltage threshold and the averaging
interval of k’th priority in MG interconnecting to the crit-
ical MG. Hence, after detecting the emergency condition
by BTBCj, BTBCj; has a delay based on the threshold
difference, averaging interval difference and persistence check.
If BTBCj,; thresholds are also exceeded, it will be connected
due to a large power deficiency. Note that more reliable and
flexible coordination can be achieved using the communication
infrastructure [17], [21], which is leaved for future works.

IV. REAL-TIME SIMULATION RESULTS

In order to verify the proposed emergency power exchange
control, the presented structure in Fig. 8 is implemented in
MATLAB/SimPowerSystems. A real-time simulation is pro-
vided using OPAL-RT digital simulator OP5600 to indicate a
larger degree of practicality for the proposed controller. Fig.
9(a) shows the real-time simulation setup including a host PC,
the OPAL-RT target and a LAN cable for networking. Fig.
9(b) shows the conceptual diagram of the real-time simulation
process. RT-LAB software version 11.2.1.91 is used as the
interface between MATLAB and OPAL-RT simulator. The
MATLAB/SimPowerSystems model is loaded on the OPAL-
RT through the RT-LAB and the real-time data is come
back to the MATLAB environment conversely. Note that the
model should be at least split into two subsystems, i.e. a
subsystem including all permanent power and control parts

Fig. 8. Study structure of interconnected microgrids including three au-
tonomous microgrids and two back-to-back converters.

OPAL-RT
Target

Host PC ‘

y -
Q;rpu\;r

Matching OPAL-RT Simulator
and MATLAB Software

Load Model

Real-time
Data

Load Real-time
Model Data

MATLAB/
SimPowerSystems 'Real-time Output Waveformsi
Fowerand || Readtime Ll ______ » ) —_ |
Control | measurement | L | /_Q_ ;
parameter [ N !
Parts 4] i : ——
changing (b) ! |

Fig. 9. (a) Real-time simulation setup including the host PC, the OPAL-RT
target and a LAN cable for networking. (b) Conceptual diagram of the real-
time simulation process.

during the real-time simulation and a subsystem including real-
time displays and changeable parameters.

The details of the BTBCs shown in Fig. 8 can be seen
in Fig. 3. Each MG has two DGs with the primary control
shown in Fig. 2(b). Table I depicts the system information
including the power parts and controllers. In Scenarios A-
C, only MG; and MGs interconnected through BTBC;, are
studied, but Scenario D includes all three MGs.

A. Bidirectional Power Flow Support

In this scenario, MG; and MG;, are operated independently
at the beginning until ¢t = 1 s. MGy, is overloaded at t = 1 s
to 1.1PM&2 and 0.6QMG? and it comes back to the normal
situation at ¢ = 3 s. Another rigorous event occurs at ¢ = 5
s, which is an MG overload as 1PXG1 and 1.1QMG1. The
normal condition after the event is provided at t = 7 s.

As shown in Table I, Aw%{v = 0.63 rad/s and AVTOTN =13
V for BTBC;,, which lead to detecting the emergency con-
dition at ¢ = 1.04 s based on the process shown in Fig. 6.
Fig. 10 shows the active and reactive exchanging powers at
the side of VSCs. According to AT, = 0.1 s, the power

starts to flow at t = 1.14 s from MG; to MGs to compensate
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Fig. 10. Exchanging powers from VSCs side: (a) active, (b) reactive powers.

the MGy overload. The steady state values of exchanged
powers are Ppx = +650 W and Qrx = +308 VAr, which
shows the compensation based on the both frequency and
voltage amplitude deviations and using (13) in the proposed
emergency control. After the overload elimination in MGs at
t = 3 s, the normal condition after the event is detected at
t = 3.12 s and the emergency power exchange is stopped
completely at ¢ = 4 s by opening the CBs based on the
automatic controller command. The second event is detected
and the power is exchanged at ¢ = 5.18 s. In this emergency
situation, only AVpg exceeds its threshold and activates both
voltage and frequency averaging process based on the logical
control shown in Fig. 5. The emergency controller exchanges
Qex = 4640 W and Qgx = +290 VAr from MGy to MG .
The clearance is detected at ¢t = 7.06 s and the BTBC and
MGs are separated completely at ¢ = 7.67 s.

