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Double-Layered Droop Control-Based Frequency
Restoration and Seamless Reconnection of Isolated
Neighboring Microgrids for Power Sharing

Sandipan Patra™, Member, IEEE, and Malabika Basu™, Member, IEEE

Abstract—This article describes a seamless reconnection
topology for power sharing between distant rural community
microgrids (CMGs), which is based on a double-layered droop-
controlled (DLDC) frequency restoration scheme. Increased load
demand, along with the intermittent nature of renewable energy
sources, may result in a power deficit in isolated CMGs. In order
to overcome this restriction, the connection of autonomous
neighboring CMGs may be a viable alternative to intelligent
load shedding. When dealing with active power fluctuation and
setting a frequency set point becomes difficult in the absence of a
grid frequency reference, this DLDC-based approach can resolve
the issue. The DLDC adds a self-synchronized feature by parallel
shifting of the f-P slope to restore the operating frequency to
its nominal value. The difference in frequency enables to shift
the voltage axis accordingly through the change in V; and V,
reference of the terminal voltage for appropriate power sharing.
The stability of the proposed controller has been analyzed by
using a mathematical model considering communication delay in
the distributed secondary controller. Finally, the efficacy of the
proposed controller is shown via the use of unique processor-
in-the-loop (PIL) experimental findings, in which OPAL-RT
and PLECS RT boxes are used to build both the CMGs and a
TI-based F28069M microprocessor is utilized as a
controller.

Index Terms— Community microgrid (CMG), droop control,
frequency restoration, grid forming inverter, isolated microgrid.

I. INTRODUCTION

N a rural area where large grid power is not available,

the small-scale autonomous MGs can be economical to
meet the local load demand. These community-based MGs
are typically formed in a way to generate enough power to
supply the local load demand. However, due to the sporadic
nature of renewable energy sources and the uncertainty in load
demand can create an energy deficiency, which can further
generate a voltage/frequency drop in the system. To overcome
this concern, an intelligent load shedding/demand response
technique [1], [2] can be adopted. The alternative option is
to install micro storage (MS) devices such as battery energy
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storage systems (BESS), flywheels, and diesel generators [3],
but may not be economical in small-scale installation. How-
ever, a central storage device can be installed for a particular
community-based MG. In this respect, the coupling of neigh-
boring isolated community microgrids (CMGs) is technically
and economically more viable for power sharing in case of
any energy deficiency [4], [5], [6].

The CMG is usually connected with the neighboring one
through an interfacing inverter. If the CMGs are not pre-
synchronized, a significant inrush current can pose a major
hazard to the entire system. On the other hand, the CMGs
should be decoupled in order to ensure system stability in
the event of any malfunction/emergency. The development of
a smooth connection/recommission topology is thus crucial
for the efficient operation of power sharing among adjacent
CMGs.

The frequency, voltage, and phase angle of both the interface
inverters must be identical for a smooth reconnection between
contiguous CMG. Additional difficulties include maintaining
power-sharing precision and system frequency, especially for
the isolated CMGs. The most frequently utilized Q-V and
P—f droop control is used for active and reactive power
sharing between the MGs. In conventional droop control after
attaining the power-sharing accuracy, the frequency may not
necessarily maintain the nominal value. As a result, an addi-
tional control technique is required to restore the frequency
and voltage of the CMGs. Thus, a seamless reconnection
topology with a frequency restoration feature has to be devel-
oped to couple the neighboring CMGs for available power
sharing.

