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ABSTRACT

In stand-alone operation, microgrids are susceptible to potential shortages in generation capacity, requiring a
consideration of all technically feasible opportunities to conserve energy in order to keep the islanded grid
operational for as long as possible. In this sense, the network autonomy capacity must be considered in the
islanded microgrid frequency control formulation, alongside the traditional concern related to the accom-
plishment of the dynamic frequency regulation requirements. This paper proposes a new outlook for secondary
frequency regulation in islanded microgrids denoted as conservation frequency reduction (CFR). The proposed
approach exploits the frequency dependency characteristics of microgrids by intentionally reducing the re-
ference setpoint of the islanded network frequency in a controllable way in order to decrease the network’s
demand and improve the autonomy duration of islanded microgrids, i.e., availability to supply demand in is-
landed mode; while ensuring the system operation within permissible limits. The results indicate that the pro-
posed approach is able to significantly enhance islanded microgrids autonomy capacity while guaranteeing its

frequency of operation within satisfactory dynamic and steady-state limits.

1. Introduction

The continuous expansion of distributed energy resources (DERs)
and the increasing interest in the improvement of power system relia-
bility have significantly promoted the development of microgrids.
Microgrids are defined as electric regions comprising a group of loads
and DERs with well-defined electric boundaries having local controll-
ability and capable of operating connected to the main grid and/or in
stand-alone mode (i.e., islanded) [1,2]. These regions are able of sig-
nificantly improving the system’s reliability, locally performing controls
previously held at the transmission level during abnormal circum-
stances such as failures in the main grid, scheduled maintenance and
other unpredicted events that could otherwise lead to the interruption
of the supply [1,4]. In these environments frequency regulation mea-
sures are required during dynamic and steady-state operating condi-
tions including fluctuations in load, variations of uncontrolled renew-
able generation, unpredicted events, etc. [3]. For this, additional
consideration to the traditional methods employed at transmission level
are necessary due to the particular characteristics of the islanded mi-
crogrids, especially the reduced availability of generating resources.
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The initial efforts providing the definition of microgrids frequency
control were proposed in [3]. This work establishes the hierarchical
division of microgrids frequency regulation in three levels: primary
regulation responsible for fast stabilizing control actions; secondary
regulation in charge of returning the system to steady-state reference
level of operation; and tertiary control seeking the economic dispatch of
DERs. For primary regulation, there is a general consensus in the lit-
erature about the use of droop control as it only uses local feedback
signals and does not require any communication network [4]. For
secondary frequency regulation, several methods have been proposed
in the literature to tackle additional characteristics relevant to islanded
microgrids frequency regulation, [5,9,12,13]. In [5] a formal con-
ceptualization of centralized and distributed secondary control strate-
gies considering the traditional AGC perspective is proposed for stand-
alone microgrids operation. New techniques seeking to ensure precise
active/reactive power sharing among microgrids DERs are developed in
[6,7]. These works respectively developed a consensus-based frequency
regulation and adaptive virtual impedance. With the aim to the improve
of frequency control realization time, a finite-time observer is proposed
in [8] to estimate the overall information necessary for secondary
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Nomenclature

H inertia constant

AP; generation contribution

AP, variations in the system demand

D damping coefficient

w(@®) (w®) operating (setpoint) (reference value) frequency

I DER governor control

iy DER droop constant

T () governor time constant

Gr set of DERs

7 harnessing factor

Aw(Aw) maximum admissible frequency variation upper (lower)
boundary

t® system stabilization time

Aw, (Aw,)primary (CFR-AGC) frequency deviation
Pn«, (Py) active power contribution by the proposed CFR-AGC
(traditional secondary controllers)

proportional  (integral) secondary

kp (k) controller PI

compensator

uf (uf) frequency (active power) control inputs
ul® )(u,f”a))(u;‘jf >) proposed controller proportional (integral)
parcel
k,(kg)  reconnection (available energy) compensator
E (E)(E) current (maximum) (minimum) available energy
Sk " rotor electrical angular position
ws synchronous frequency
P{(P") turbine electrical (mechanical) power
pr® reference setting of the turbine mechanical power
Tio) turbine time constant
My synthetic-inertia constant
N set of buses connected to node k
'k active power flowing from node j to k
to time of event
kpr (kgr) active (reactive) power frequency sensitivity
E; microgrid instantaneous energy savings
0(1) matrix with all elements valued as 0’s (1’s)

regulation to speed-up the microgrid stabilization. The consideration of
plug-in electric vehicles (PEV) as energy storage systems (ESS) for
frequency regulation support is developed in [9], while [10,11] discuss
the control requirements to enable PEV and ESS applications for grid
support. Microgrids dynamic performance during frequency regulation
is addressed in [12,13]. The work in [12] proposes the use of bounded
control inputs to mitigate the transient overshoot during frequency
regulation, whereas [13] benefits from microgrids advanced mon-
itoring systems based on distributed-level phasor measurement units
(D-PMU) to develop an adaptive frequency controller able to speed-up
the system frequency recovery speed and mitigate oscillations. These
approaches are mainly focused on the realization of microgrid opera-
tion at frequency reference level.