Figs. 11(a) and 11(b) show the frequency of the DGs and
the PCC voltage of the MGs. The frequency and voltage of
MG, are supported in [1 3] s as well as MG, frequency and
voltage are supported in [5 7] s. The transients of power flow
from MG; to MGy is larger than the transients of power flow
from MGy to MG; due to two reasons. 1) The initial DC
voltage of the BTBC;2 at t = 1 s is considered to be 750 V.
As shown in Fig. 11(c), the V. increases to the Vdr:‘f =780V
during power flow by charging DC capacitor fully. It is 779.4
V at ¢ = 5 s due to the partial discharge. The larger difference
between V. and Vdef causes larger transients. 2) In the first
case, the power flows in the opposite direction of the charging
capacitor power. However, they have same direction in the
second case, which leads to more smooth transients, lower
voltage drop and lower frequency nadir.

Fig. 12 depicts the power sharing and the power support
by the proposed emergency controller from the normal MG to
the overloaded MG. Both active and reactive power exchanges
based on the GDC method improve voltage and frequency
controls, which in turn enhance IMG power sharing.

B. Comparison Between the Proposed Emergency Control and
Multi-frequency Control

The multi-frequency control has been presented in [28]
as a primary coordination of the hierarchical control for a
community MG with both AC and DC MGs. Such a control
strategy is developed for BTBC-IMGs in [24]. In this method,

50.2 T T
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Fig. 11. Interconnected MG features during critical condition under proposed
control performance: (a) DG frequencies, (b) MG PCC voltage amplitudes,
(c) DC link voltage of BTBCqa2.
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Fig. 12. Power sharing of DGs during emergency and normal conditions: (a)
active power sharing, (b) reactive power sharing.

the frequencies of both BTBC sides are measured, and then
normalized as follows

w, —w, i

Ci _ Dt Wi 7 Wn TS 1,2 21

Wy = o i W P19 2D
wi—wl o WiswWnp =4

where wy,,, and w!. are the maximum and minimum

acceptable values of the VSC, side frequency, ¢ = 1,2. Fig.
13 shows the multi-frequency control method, where the active
power reference is obtained based on the difference of the nor-
malized frequencies and using a PI controller. In this method,
the voltage amplitude is not used in the power exchange
procedure and the reactive power reference for emergency
exchanges is zero. However, in planned power exchanges, both
active and reactive power references are provided by the global
controller.

Consider the MG» overload at ¢ = 1 s mentioned in Section
IV-A to compare the proposed emergency control and the
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Fig. 13. Active power reference generation in multi-frequency control of
interconnected MGs [24], [28].

1000 f f f
I \[\
i L
500 B e ——
o~ [ V
| 2
= r
1% 0 : —— P, Multi-frequency control [24], [28]
w U
o AV P'Ee)f< Multi-frequency control [24], [28]
-500 %;' —— P, Proposed emergency control
Pg( Proposed emergency control
-1000, - s
@ 0 05 1 15 2 25 3
50.2
f f _— fMGl Multi-frequency control [24], [28]
soql | e fMGZ Multi-frequency control [24], [28]
'\\ —— T, Proposed emergency control
~~ 3
i 50 2 N fM‘32 Proposed emergency control
—
(b) 2 25 3
T T
320 £
f 1
<
2, 300 s
Q £l
o 280 —— V, ¢, Multi-frequency control [24], [28]
> goll L e V,cc, Multi-frequency control [24], [28] ||
_— \/Pcc1 Proposed emergency control
240 Vicc, Proposed emergency control H
1 ' r T r
(b) 0 0.5 1 15 2 25 3
Time ()

Fig. 14. Comparison between the multi-frequency control in [24], [28] and
the proposed emergency control: (a) real and reference active powers, (b) MG
frequencies, and (c) MG PCC voltage amplitudes.

multi-frequency control [24], [28]. Since the multi-frequency
control has just been used for planned power exchanges, it has
no emergency detection. Therefore, a manual start at ¢ =1 s
coincided with the overload beginning is considered, which is
not valuable in the comparison. Moreover, it is assumed that
Wi = 1.005WE, wi . = 0.995w!, for i = 1,2, K%, = 160,
and K, = 796.