The seamless reconnection and frequency restoration of
isolated neighboring CMGs are a relatively new issue as all the
regulatory authorities recently started to promote the develop-
ment of renewable energy-based rural, isolated energy commu-
nities [7], [8]. However, much research [9] has been conducted
for seamless transfer of operation modes between conventional
grid and islanded microgrid. A linear integration method [10],
phase angle synchronization [11], and virtual impedance-based
(synchronverter [12], [13]) reconnection already proposed for
the seamless transfer of modes. Most of these methods are
based on phase-locked loops (PLLs), which have a built-in
restriction on how local loads may be connected. To properly
deploy these topologies, the local load must be decoupled
during pre-synchronization.
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The seamless mode transfer based on droop control was
proposed in [14]. Again, the use of PLLs, which are intrinsi-
cally nonlinear, decreases substantially the reaction time and
accuracy of power sharing. In an isolated rural microgrid
where the R/X ratio is very high (with a ratio of R/X > 5.5),
the conventional droop control interrelates a cross-coupling
between Q-V and P—f droop control, which have a drastic
effect on the power-sharing performance [15]. Convention-
ally, virtual impedance or virtual damping-based controller
[16], [17] is introduced by the researchers in order to resolve
this issue. Sometimes, this results in a significant voltage
drop from its nominal value. The voltage drop over the
high resistive rural coupling network can cause an inaccu-
rate reactive power sharing that can introduce a circulating
current among the coupled MGs [18]. In order to improve
the active power-sharing performance of the droop controller
in a highly resistive networked microgrid, a very high droop
gain is required, which leads to a significant frequency/voltage
drop in the system [19]. However, frequency management
is crucial for smooth reconnection in inertialess isolated
microgrids. Eventually, a secondary controller is introduced
by the microgrid central controller (MGCC) to restore the
frequency to its nominal value. All the recently proposed
frequency restoration methods can be divided into three main
categories—centralized, decentralized, and consensus control
topologies [20], [21], [22], [23]. The communication channel-
based secondary controller usually suffers from a single-
point-of-failure, and the extra computational burden (due to
massive data handling) can lead to poor dynamic perfor-
mance [24]. Adaptive droop controller [25], virtual impedance-
based adaptive droop controller [26], and optimized adaptive
droop controller [27] can provide an accurate active power-
sharing performance, faster dynamic response, and a signifi-
cant stability margin to the system. However, the performance
deviates in the presence of low impedance network and with
critical loads (such as constant power loads). It is difficult to
choose the suitable coefficient for the integral-derivative term
and droop filter gain, which imposes power quality problems
to the system. The signal injection-based frequency/voltage
restoration method [16], [28] has been recently introduced
by the researchers, which estimates the MG frequency/voltage
based on the injected signal. If the estimated voltage/frequency
deviates from its nominal value, then the MGCC adjusts the
droop gain, in order to restore the nominal value. Due to the
insertion of a signal, these techniques may result in poor power
quality in the system.

Most of the proposed control methods as discussed above
for frequency regulation/restoration are for a single unit of
the microgeneration system. These researchers are mainly
focused on the negative effect of low inertia on inade-
quate dynamic response following significant disturbances
when the transient frequency dip can become unacceptable.
Eventually, the f—P droop loop regulates the phase angle
and generates the control signal via an integral controller
for the other control blocks. Thus, a restoration in fre-
quency is theoretically conflicting the idea of active power
sharing as the active power production is sensitive to the
phase angle. This distinguishable phenomenon of frequency
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restoration can bring a significant inaccuracy in active power
sharing.

In order to maintain the stability and frequency of the
system, there should be sufficient active power to execute the
frequency restoration controller. The load frequency control in
a photovoltaic (PV) generation-based inertialess system can
be achieved by sharing the active power with neighboring
CMGs. The development of a control approach for smooth
reconnection of neighboring CMGs without sacrificing the
precision of power sharing and system frequency would be
very beneficial.

This article proposes a methodology for seamless reconnec-
tion between neighboring CMGs using self-synchronization
control based on a double-layered droop-controlled (DLDC)
approach. The suggested method restores the system’s fre-
quency to its nominal value while also precisely sharing the
available power. In this perspective, the main contribution of
this research is abridged as follows.

1) The DLDC is designed by adding a self-synchronized
feature to enable parallel shifting of the f—P slope to
restore the operating frequency to its nominal value. The
difference in frequency (Aw) will then shift the voltage
axis appropriately through the change in V; and V,
reference of the terminal voltage for appropriate power
sharing.

2) A seamless reconnection of neighboring isolated CMGs
is proposed in order to support each other, in the case
of any power contingency. Both the CMGs are able to
support the local loads as well as the neighboring CMG
loads. The seamless reconnection feature of the isolated
CMG:s is the distinctive feature of this article.

3) A unique processor in the loop (PIL) hardware model
has been developed in order to verify the accuracy of
the proposed controller. OPAL-RT and PLECS hardware
simulator has been used to design the power circuit,
and the controller is designed on the TI-based F28069M
microprocessor.

The rest of this article is organized as follows. Section II
describes the detailed control feature of the developed sys-
tem. Sections III and IV illustrate the mathematical model
and stability analysis of the proposed controller, respectively.
Section V discusses the complete working principle of the
proposed system, and Sections VI and VII show the efficacy
of the proposed controller with the help of simulated and real-
time experimental results.

II. DESIGN OF THE PROPOSED CONTROLLER

In this section, the complete design of the proposed
controller has been presented, which will be used in the
subsequent system development. Fig. 1 shows a generalized
schematic representation for two adjacent, isolated CMGs.
Both CMGs are presumed to be PV-based MGs, with BESS
serving as a backup power source in each of the two CMGs.
Each of the CMGs has its own set of local loads to manage.
In the subsequent section, the properties of the primary voltage
and current control have been analyzed, and furthermore, the
distributed secondary control objectives have been proposed
to achieve the purposes.
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Fig. 2. Proposed improved DLDC.