On another avenue, initial developments towards the flexibilization
of microgrids frequency of operation were proposed in [14,16]. These
works allow for islanded networks operation at lower frequency levels
seeking to reduce the necessary amount of frequency responsive re-
serves for primary regulation in multi-microgrid (MMG) systems. In
[14] a reduction in islanded microgrids frequency of operation is pro-
posed to decrease the requirements for governor responsive reserves
from renewable DERs. A hierarchical energy management system for
MMG systems is proposed in [15] seeking to increase each microgrid
maximum load variation capacity, without the need for further ex-
pansions in primary regulation capabilities. Next, [16] develops an
autonomous power sharing strategy for MMG system towards the im-
provement of microgrid’s stability margin. For this, in case of load
variations in a weaker microgrid a neighboring system can compensate
these variations allowing for a general improvement of the operating
range of the MMG systems frequency reserves. In spite of the fact that
the works in [14,16] provided important contributions towards the
flexibilization of microgrids frequency of operation, there are several
aspects pertaining to the aforementioned literature that still require
additional attention and further developments: (1) The adopted mod-
eling is limited and may not be feasible for real environments, i.e., the
available works are only aware of steady-state frequency realization
considering primary regulation, which is typically not sufficient for
ensuring the system stability during transients especially as microgrids
have very limited inertia capacity; (2) The modeling of generators is
oversimplified and lack sufficient representation of the respective fre-
quency controller’s dynamics required to achieve the microgrid steady-
state frequency operational level; (3) There is no actual control exerted
to determine the amount of reduction in the system operating frequency
level. Instead, the flexibilization of the microgrid frequency of opera-
tion is provided by the natural frequency deviation obtained after

primary droop frequency regulation; (4) The control strategy may not
be feasible for real environments, as successive load increases or large
disturbances, e.g. islanding and loss of generation, can lead to sig-
nificant steady-state frequency offsets after primary regulation, which
would yield limits violation; In this perspective, (5) secondary control
actions are required to ensure the system operation within permissible
limits; In addition, (6) none of the previous works have considered the
possibilities enabled by microgrids frequency of operation flexibiliza-
tion to improve the autonomy of stand-alone networks with limited
availability of generation, i.e. duration of islanded operation. The last
represents one of the major challenges to ensure islanded microgrids
steady-state operation in environments where local generation capacity
is limited to the existing stored energy, i.e. energy storage-based mi-
crogrids.

In this perspective, seeking to address the aforementioned limita-
tions and to establish the necessary conditions to exploit the new op-
portunities enabled by the islanded microgrid operation, wherein the
system is isolated from the main grid and the reference frequency can
be assigned locally depending only on the loads tolerance to frequency
deviations [17], this paper proposes the concept of conservation fre-
quency reduction (CFR). The proposed approach adaptively determines
the adequate frequency operating condition for an islanded microgrid
based on the locally available energy resources. For this, a novel per-
spective for automatic generation control (AGC), i.e. secondary control,
in islanded microgrids denoted CFR-AGC is developed. It is demon-
strated that by adaptively regulating a microgrid’s operating frequency
setpoint it is possible to effectively reduce the network demand, im-
proving the service-time of the available energy storage systems (ESS),
and as a result significantly enhance the network survival time, while
still keeping the system operating within the permissible limits. To
validate the proposed control, dynamic analysis and modeling were
developed for two test system. First, the IEEE 34-bus test system was
employed to demonstrate the proposed approach feasibility and its
ability to improve islanded microgrids autonomy capacity. Next, the
IEEE 123-bus was used showcasing the proposed approach applicability
to large microgrid environments considering multiple generating units
enclosed in different generating groups. The main contribution of this
work to the state-of-art of islanded microgrids operation are following
described:

e Improvement of microgrids dynamic modeling for flexible frequency
operation analysis: A detailed modeling of generators dynamics,
primary and secondary regulation is included. In contrast to the
available approaches in the literature, where generators dynamics
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are disregarded, considering only a linearized swing (balance)
equation.

e Enhancement of islanded microgrids autonomy capacity through
frequency regulation: This work tackles the frequency regulation
process to improve microgrids autonomy capacity. To this end, this
work proposes the concept of conservation frequency reduction
(CFR), where the frequency deviation is used to provide long-term
energy savings due to the microgrid frequency damping. On the
other hand, existing works available in the literature addressing
frequency flexibilization are mainly focused on the reduction of the
necessary frequency responsive reserves for MMG systems, i.e. pri-
mary regulation, and do not consider the possible long-term energy
savings potential.

o Controllable flexibilization of microgrids operating frequency set-
point: The proposed CFR-AGC provides secondary control actions,
intentionally controlling the reduction in islanded microgrids fre-
quency of operation. This significantly improves the ability to har-
ness microgrids frequency reduction and the applicability of the
current approaches in real microgrid environments with significant
demand variations.
Adaptive CFR-AGC harnessing factor: The proposed CFR-AGC
strategy is associated with an adaptive harnessing factor. The pro-
posed factor uses the availability of local energy resources and the
expected reconnection time to adaptively determine the most ef-
fective microgrid frequency operating level. In this sense, the pro-
posed CFR-AGC strategy is still effective even in cases where an
optimistic reconnection period is initially expected by the system
operator and does not occur, where in such cases the proposed
adaptive harnessing factor is able to re-adjust the islanded network’s
frequency as time goes by in a way that still allows for improve-
ments in the microgrid autonomy capacity.