Fig. 14(a) shows the active power exchange, where the
proposed emergency control provides more active power for
MGs as 50 W. Note that the reactive power reference in
the multi-frequency method is zero and cannot participate
in the frequency/voltage support except in the transients.
Nevertheless, in the proposed emergency method, the reactive
power is employed to improve the overloaded MG features as
shown in Figs. 10 and 11. As Fig. 14(b) shows, the frequency
support is similar in both methods due to the similar use of
both BTBC sides frequencies. However, the voltage support of
the proposed emergency control is better due to a larger PCC
voltage Vpcoco = 298 V with respect to the PCC voltage in
the multi-frequency method (Vpcocoo = 291 V).

C. Averaging Interval Impact on the Controller Performance

In this scenario, three values are considered for the aver-
aging time interval including 0.05 s, 0.1 s and 0.2 s. The
frequency and PCC voltage of MGs are shown in Fig. 15
for same condition with Section IV-A except V.o = 780
V. Since the effect of ATy, is only on the activation of the
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Fig. 15. MG features for different values of the averaging time interval
comprising 0.05 s, 0.1 s and 0.2 s: (a) MG frequency, (b) PCC voltage.

proposed emergency control, the normal condition detection
and IMG disconnecting are not shown. The larger ATy,
which gives more time to averaging process results in a better
frequency/voltage restoration. Both Figs. 15(a) and 15(b)
indicate better restoration (steady state) for AT,, = 0.2 s.
Nevertheless, the larger ATy, causes more delay in emergency
power flow activating, which may lead to trip of protection
devices. The delay can just be seen for the voltage in Fig.
15(b). Because, the frequency does not exceed (10a) and is
not challenging for the detection.

D. DG plug-and-play

A well-known large disturbance in MGs is DG plug-and-
play, which leads to power deficiency and can be supported
by the proposed emergency controller. It is notable to mention
that the secondary control and a synchronization method are
necessary for reconnecting the DG. The distributed secondary
control and the synchronization method presented in [37] and
[43] are used here. DG, of MG is disconnected at £ = 1 s and
it is reconnected at ¢ = 3 s. The synchronization method is
activated before ¢ = 3 s and the secondary control is activated
after it. The emergency and normal conditions are detected
by the proposed controller at ¢ = 1.07 s and t = 3.07
s, respectively. Figs. 16(a)-16(d) show MGy support during
the plug-and-play. The secondary control in MG; leads to
frequency and voltage restoration as well as different power
sharing, especially in the case of reactive power.

E. Three Interconnected Microgrids

In this scenario, all three MGs are considered to validate
coordination process between individual emergency controllers
of BTBC;5 and BTBC;3. The thresholds of BTBC;5 is lesser
as shown in Table I. As shown in Fig. 17, MG; is overloaded
att = 1 s and it is quickly supported by MGs due to the lesser
thresholds and enough spinning reserve. MG; comes back to
the normal condition at ¢ = 2 s and MGy, loses the spare power
due to a local full load condition at ¢ = 3 s. Next similar
MG; overload condition at ¢ = 4 s is not supported by MG
and BTBC;5 emergency control due to lack of spare power.
However, MG3 and BTBC;3 compensate the MG overload
with a larger delay due to the larger thresholds and the larger
averaging interval. Finally, MG; comes back to the normal
condition at t = 6 s and it is detected well.
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V. CONCLUSION

In this paper, a new power exchange control method is
employed for interconnected microgrids to overcome the emer-
gency condition in the critical microgrids. In the proposed
method, the active and reactive powers are exchanged through
the back-to-back converter, based on the voltage magnitude
and/or frequency deviations of the individual microgrids. The
generalized droop method transforms the frequency and volt-
age amplitude to the active and reactive powers independently
in order to prevent interference between their sharing. The
communication challenges are eliminated by using only the
local measurements and control. Therefore, the individual mi-

crogrids can be interlinked to exchange power based on local
measurement of the back-to-back converter. The logical con-
trol provides the detection of the emergency condition and also
the normal condition after the critical situation. The proposed
emergency control is generalized for more microgrids by coor-
dinating emergency controllers of all back-to-back converters.
Real-time simulation results show the fast emergency/normal
detection and appropriate power exchange/sharing between
interconnected microgrids during the emergency condition.
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