A. Control Objectives

The state of the art of the proposed research area indicates
that the frequency of any isolated microgrid primary controller
with the droop function will deviate from its nominal value
as long as the total nominal power output is different from
the consumption of real power. Furthermore, to connect the
isolated neighboring CMGs, a proper connection and dis-
connection topology has to be designed. Thus, a secondary
controller is required to restore the frequency and achieve
a seamless connection/disconnection. In order to summarize
this, the control objectives of this research article are given as
follows-

1) Restore the frequency to its nominal value, i.e.,

lim w;(t) =wy Vi eN (D
—00
Also, to ensure the real power-sharing accuracy, i.e.,

Pyvci  kei
kwk

Vi, ke N 2)
Py
where k,; and k. are the active power droop gain of
the i and k™ CMG inverter, respectively. This value can
be chosen according to the distributed generator (DG)
rating [29]. In primary control, the frequency droop gain
is usually chosen as the inverse proportion of power
rating.
2) Design a seamless connection/disconnection between the
isolated CMGs.
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B. Distributed Secondary Controller Design

A distributed secondary controller has been proposed in
this research work. The proposed secondary controller restores
the system frequency to its nominal value and helps for
the seamless reconnection of the CMGs and the available
active power sharing. The secondary controller generates
the frequency and voltage control inputs for the primary
controller.

1) Frequency Restoration and Power Sharing: The main
focus of this part of the secondary control is to restore the
frequency to its nominal value and to improve the active
power-sharing accuracy. The conventional frequency droop
control (f—P), as shown in (3), is a very well-known and
established technique for power sharing. A disadvantage of
this technique is the nominal value of frequency and voltage
changes if output active and reactive power is a deviation
from its nominal value (Pp). If the ratio of active/reactive
power varies, the voltage and frequency fluctuate, which can
cause improper power sharing between CMGs. This is the
most important tradeoff between transient responsiveness and
stability: deciding how much gain to use [29].

In order to solve this problem, improved droop control is
proposed, as shown in Fig. 2(a). The deviation of active power
from its nominal value can be compensated on its own by
shifting the f—P droop line to restore the system frequency.
By shifting this, the system frequency can be controlled
to its rated value individually in each CMG. To eliminate
the frequency deviation, a correction factor is added to the
frequency droop equation in terms of a time-varying filter of
the frequency error (Aw).

Fig. 2(a) shows the droop control frequency restoration
example of the participating inverter of the CMG. Initially,
when the inverter operates in the standalone mode, point A,
with frequency wp, provides the active power P;. Due to
the change of any load demand, the frequency drifts to w,
(point B). At that moment, the power supplied by the inverter
is P,. After activating the frequency restoration control, the
frequency droop gain is adjusted (to the C point) such that
the system frequency returns to its nominal value, preserving
the inverter’s power output. The same topology is adopted
for both the synchronizing isolated inverter of the CMGs.
This frequency restoration feature eventually reduces the phase
angle error between the participating inverters. This acts as
a natural “presynchronization” step, without requiring any
additional control action for that. The droop line may be
changed to point D once the seamless coupling controller
is engaged to achieve precise power sharing as per common
demand.

In conventional droop control for the i inverter

For f—P Droop Control:

Wy — Wy = _kw(Pn - Po) (3)
O — o = —ky AP = Aw = —k, AP (4)

where k,, is the f—P droop coefficient, and when the active
power is P,, the frequency is w,.
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Furthermore, the instantaneous power of the im" CMG
inverter (P;) can be calculated as

e

i = —S T o, (Voidloid + Voiqloiq) Q)
or can be written as
@c
P, = P; 6
. (s) (6)

where s is the Laplace operator, P;(s) is the instantaneous
value of the CMGs power, and w, is the cutoff frequency for
the power calculation filter. Voig, Voig, loid, and loq are the
d- and g-axis components of the i" inverter output voltage
and current, respectively.

In order to restore the frequency (wp;), a corrective
term (Aw) has to be added with the differed value. To repre-
sent this mathematically

where
Aw = —ky, AP, = —koyVoia A Loia (®)

For the control requirement, in order to maintain the unity
power factor, as the I,;q reference is zero, the change in active
power (A P;) could be represented as the change in the d-axis
component of the current (A lyq), if the Vg is kept constant,
which is the case in the present scenario.

Now, assuming K, = —k, Vo so that

Aw = K,(t)Alyq )
Finally,
wo1 = @, + KpAlog (10)

Furthermore, in the Laplace domain, (4) and (7) can be
written as
¢

AP;i(s) + Aw (11)

wo1(s) = wo(s) — kws

Equation (11) can be written as

K,

(o(s) — wo1(5))
(12)

W,
= 00(s) — ky—r—P,
w1 (s) = wo(s) ST (s) + St

where w; is the additional filter cutoff frequency and K, is
its time-varying gain. It is interesting to further expand the
following equation:

o1 (s) = wo(s) — ky(s) )

where k,(s) = ko(s + ;) /(s + (1 + Kg)wy)

Hence, the proposed droop control is a modified version
of the traditional droop control. The performance of the
proposed controller is dependent on the time-varying gain
K,, which is further dependent on the d-axis component of
the terminal voltage. The phase angle adjustment through
the self-restoration features of the participating inverters is
described graphically in Fig. 2(b). The idea is to restore the
frequency to its nominal value in order to correct the phase
discrepancy. The frequency restoration process, as described
in Fig. 2(a) and in the above section, helps both the isolated

P Pi(s) (13)
S
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inverters to operate closely to the nominal frequency. After
achieving the synchronization, Aw should be equal to zero,
and at that moment, the g-axis component (V,q) also becomes
zero. In this way, phase synchronization is accomplished
by restoring the system’s frequency to its nominal value.
The simplified structure of the proposed controller has been
presented in Fig. 3.