2. Frequency regulation for islanded microgrids

In stand-alone configuration, microgrids lose the frequency re-
ference signal of the main grid requiring local control strategies to
maintain its operation and regulate its frequency within satisfactory
limits [3,4]. Its frequency response can be generically denoted by (1)
[13], being composed of four main parcels: (1) The first parcel re-
presented by i gives the system inertial response, providing fast cor-
rective actions to disturbances, where H is the inertia constant; (2) The
second term AF; depicts the microgrids generation contribution. It is
responsible of securing the system generation/demand balance; (3) The
third parcel denoted by AP, depicts the disturbances caused by varia-
tions in the system demand; and (4) the fourth parcel D-(w(t) — w®)
represents microgrid’s demand damping due to frequency dependency
characteristics, where D is the damping coefficient, w and w® are the
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network operating- and reference- frequency. In this sense, given a
perturbation in microgrids steady-state operation AP, (t), frequency
controllers must actuate dispatching the available generating resource,
AP;(t), in order to restore the system to an equilibrium condition, i.e.
Aaw(t) = 0.

86(0) = AR (0) = AR = D@ () = )] W

This process is traditionally performed in two main control steps,
primary and secondary control. Primary frequency control is defined as
the first level in the frequency control hierarchy. This control is typi-
cally held by the droop method [4], which provides a proportional
corrective action based on frequency deviation to offset the power
variation imposed by the disturbance that was initially supplied by the
system inertial response. However, this control action leads to an un-
intentional steady-state frequency deviation, requiring the im-
plementation of secondary control actions to return the system to a
desirable frequency operating level. One should notice that this un-
controllable frequency deviation is used by the approaches proposed in
[14,16] to develop their respective MMG frequency flexibilization
strategies, which as indicated in [3] can be unfeasible for real micro-
grids, once microgrids operating with only primary regulation can lead
to steady-state operative conditions violating the system permissible
operative limits. In this perspective, secondary control actions must be
performed.

Traditionally, secondary frequency regulation is held by centralized
controllers denoted automatic generation control (AGC). These con-
trollers are based on slow PI controls responsible to dispatch a selected
group of generators to mitigate the system frequency offset, i.e. take
over the load damping parcel, restoring the microgrid operation to re-
ference frequency setpoint [18]. The complete microgrid frequency
regulation process including primary and secondary levels are detailed
illustrated in Fig. 1. It shows the respective power contributions from
inertia response, frequency reserves and frequency damping for a given
demand disturbance.

Where ‘A’ is defined as the pre-disturbance frequency, ‘C’ is the
maximum frequency deviation after disturbance, i.e. nadir, ‘B’ is de-
fined as the stabilizing frequency after primary regulation, ‘D’ is the
time when secondary control is activated to return the system operation
to the reference level.

In this perspective, considering the limitations of the literature
state-of-art, wherein the available approaches would not exert actual
control of the microgrid frequency damping, but instead take advantage
of the unintentional frequency deviation due primary regulation
[14,16]. This paper seeks to improve the state-of-art of microgrids
frequency regulation, developing a novel secondary frequency con-
troller able to intentionally harness, in a controllable way, the system

| @ /®_/-/_’-\ Microgrid frequency 4
L /‘A\M/"\/ Primary regulation 1
—~ »
g | Secondary regulation ?
P N
QL Microgrid demand Frequency reserves 4 =
1,:) disturbance (response and regulating) g
Bl [omss -t - oo e} B
2 ‘ ~
N | d
i
L I d
— |
0 20 30 5
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Fig. 1. Frequency regulation process.
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Fig. 2. Steady-state representation of the proposed CFR- and traditional- sec-
ondary frequency controller.

frequency damping to improve the islanded microgrid autonomy ca-
pacity, i.e., duration of islanded operation.

3. Proposed conservation frequency reduction control for
islanded microgrids

In this section the proposed concept of conservation frequency re-
duction for islanded microgrids frequency regulation is depicted in
details. This concept enables the development of a new frequency
control outlook allowing for the frequency regulation of islanded mi-
crogrids within permissible limits, while intentionally offsetting the
operational frequency level seeking the improvement of the system
autonomy capacity.

3.1. Concept of conservation frequency reduction

Power system frequency of operation standards are developed in
order to ensure that a high energy quality is available to the respec-
tively supplied loads [19]. Still, this high-quality frequency level typi-
cally defined in 60/50 + 0.1(Hz) range may not be necessary for is-
landed microgrids operation. During this operating mode the most
sensitive and non-critical loads are usually disconnected in the early
stages of operation, leaving the network with general loads that can be
operated without such high-quality frequency requirements [17], i.e. a
middle quality frequency of operation in the 60/50 + 0.5(Hz) range
may be assumed [14,15]. This enables a new perspective allowing for
the flexibilization of microgrids’ frequency of operation, motivating the
proposed concept of conservation frequency reduction. The proposed
concept seeks to adaptively adjust the microgrid frequency controller
parameters based on the availability of local energy resources and ex-
pected reconnection time, determining the most adequate frequency of
operation for the islanded microgrid to take advantage of microgrids
frequency dependency. It is shown in this work that by adequately
controlling the microgrid operating frequency it is possible to sig-
nificantly improve microgrids islanded operating time in environments
where the local generation capacity is restricted to the available stored
energy.

3.2. Primary regulation

First, the traditional primary regulation based on droop control is
considered (2), [13]. It delivers an automatic response within cycles
after the disturbance, providing the frequency arrest and the initial
generation/demand balance. The respective steady-state behavior of
droop method is obtained from the linearization of (2), leading to the
relation depicted in (3), [4]. From (3) one can observe that an
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unintentional steady-state frequency deviation proportional to the
governor actuation is produced as an outcome of primary regulation. In
this sense, secondary frequency control must be implemented for is-
landed microgrid regulation at a desirable frequency level.

fi(t) = —Tk#m{rk(t) + M (@ (0) — )] .

Aw = w® — wi(t) = me-Ti () 3)

where T}, denotes the DER governor control, wy is the DER frequency,
and 7 is the governor time constant and m;, depicts the DERs droop
coefficient, k € Gr, where Gr denotes the set of DERs.

3.3. Secondary regulation

In view of the potential reduction of microgrids net demand
supply due to the system frequency damping illustrated in Fig. 1,
wherein the same amount of load is supplied requiring less
generating power when the microgrid is operating at frequency levels
lower than the reference value, from (1) one can conclude that
{AP;(t) — D-(w(t) — 0®)} < AR (1) lw(t) < w®, where vl denotes the
system frequency reference value, typically 60- or 50 (Hz). This work
proposes a novel perspective for secondary frequency regulation denoted
by conservation frequency reduction (CFR). The proposed method
adaptively adjusts the microgrid frequency setpoint introducing a har-
nessing factor denoted by #. This factor provides an intentional deviation
in the operating frequency setpoint based on the availability of local
generation. Seeking the system operation in a flexible equilibrium con-
dition within permissible limits ie. w® > w(t) > (W® — Aw)lt > ¢,

where Aw denotes the microgrid maximum admissible frequency varia-

tion and > denotes the system stabilization time.

The proposed CFR regulating process is depicted in Fig. 2. It in-
cludes a comparison with traditional secondary control perspective to
highlight the enabled capacity of energy preservation by the proposed
controller, i.e. traditional secondary frequency controllers operate
with fixed frequency setpoint, ©® = w$®, pursuing the microgrid res-
tauration to steady-state operation at frequency reference level, i.e.
Aw(t) =0, w = «® It > t*.

Fig. 2 presents a microgrid initially operating in steady-state fre-
quency reference level (Py), when a load increase of APy leads to the
system perturbation. This perturbation triggers primary control actions,
leading to the system stabilization in a new operative condition denoted
by (P1), i.e.Aw = 0. This adjustment comes with an unintentional fre-
quency deviation Aw,, which as indicated in the results of [13] may
cause the microgrid operation in violation of the permissible steady-
state operating limits, i.e. w & [w® + Aw, © — Aw]. This perspective is
corrected by secondary control actions. Traditional secondary con-
trollers would reestablish the system operation to the steady-state re-
ference level, eliminating the system frequency damping as indicated in
(Py), i.e. A = 0, w = »P®. In contrast, the proposed approach seeks the
microgrid operation at the most effective frequency level, within

Islanding

wy e o e e e -

Fig. 3. Proposed adaptive CFR-AGC controller.
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permissible limits, to harness the frequency damping characteristic as
illustrated by (P3), i.e. Ad = 0, @ € [0 + Aw, ©f — Aw]. This allows

for the microgrid supplying of the same amount of load, however with
reduced power consumption, i.e. Py g < Py IPngo = Py + (APy — D-Awy),
where Py, and Py are the respective microgrid power contribution by
the proposed CFR automatic generation controller (CFR-AGC) and
traditional secondary controllers, Aw, is the proposed CFR-AGC fre-
quency deviation to reference level.

The proposed control formulation aiming at the preservation of
local energy resources for improving the autonomy of the islanded
network is following depicted. The proposed controller follows a similar
control concept described in [5,12]. The formulation is obtained based
on the traditional droop formulation (3) derivation. Next, a variable
change is performed to eliminate the active power parcel. From (4), it
comes thatuf (t) = m (& — dy), performing this change of variable,
it yields the control formulation (5).

@® = dx + mpli = u® P (6) + meuf () 4)
t
w@(t) = w®l, + j:o a2 P () + uP O (0)-dt ®)

where i = ay, u? = @@ - @), and W@, = w@. In this sense, the
main goal is to design the controller parameters #’ and u®>® to
provide the ability to harness the frequency dependency in improving

the autonomy of islanded microgrids, while also producing a reliable
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frequency regulation of the microgrid within permissible limits.