C. Control Topology for Seamless (De)Coupling of
Neighboring CMGs

The previous section discusses how the restoration of sys-
tem frequency eventually helps to self-synchronize the CMG
inverters. CMGs will be used in one of the two ways to
conduct this study: either independently (meeting just its own
load requirement) or linked with other CMGs. In the case
of operating in standalone mode, the proposed control layout
(as shown in Fig. 3) defines the operating frequency and
voltage as per the nominal value of the set points. However,
in interconnection mode, a secondary control architecture is
required for power management and protection. The proposed
secondary control layout for the voltage and frequency set
point calculation is presented in Fig. 4. For a smooth transition
between standalone mode and interconnected mode, a con-
nection and disconnection strategy is presented as depicted in
Fig. 5. This secondary control scheme produces the neces-
sary frequency and voltage deviation for a smooth transition
between standalone mode and interconnected mode. These
voltage and frequency deviations for coupling and decoupling
(Veop and feop for coupling and Vgee and fyee for decoupling)
contribute to defining the new set points of the primary
controller’s voltage and frequency.

As the CMGs are also capable of working in standalone
modes, the voltage and frequency set points should be defined
by the local controllers. Fig. 4 shows the final set point
calculation for each CMG. When the enable signals are high
in the coupling and decoupling controller, the frequency and
voltage deviation are produced and are added up with the
nominal value of voltage and frequency to define the final
set point value of the primary controller.

1) Coupling Controller: The foremost function of the cou-
pling controller is to ensure a smooth transition between
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standalone mode and interconnected mode without affecting
the performance of each individual CMG. In the standalone
mode, the voltage and the frequency set points are governed
by the proposed self-synchronized controller, and for the
interconnection, the parameters of both the CMGs must be
adapted to match all the values before the actual closure of
the contactor switch. Fig. 5 shows a synchronization concept
that is used to eliminate any aberrant transient behavior and
transition instability. The difference in voltage magnitude,
frequency, and phase of the voltage of two microgrids is
reduced to the very low limit for the seamless transition
of modes. The magnitude of the error value is reduced by
designing a suitable proportional—integral (PI) controller.

As shown in Fig. 5(a), the coupling controller consists of
a voltage error and frequency error controller. Coupling of
two systems with a large voltage magnitude difference can
cause a voltage drop in a coupled system. In order to match
the voltage of two CMG, the voltage difference between the
two microgrids is fed to the PI controller. The PI controller
attempts to minimize this error by bringing the voltages of
the two systems as near as feasible. The selected signal is
passed through a first-order filter to generate the final voltage
deviation, Viop. Similarly, the frequency error signal of both
the CMG is passed through a PI controller to minimize the
error, and finally, f.op is generated to create the final frequency
deviation. Another criterion for coupling is to reduce the
phase angle difference. The integral of frequency difference
over time produces the relative phase angle. Thus, practically
minimizing the frequency deviation actually minimizes the
phase error as well.

2) Decoupling Controller: The decoupling controller guar-
antees a smooth and flawless transition from interconnected
mode to standalone mode and also ensures that the accompa-
nying disturbances in the standalone system are minimal. The
standalone CMG systems also have some limitations, e.g., they
cannot be overloaded for an indefinitely long time, and if the
local load demand increases beyond the capacity of the cou-
pled system, then it is advised to bring back the coupled CMG
to the standalone mode for individual load shedding purposes.

Fig. 5(b) shows the layout of the decoupling controller.
The active power and reactive power at the coupling point
are measured and compared with zero, and the error signal
is passed through a PI controller to generate the voltage and
frequency deviation Vge. and fyec.

3) Connection/Disconnection Criteria: Once all the error
signals are within acceptable limits for a minimum period
of ten cycles (~0.2 s), the associated enable signal is trig-
gered, and seamless coupling of neighboring microgrids is

6235

Connecting Switch Controller

[Verr <4V ——
Vorr| < 0.15H7 —»
160 < 5°

Connection criteria
—_—

Enable Signal
|Per|< 0.001 pu.—> nable Signa

Dis-connection criteria
|Qerr|< 0.001 pri.—»-

|Pasci+Pucal< 24 kW—w

Fig. 6. Connection and disconnection criteria.