This perspective is modeled by (6)-(8) establishing a new steady-
state frequency regulation outlook, where given an event at a time ¢,
within a finite time t® > t,:

(1) The active power sharing error and frequency deviation to re-
ference value are null:

,hr,r.}o lmye- [T () — Tie(to)] — my-[L(6) — Li(t)]l = O1 ¥ £ > ¢, {k, }CGr
(6)

lim log(t) — 0@l =0l () —w® =0,Vi>® k€ Gr @
t—>t®

(2) The frequency operational level is controlled at a desired frequency
deviation condition to reference level, Aw-7, enabling the controller

to harness microgrid frequency dependency:

lim o () - o®l = Aoyl o (t) — o = Awn, VE>t® k€ Gr,n €R|0, 1]
=t

®

To design this controller, the global frequency error is employed
considering (6) and (7), where u,ﬁ”’“’ (1) = u,ﬁ”’“) = w — «®. In addition,
as this controller seeks to provide an intentional frequency deviation to
harness microgrid frequency dependency, the frequency reference
value is design considering (8). In this perspective, the microgrid

Event leading to microgrid
islanded operation

Primary frequency regulation

Determination of microgrid states: frequency
and available energy (w, E)

Local DERs dispatch

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
| |
1 1
i L o A e
: e . N :§ h :
i ! :‘§ Calculation of the harness ! :E : i % !
1 . . .
| 3 coefficient considering "8 :E s i
i 115 local ilabili 3 hn z i
' ocal resources availabilit . |
| E :§ -~ Y ) E i § Error adjustments i ! ED - |
| R 13| based on frequency |11 + ]!
| = q y o 1
i i '3 ) i i :, deviation h S|
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! 1S 5 : S o ) !
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L — 225 1
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Secondary frequency regulation |,
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Fig. 4. Proposed controller flowchart.
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operating frequency setpoint is represented as w® = w® — Aw-7. This
step introduces a new control stage denoted as energy control module,
which is latter highlighted in the proposed control wholesale metho-
dology illustrated in Fig. 4. The respective proposed frequency con-
troller including the global frequency error and the adaptive harness
factor can be compactly described by (9a)-(9c¢),

D) = @ &P b D ().
@@ (1) = w®l, + kpuP® (1) + fm l-u® (6)-dt (9a)

ulP () = uP V() = w - (0@ - Aﬁwq’)) (9b)

The harness coefficient denoted by 7 consists of two main parcels.
First, a step adjustment of the frequency setpoint is performed based on
the expected reconnection time. This aspect is weighted by k., and
should be set to provide a setpoint tuning proportional to the expected
period of islanding; i.e., a fast reconnection should be characterized by
a small reduction in the frequency setpoint. The second parcel, char-
acterized by kg, is based on the willingness to reduce the system power
frequency quality and stability margin in view of the depletion of
available energy resources. This share controls the reduction rate of the
frequency setpoint due to the microgrid energy depletion. A description
of the proposed frequency controller CFR-AGC detail depicting the
harness coefficient behavior is shown in Fig. 3.

7= ky + (1 — ky)- % kg, V ky € R0, 1], ke={x € R Ix > 0}

(90)
where E, E and E are the current-, maximum- and minimum- available
energy.

It should be noted that the traditional secondary control, i.e. re-
establishment of the system frequency to reference level, Aw = 0, is a
particular case obtained for 7 = 0, I{k,, = 0, kg = 0}. This setting should
be kept during the initial stages and resumed prior reconnection to the
main grid. In this perspective, in case that the fault/event is cleared and
reconnection to the main grid is possible, the proposed control would
be set up to the traditional secondary control mode, consequently both
systems would be operating at the same frequency reference level
during the reconnection process, Aw = 0. This allows for the re-
connection process to be handled by any of the tradition microgrid
reconnection strategies available in the literature, see for instance
[20,21]. On the other hand, the solution leading to the maximum de-
mand reduction, i.e. optimal setting for autonomy enhancement:
min{AP; (t) — D-(w(t) — o@)}Ho® > w(t) > (0@ — Aw) Vt>t®, and

presenting the highest vulnerability and loss of power quality is
achieved for the system operation at the lower boundary of the per-
missible region, 7 =1 I{k,, € R[0, 1], ky — oo}. The latter setting is
denoted as CFR-OP and typically should only be approached as the
system energy availability becomes scarce and/or reconnection is not
expected over a long period.

The flowchart depicting the wholesale methodology of the proposed
controller is presented in Fig. 4.

4. Dynamic system modeling

To validate the proposed approach technically feasibility, given the
special interest in the influence on the frequency regulation and the
respective time scales corresponding to the problem under investiga-
tion, dynamic analyses are performed. The system dynamics are mod-
eled considering the concepts used in [22,23]. For this, synchronous
generators are represented by a structure-preserving model including
the governor dynamics incorporating the proposed adaptive secondary
frequency controller (CFR-AGC). The synchronous generators dynamics
are characterized by:

Electrical Power and Energy Systems 115 (2020) 105499

S (1) = wg(wp(t) — o) (10a)
r(t) = zimm:”(t) — BE(D) — Dl (1) — 0®)] 10b)
B = ——[0() — (B () — PP®)]

T, (o) (10c)
S -1, _
L) = - [Ge(®) + my (e (1) — w®)] (10d)

where a; is the synchronous frequency, P/®, P" and P{ are the turbine
reference- and current- mechanical power and electrical power, 7 () is
the turbine time constant, d; is the rotor electrical angular position.

The updated governor response considering the proposed CFR-AGC
is derived from (9a)-(9¢) and (10d), being described by

() = —%{)'[Fk(t) + mk’l'(wk(f) - {wfe‘[o + kP (1) + kl'“:y) (t)})]
AT s

(11a)
,(P) ® E — Ess) (1)
w7 (1) = (i () — wg”) + Aw-| kg, + (1 = kg)- “F-E -kg
(11b)
@) (1) = L. AS, (£) + Aw-| k (1 -k) E — Egss) (t) k
%, = w5 Ak +7¢U' wt 2 -
(11¢0)

The ESS control is performed by local power controllers, typical ESS
control structures are available in [11]. The proposed CFR controller
sends the frequency reference signals to the power controllers that
dispatch these units with the adequate power contribution and fre-
quency operating level. ESSs modeling is performed considering the
concepts presented in [23]. This model indicates that for inverter-based
DERs operating in PQ mode, i.e. My = Dy = 0, the influence of these
units in the system stability can be neglected. Its reasoning is guaran-
teed by the results presented in [24] which demonstrate that inverter-
based DER’s current and voltage control dynamics does not mean-
ingfully influence the DER power control as they take place in much
faster time scales, being possible to integrate these equations into the
power flow solution.

Mo (£) = =Di-(@i () — @) + PE(E) = D) Py
JENK (12)

e

where Pj; is the active power flowing from node j to k. N is the set of
buses connected to node k, P{ is the real power injection, M denotes
the synthetic inertia constant.

The following feedback closed-loop state-space formulation depicts
the complete system dynamic modeling considering the proposed
control implementation.

X(t) = A-x(t) + By-u(t) + Byr(t) + By-vy + Byv, (13a)
AS 0 P 0 0
Ao | 0 -DH H 0
N 0 0 T T
AT —TiryM-K; —TyM-(1-Kp) 0 —Tp
AS 0 0 0
Aw —-H 0 0
AP¢ -E, -k
AP + 0 + 0 (Ess) + 0 @
AT 0 -M-¥ -M-K
(13b)

where p = wy-diag(Lg1), D = diag(Dx, - Digp1), H =271 -diag (H ", ---, Hg ™),

Ty = diag (ti,(y™L - ag 1,7, M = diag(m =L, - mig ™), Ky = —kp-as~-diag (g ),
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Kp = kp-diag(Ligr), W= (kptkp)-Aw-(1-ky)-kg-diag (Tiry),  Egssy = Zkegass

[g“g‘( , K = (kp+kr)-Aw-diag (Tiry), Giss is the set of ESS, 0’s and 1’s

represent matrices of all zeros and ones with appropriate dimension,
and |-| returns the cardinality of a respective setof interest.

5. Results

In this section the proposed secondary frequency controller based
on conservation frequency reduction (CFR-AGC) is validated through
case-studies simulations. The developed case-studies seek to demon-
strate the improvement in the autonomy of islanded microgrids pro-
vided by the proposed harnessing factor based on the local availability
of energy; evaluate whether the microgrid operation is kept within
permissible limits; assess if adequate active power sharing is achieved
between the generating units; and compare the islanded microgrids
survival time considering the proposed method, traditional secondary
control strategy and currently flexible frequency operation strategies
available in the literature.

For this sake, two main case-studies are developed. The first case
employs the IEEE 34-bus system modified to represent a microgrid
capable of operating in stand-alone mode. The system represents a
microgrid provided with local distributed generation (DGs), energy
storage systems (ESS) and loads with frequency dependency char-
acteristics [25]. The second case-study presents a large microgrid en-
vironment based on the IEEE 123-bus. In this case-study, different
droop coefficients are used to evaluate the proposed controller ability to
regulate multiple generating groups. For this, the respective modifica-
tions proposed in [13] for the inclusion of DGs in both test systems are
considered. In addition, for each test systems different levels of ESS
were associated. For IEEE 34-bus system each DG has 2 x 500 kVAh
ESS associated, while for the IEEE 123-bus the associated ESS are based
on the generators power sharing coefficient, ranging between
250kVAh, 500kVAh or 750kVAh, e.g. for a generator with an
m; = 0.05 an ESS of 500 kVAh is associated. Operative limits established
by the Brazilian ISO [19] are assumed and the proposed CFR-AGC
controller settings are defined accordingly, where »® = 60 (Hz),
w=59.5 (Hz), E=100%, E = 0%, kp=0.15, k; =0.17, kg = 1.25,
k, = 0.4. Loads frequency dependency characteristics are given by
kpr = 2.6, kgr=1.6 [25], where k,; and kg are loads active and reactive
power frequency sensitivity. For each case-study five different control
perspectives are considered to provide a comparison between the pro-
posed CFR method and the literature state-of-art of frequency regula-
tion, including: (1) the proposed CFR-AGC controller seeking to harness
the microgrid frequency dependency while maintaining the best
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possible frequency quality in the expectation of reconnection in a
foreseeable future; (2) the proposed controller in the optimal setting for
autonomy enhancement, i.e. CFR-OP; (3) the key work on secondary
control proposed in [5]; (4/5) state-of-art flexible frequency operation
strategies [14] and [15].