Fig. 7. Equivalent circuit and power flow of coupled CMG.

established. Similarly, the controller is prepared for the system
disconnection when Pe; and Q. fall below 0.001 p.u. and
the power of CMGI1 and CMG?2 exceeds their rated values.
Fig. 6 shows the connection and disconnection criteria for the
coupling and decoupling controller.

III. MATHEMATICAL MODEL OF THE
PROPOSED CONTROLLER

In this section, the mathematical modeling and the sta-
bility analysis of the proposed system have been discussed.
Fig. 7 shows the simplified structure of interconnected stand-
alone CMG. The equivalent circuit diagram consists of two
voltage sources, LC filter, rural network, and loads. The
simplified controller structure with voltage and current control
loop, droop control, and double-layered frequency restoration
control is depicted in Fig. 3. In this section, the mathematical
model of each individual component of the control structure
is developed. The active power control between the CMGs is
generally achieved by changing the phase angle between the
CMG inverters. This is usually accomplished by using droop
control where the frequency is regulated by using the droop
equation as follows:

w] = W —kwAP (14)

where k,, is the droop gain, w; is the output frequency of the
CMGl1, wy is the nominal frequency, and AP is the power
supplied from CMG1 to CMG?2 (or vice versa). The phase
angle difference is modified according to the function of power
supplies to another CMG. The phase angle difference between
the CMGs can be defined as follows:

AS; = /(w, — a)j)dt

In (15), w; and w; are the final output frequency of CMGlI
and CMG2, respectively.

In the coupled system (they will be adopted to a common
frequency) in case of any load change, the output frequency
will change and will settle down in a steady-state frequency.
The settled steady-state frequency is most likely to differ from

15)
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the nominal value wg. In order to restore the frequency, a
restoration technique (DLDC) has been proposed.

The required amount of frequency component (let us say,
Aw) to restore the frequency is determined by the d-axis
component of the output voltage (as derived in Section II-B).
The frequency of coupled system after restoration will be

w1 = 01 + Aw (16)

Each interfacing inverter of the CMGs has a voltage and
current control loop implemented in the d—¢g coordinates. The
internal voltage control loop generates the d-and g-axis current
references for the current controller. As both the current and
the voltage control loop operate in the d—¢ coordinates, a PI
controller is implemented. The electrical phase angle 6y is
generated by integrating the output frequency of the coupled
system

G = /(C()l + Aa))dt = /a)()]dl (17)

Fig. 8 shows a complete architecture of the control topology
implemented for each inverter in CMG.

The state equations of the primary voltage and current
controllers are already available in different literature [30],
[31], [32]. In the following sections, a detailed analysis of all
the controllers is presented.

As stated earlier, the proposed controllers are designed in
the d—q reference frame, so

Ior = loie + jloip (18)
Tore ™% = Ioig + jloy, (19)
Iy = (Ioia + jlIorg) e’ (20)

The transformation of a—f frame to d—¢ frame is shown in
the previous equation, where 6y is obtained from (17).

The state-space equations of each inverter output current,
filtered voltage, and load current are shown as follows.

Ry
Alinvia = @01 Alinyig + Ao finyig — LLAIinvld
71

Avinyia  Avoia 21
Alinyiq = —@o1 AlLinyia — Awor Linyia — L—flAIinvlq
ADinvlq . % (22)
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. R1 0adi Avpiq
ALpig = 0o Alpg + AworIpy — ——— Al +
L1 oad1 Loadl
(23)
. Loadl Avgy
ALy = —wo1 Alpig — Awogr g — o Al + 1
Loadl Loadl
(24)
. Al Al
Avg1g = wo1 Avgrg + Aworvorg + vld 20l (25)
Cri Cri
. A Linyi Al
Adgry = =01 Avora — Awoivgrd + ——r — ——=  (26)
Cri Cri

The transmission line dynamics are shown in the following
state-space equations:

. Rl
Alyg = wo1 Alpig + Aworlorg — L—Alow

1 1 V02d Rl
+—+ Avolg ——+ | — —
(Ll LLoad) L, L,

R
Load) A Ile
LLoad

. )
Alyg = —wo1 Alpia — Aworlorg — L—Al(nq

!
1 1 D02g R Rioad

+— + Al)ol -4t — A1L1

(Lz LLoad) L L;  Lyioa 1

(28)

The power calculation and droop equations are presented as
follows:

(29)
(30)

P = 0914 - lo1a + vo14 - loig

Q = vo1g - lora — vo14 - lo1g

The power equations after filter can be written as the
following, where w, is the filter cutoff frequency:

%

Py = Sto (vo1a - Tora + voig - Toig) (31
o

0 = St o (votg - Tora — vod - Torg) (32)

w; = Wy — kwAP (33)

v =vo—k,AQ (34)

The mathematical derivation for the double-layered droop
controller can be retrieved from (7) to (13).