5.1. Case-study IEEE 34-bus

This case study depicts the results obtained for the microgrid based
on the IEEE 34-bus system. It is assumed that the system was initially
operating connected to the main grid when a sudden disconnection
occurs. Due to local generation limited capacity, maximum load shed-
ding is performed leading to a total load of 3.07 p.u. representing the
system most critical loads. To supply this load, an increase of 15% in
the original local generation state prior islanding is required. DGs are
dispatched up to their capacity limits suppling 91.25% of this load, with
the residual demand met by ESS. In this perspective, once ESS are fully
depleted the generation/demand balance will no longer be feasible,
being the microgrid islanded operation terminated. This scenario re-
quires energy preservation strategies to improve the islanded network
autonomy. The obtained results for the literature and proposed CFR
frequency controllers are depicted in Figs. 5 and 6 and Table 1.

Fig. 5 presents the microgrid dynamic- and steady-state frequency
behavior. It enables one to determine the duration of islanded opera-
tion, the system frequency response accordance with the permissible
dynamic and steady-state frequency limits, frequency oscillations,
overshoot, and frequency nadir for the five different frequency control
perspective, i.e. the proposed CFR-AGC, CFR-OP, the key work on
secondary control proposed in [5] and the state-of-art flexible fre-
quency operation strategies [14] and [15]. One can observe that after
the system islanding, a significant frequency drop is featured leading to
a system frequency nadir of 58.9 (Hz). During this period, primary
regulation provides fast frequency control actions, stabilizing the
system operation at 59.55 (Hz) past 20 (s) of disturbance. This behavior
is similar among the analyzed controllers as their dissimilarities are
associated with the second level of frequency regulation. At this mo-
ment, one can observe that the flexibilization of the microgrid fre-
quency of operation in methods [14,15] is provided by the uninten-
tional frequency deviation obtained after primary droop regulation. In
this particular case-study, substantial energy savings are achieved due
to the significant frequency deviation after primary regulation, en-
abling the enhancement of the microgrid autonomy operation at similar
levels as the ones achieved by the proposed CFR method. However, the
operational range of the methods in [14,15] shows to be very limited.
For the respectively analyzed system, the maximum permissible load
variation in which the microgrid remains operating within permissible
frequency limits, i.e. w>59.5 (Hz), is of 17%. This means that if
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Fig. 5. Microgrid frequency response for CFR-AGC, CFR-OP, Refs. [5], [14] and [15] controllers — IEEE 34-bus.



Y. Rodrigues, et al.

0.30
—— §,<CFR-AGC
—-= G« CFR-OP
~ 025 - = GeRef [5]
=] G, Ref. [14][15]
020} el —
=
Q l‘——ll\__,n, 2
§0.15- _._._._._._._.i‘::?%_\,ag_g;;
:-g
S 0.10}
o
%
Q 0.05}
0:00 PO PSRN \,QQIQ QQIB Q@ ST S
I NN SN Q\\% NGNS
F P IF TS QQQ\’ NENNNNS
Time (hh:mm:ss)
(@

Electrical Power and Energy Systems 115 (2020) 105499

0.30
— §,-CFR-AGC
--= G,~CFR-OP
~ 025 - =~ GeRef. [5]
= G, Ref. [141[15]
Bo20f 000 T s
3 2
S 0.15} A S L e ]
=
-4
B
S 0.10}
[
g
S o005
0.00 S : :

> D O S OO I \Q@
Q* S 85 ") "J "; RN ‘) Sal* R
N NN SO AN \'5 ™
$ P OF O Q“Q“ TSI I I
Time (hh:mm:ss)

()

Fig. 6. Power dispatch for (a) G;; (b) G,; considering CFR-AGC, CFR-OP, Refs. [5], [14] and [15] controllers.

successive load increases or large disturbances, e.g. islanding and loss of
generation, lead to a load variation greater than 17%, even though the
system may have the necessary resources to reestablish its operation
within permissible limits, due to the absence of secondary control ca-
pacity the microgrid would not be able to reestablish its operation
within acceptable conditions, therefore limiting the applicability of the
frequency flexibilization approaches [14,15] in microgrid environ-
ments with significant demand variation.