Considering all the above equations, the state matrix of a
CMG will be

X1 =[Ado1 APy AQy Alpiaq Alinviag AVoraq Morggl”  (35)

Similarly, all the equations for another CMG can be
obtained and the state-space matrix can be written as

Xo=[Adp APy AQ> Alprgq Alinadq AVindq Alonggl”  (36)

Finally, the state-space matrix for coupled CMG can be
written as

x =[x xI] (37)

A fixed communication delay for exchanging information
among the DGs and primary and secondary controllers has
been considered. The linear distributed control law for voltage
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and frequency control with delay has been shown in the
following:

Awy = —cy % L *a)(),'(t — td)
+c1 % G * (I % wpep — o) — 2% Lk ko Pi(t — 1g)
AVy = —c3x L % V()i(t — ld)
+c3% G * (1 * Vref — V(),') —ca*% Lxk,Q;(t —ty)

] (38)

] (39)

where L and G are the Laplacian matrix and gain matrix of the
system, respectively; ¢y, ¢2, ¢3, and ¢4 are the control gains;
and #; is the communication delay. The calculated delayed
active power can be represented as

Pi(t —tq) = Voia(t —ta)ivia(t —ta)+ Voig (t —ta)ioig (t —14)
(40)

0i(t —tg) = —Voia(t —tq)ioiqg(t —ta) + Voig (t —ta)ivia (t —1a)
(41)

The state equations of the delayed secondary controllers are
given as follows:

[Admail = ApalAX: ()] + BpalAXi(t — t2)] + Cpo Aoyt
(42)

[AVmci] = Api[AXi(D] 4+ Bpi[AXi(t — ta)] + Cp; AVies
(43)

where Apq, Bpa, Cpa, Ap;, Bp,, and Cp; are the system
coefficient matrix.

IV. STABILITY ANALYSIS THROUGH EIGENVALUES

The eigenvalues shown in Table I are mainly sensitive to
droop controller parameters, load demand, transmission line
parameters, and gains of state feedback controllers. The dom-
inant eigenvalues with the variation of different parameters are
analyzed in detail in the following section.

TABLE I
SYSTEM EIGENVALUES

Real Img. Damping Ratio
-870.913 +180.29 100
-503.287 +1.09%10e4 11.46
-293.616 +1.13*10e4 26.19
-296.768 +39.46 86.31
-101.544 +24.83 51.46
-102.129 +6.894 57.16
-49.725 0 98.9
-880.21 +201.59 99.98
-506.964 +1.171*10e4 25.48
-291.569 +1.276*10e4 27.4
-295.619 +37.49 87.5
-106.583 +33.73 58.6
-104.237 +7.547 60.4

-50.59 0 99.5

The coupled system is linearized around an operating point
and all the eigenvalues are shown in Table I. The correspond-
ing damping ratio is also calculated. All the eigenvalues can be
divided into two groups—well-damped eigenvalues and poten-
tially problematic eigenvalues. The eigenvalues with damping
ratios less than 30% are considered as problematic eigenvalues,
as these are not damped quickly. The oscillations created due
to these values eventually affect the system performance. The
consequences due to these oscillations can result in loss of
efficiency, control system instability, and mainly wear and tear
on equipment. Oscillations in output voltage and current can
create harmonics and affect the power quality. The proposed
secondary controller with a fixed communication delay has
less number of problematic eigenvalues and maintains the sys-
tem stability. In order to further improve the system stability,
a predictive/robust controller design is required, as has been
duly acknowledged in the scope of extension of the work in
future.
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TABLE 11
CMG PARAMETERS

System Parameters
Dc Link Capacitor 2000 pF
Filter Inductor (L1) 8.5 mH
Filter Capacitor 30 uF
Power Rating for CMG1 Inverter 10 kW
Power Rating for CMG2 Inverter | 10 kW
BESS Capacity in CMG1 5kWh
BESS Capacity in CMG 2 5kWh
Frequency drooping gain 0.05 rad/s/W
Voltage drooping gain 0.01 V/Var

V. WORKING PRINCIPLE

The integration technique of the proposed DLDC with the
coupling and decoupling controller is presented in Fig. 9.
In order to make it compact, the detailed control topology of
CMGTH participating inverter control is only shown in Fig. 9,
whereas the participating inverter of the CMG2 adopts the
same control topology. The set points of voltage and frequency
from the secondary controller are given to the primary voltage
and current controller of the interfacing inverter. In the case
of standalone mode, both the CMGs operate on its own and
deliver the power to the local load, but in the interconnected
mode, both the microgrids deliver the total load connected to
it, and the power is shared according to the droop controller.

VI. SIMULATION STUDIES

The proposed control strategies for frequency restoration
and seamless (de)coupling between the neighboring CMGs,
as described in the previous sections, are assessed and verified
in this section. To prove the efficacy of the proposed con-
trollers, the scaled-down prototype of the two PV-based single-
phase CMGs is developed, and five different case studies are
considered. In each CMG, the PV systems are connected
to the interfacing inverter through a dc/dc boost converter.
Furthermore, the CMG inverter is interfaced to the local load
through an LC filter, as shown in Fig. 9. Different case studies,
such as seamless coupling, decoupling, and reconnection again
after the decoupling, have been showcased to demonstrate
the proposed controller’s efficacy. In real time, any of the
modes will be activated and act as per the requirement. The
transition from one to another will be determined according to
the proposed control topology. All the system parameters in
normal operating condition in standalone mode are shown in
Table II. MATLAB SimPowerSystem is used to develop the
detailed model of the CMGs.

A. Normal Operation With Frequency Restoration

In this case study, two distinct scenarios were investigated
to demonstrate the effectiveness of the proposed modified
double-layered droop controller. In the first one, both the
microgrids are connected with 4-kW load individually. At the
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simulation time instant 1 s, both the loads are increased to
5 kW, and the effectiveness of the proposed controller is
analyzed. The voltage and current profile of the CMGI is
shown in Fig. 10. It can be observed that both voltage and
current are in phase and voltage amplitude remains stable
after load change. In the second situation, both the CMGs are
connected to 7-kW loads, and at the simulation time instant
1 s, both the loads are increased to 11 kW. Fig. 11 shows
the power and frequency profile of the CMG2. A comparison
is shown in the frequency profile with the proposed DLDC
and conventional droop control. According to the simulation
results, the frequency profile of the suggested droop control is
considerably smoother and more stable than that of traditional
droop control. The frequency profile with conventional droop
control is oscillating in nature during any transient; however,
both the frequencies are within the acceptable limit.

B. Seamless Interconnection of Microgrids

As discussed in Section III, a control topology is developed
to demonstrate a smooth, seamless transition from standalone
mode to interconnected mode. When the enable signal of the
coupling controller is triggered, the controller generates the
required frequency and voltage deviation for the seamless
transition, which contributes to defining the final voltage
and frequency set point values of the CMG inverters. After
checking the required connection criteria, as shown in Fig. 6,
the breaker connecting to the network and both the CMGs
come to coupled condition.
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To check the efficiency of the proposed controller, both the
CMGs are connected to the 6-kW load, and at the simulation
time 1 s, the coupling controller enable signal is triggered.
As shown in Fig. 12, both the CMGs are delivering 6-kW load
demand, and they have their own different frequency profile,
but after getting coupled at 1 s, both have the same frequency
profile. As we can see from the frequency profile, the coupled
system takes only 0.05 s to stabilize without affecting the local
load demand requirement of the individual CMG.

C. Power-Sharing Performance in an Interconnected Mode

This case study illustrates the power-sharing performance
of the proposed controller after interconnecting the CMGs.
In order to demonstrate that, the CMG]1 is connected to the
8-kW load, and CMG2 is connected to the 6-kW load. They
are supplying their own load demand up to 1 s of the
simulation time. At this time, the enable signal of the coupling
controller is triggered. After coupling, both the CMGs share
the total load demand, and as a result, both the CMGs
contribute 7 kW each (as the total load demand is 14 kW)
to the total load demand. The power-sharing performance of
the CMGs is shown in Fig. 13. It is also worth noting that the
seamless coupling is accomplished without compromising the
proposed controller’s power-sharing capabilities.

D. Seamless Decoupling of the CMGs

The main objective of the decoupling controller is a
seamless transfer of coupled CMGs to a standalone CMG

14
Time (sec)

Fig. 15. Reconnection of CMGs after decoupling.

without affecting the system stability. In this case study,
initially, both the CMGs have a 12-kW load demand. In this
condition, another 2-kW load demand is increased in CMG1
then; according to the control architecture provided in Fig. 6,
the decoupling controller triggered automatically. As soon as
all of the conditions for disconnecting have been met, the
breaker is activated, and both CMGs are isolated. As shown
in Fig. 14, both the CMGs are supplying 24-kW load demand
initially, and at 1-s simulation time when the CMGI1 load
demand is increased by 2 kW, the disconnection controller
operates; without affecting the system stability, a seamless
disconnection occurs. The system frequency was maintained
after the disconnection and the CMGs are supplying the local
load demand individually.

E. Reconnection After Decoupling

In this case study, a reconnection is attempted immediately
after a disconnection occurs, to check the efficacy of all the
proposed controllers. Like the previous case study initially, the
load demand of both the CMGs is 12 kW, and at the simulation
time 1 s, 2-kW load demand in CMG1 is increased. In this
situation, the decoupling controller operates and decouples the
CMGs. Immediately after that, at simulation time 1.5 s, the
excess 2-kW load demand is reduced, and again, the coupling
controller enable signal is triggered and the seamless coupling
is achieved in 0.03 s. As shown in Fig. 15, throughout the
simulation, the frequency remains in the allowable range,
which enables a seamless reconnection again.
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VII. EXPERIMENTAL VALIDATION

To demonstrate the efficacy of the proposed controllers,
a unique laboratory prototype is developed. In the developed
PIL hardware design, PLECS RT box and OPAL-RT along
with the Texas Instrument-based F28069M microcontroller is
utilized. In PIL applications, the power stage of CMGI is
emulated in the PLECS RT box, and the power stage of breaker
with CMG2 is implemented in the OPAL-RT simulator. The
digital signal processor F28069M connected to the PLECS
RT box with breakout board is used to design the proposed
controllers of the system. Due to page constraints, only critical
case studies have been shown in this section.

A. Normal Operation With Frequency Restoration

The processor in loop experimental result, as shown in
Fig. 16, provides a normal operating condition of isolated
CMGs, where both the CMGs are supplying their individual
loads. In this scenario, CMG1 and CMG?2 are supplying 38 A
(~12.5 kW) and 23 A (~8 kW) of load current individually,
while the frequency is maintained within the acceptable limit.
Now, in order to restore the frequency, the frequency restora-
tion controller is triggered. As captured in Fig. 16, shown in
the zoomed frequency plot, the frequency is restored to its
nominal value. It can be also observed that the frequency is
restored, while the converter continues to supply the same load
demand. Thus, the experimental results provide a satisfactory
test of frequency restoration controller.

B. Seamless Coupling of CMGs and Power-Sharing
Performance

In this case study, the desired load demand is first supplied
by both CMGs individually before the coupling controller
is activated. As shown in Fig. 17, both the CMGs are
coupled seamlessly, without creating any sudden transient in
the voltage/current profile. As can be seen, the frequency
is likewise kept within tolerable bounds. These results also
demonstrate how well droop controller performs in a power-
sharing scenario. Once the CMGs are coupled, it is clear that
the entire load current is split evenly between them. This case
study provides satisfactory testing of the proposed seamless
coupling and droop controller.
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C. Seamless Decoupling of CMGs

The decoupling controller’s effectiveness was tested in this
case study using a similar strategy. When both CMGs are
first linked, the entire load demand is split evenly between
them. When the decoupling controller is activated, the CMGs
decouple and provide each CMG load requirement separately.
Fig. 18 shows that the decoupling is smooth and that the
system stability is maintained without causing any abrupt
transients in the voltage/current profile. It can also be observed
that seamless decoupling is achieved in one switching
cycle.



PATRA AND BASU: DOUBLE-LAYERED DROOP CONTROL-BASED FREQUENCY RESTORATION AND SEAMLESS RECONNECTION

D. Reconnection After Decoupling

After decoupling, reconnection is sought and successfully
accomplished in this case study. The system experiences a
seamless transition from standalone to linked mode. The
zoomed plot, as shown in Fig. 19, proves the efficacy of
the proposed controller. Besides, it is worth underlining that
both the coupling and decoupling controller response in
one switching cycle, i.e., in 0.02 s which is according to
the IEEE standard 1547.4-2011 and IEEE 1547.2-2008 for
reconnection.

VIII. CONCLUSION AND SCOPE OF FUTURE WORK

This article proposes an improvement in droop control to
restore the system frequency to its nominal value, allowing
the CMG to self-synchronize with the adjacent one. The
extra layer in the proposed droop control uses the d-axis
component of the terminal voltage to maintain the system
frequency and voltage for seamless reconnection. The results
of a MATLAB-based simulation and a PIL-based real-time
implementation for a number of potential distinct case studies
demonstrate successful implementation of the seamless recon-
nection of CMGs without compromising the power-sharing
accuracy. The major contributions of this article are given as

follows.
1) The successful implementation of double-layered

self-synchronized droop control, which helps to
keep the system frequency close to the nominal
value.

2) A mathematical model of the proposed controller con-
sidering the communication delay in the distributed
secondary controller is presented and the system stability
is also analyzed.

3) Different transient conditions, such as load change, cou-
pling to other CMG, and decoupling are considered, and
the efficiency of the proposed controller is successfully
tested.

4) A seamless coupling and decoupling controller accord-
ing to the IEEE standard 1547.4-2011 and IEEE
1547.2-2008 is also effectively implemented in this
article.

5) The power-sharing accuracy of the proposed droop
control is not compromised during any transient

situation.
However, in order to restore the frequency, both the present

and past frequency control inputs should be equal. Thus,
the proposed controller indeed requires the previous values
as a reference to execute the controller properly. A robust
estimation-based predictive controller can solve this issue
and improve the steady-state performance. The design of the
robust predictive droop controller is considered in the scope
of the future work of this current research work. However, the
performance of the proposed controller is also IEEE standard
2030.7 and 2030.8 compliant.
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