This limitation is overcome by the proposed CFR controllers and
controller [5] through their embedded secondary control actions, trig-
gering three different frequency behaviors as observed in Fig. 5. The
controller developed in [5] seeks to resume the microgrid frequency of
operation to reference level, i.e. 60 (Hz), sustaining this operating
condition until the available energy resources are completely depleted,
i.e. during 1:15h. In contrast, the proposed CFR-AGC controller does
not resume the system operation at reference level. It is able to adap-
tively determine the system frequency of operation, exerting an adap-
tive secondary frequency control in order to improve the system au-
tonomy capacity while also seeking the best possible power quality.
First, an initial improvement in the system frequency of operation to
59.8 (Hz) is performed. This occurs because the controller configuration
was performed in the anticipation of a possible reconnection in a
foreseeable future, therefore the frequency quality should be initially
preserved. However, as time goes on and the microgrid local resources
are reduced, the proposed CFR-AGC adaptive harnessing factor per-
forms a progressive reduction of the network frequency of operation
until the lower boundary of the permissible operating region is reached,
i.e. 59.5 (Hz). The system operation is sustained in this condition until
the generation/demand balance can no longer be achieved, leading to a
total survival time of 1:45h. In addition, looking towards the

evaluation of the optimal energy preservation scenario, the proposed
CFR-OP controller is also implemented. This controller immediately
establishes the system operation at the maximum permissible frequency
offset condition, i.e. 59.5 (Hz), maintaining this operating level until
the full depletion of the available resources, which occurs past 1:45 h.
The last configuration is recommended in cases where reconnection to
the main grid is not expected before exhaustion of the locally available
resources.

Based on these results, one can conclude that the flexibilization of
microgrid frequency operation by the proposed CFR controllers and
controllers [14,15] was able to uphold the islanded microgrid opera-
tional for additional 30 min in comparison to the traditional secondary
control strategy proposed in [5]. These results represent an improve-
ment of 40% in the system autonomy capacity. However, it should be
noticed that the particularly expressive results obtained by [14,15] are
due to the limited availability of local frequency responsive reserves in
the small analyzed microgrid represented by the IEEE 34-bus system. In
this sense, relatively small demand variations can leads to meaningful
unintentional frequency deviation after primary regulation. Still, at the
same time that this operating condition leads to expressive results, it
also expose controllers [14,15] limitation due to the inability to reg-
ulate the desired operating frequency, i.e. in case that an additional
load increase of 2% occurs, the microgrid operation should be termi-
nated, as it would lead to the microgrid operation in violation of steady-
state frequency limits, i.e. w<59.5 (Hz). Therefore, limiting these
controllers applicability for small microgrids with significant load
variation. In addition, one should observe that the supplementary op-
erational time enabled by CFR-AGC and CFR-OP controllers is similar.
This occurs due to the harnessing factor ability to adaptively adjust the
frequency levels based on the islanded network energy condition. In

Table 1
Microgrid response summary for CFR-AGC, CFR-OP, Refs. [5], [14] and [15] controllers - IEEE 34-bus.
Time (hh:mm) 0:00 0:15 0:30 0:45 1:00 1:15 1:30 1:45
Ref. [5] Energy available (kVAh) 1000.0 832.3 664.7 497.0 329.4 161.7 X X
Frequency setpoint (Hz) 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0
Refs. [14,15] Energy available (kVAh) 1000.0 867.07 733.41 599.75 466.10 332.44 198.78 65.12
Frequency setpoint (Hz) 60.0 59.55 59.55 59.55 59.55 59.55 59.55 59.55
Energy saving (kVAh) - 139.1 135.9 135.9 135.9 135.9 135.9 135.9
CFR-AGC Energy available (kVAh) 1000.0 849.4 700.8 556.5 416.3 280.1 147.9 17.9
Frequency setpoint (Hz) 60.0 59.8 59.7 59.7 59.6 59.6 59.5 59.5
Energy saving (kVAh) - 68.3 76.3 93.3 109.8 125.9 141.6 150.8
CFR-OP Energy available (kVAh) 1000.0 870.9 741.0 611.1 481.2 351.3 221.4 91.5
Frequency setpoint (Hz) 60.0 59.5 59.5 59.5 59.5 59.5 59.5 59.5
Energy saving (kVAh) - 154.5 150.9 150.9 150.9 150.9 150.9 150.9

x — failure to meet the microgrid generation/demand balance.
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this sense, even though the energy preservation achieved by CFR-OP
was higher than the one provided by CFR-AGC, they were still in a
similar range, not being enough to support an extra window of opera-
tion, i.e. 15 min.

The detailed description of the power supply can be assessed in
Fig. 6(a)—(b). These results enable one to draw conclusions regarding
the generators power contribution, controllers’ ability to reduce the
required power suppling, and the controllers’ ability to guarantee
adequate power sharing among the generating units. As one may ob-
serve, traditional secondary controller proposed in [5] leads to the
highest power supplying requirement to meet the generation/demand
balance, as the frequency damping is eliminated. In contrast, the pro-
posed CFR controllers and [14,15] flexibilization of the islanded net-
work operating frequency lead to meaningful reductions in the network
demand, and consequently in the required supplying power, being the
maximum reduction obtained by the proposed CFR-OP mode. It should
be noticed that all methods were able to ensure adequate power sharing
among the generating units (6) and (7).

An overall perspective of the obtained results is available in Table 1.
It presents the available energy levels, operating frequency, and the
respective instantaneous energy savings provided by the proposed CFR
approaches and controllers [14,15] for each operating window of time.
From Table 1, one can observe the direct relationship between the
proposed CFR controllers’ adjustment of the islanded microgrid oper-
ating frequency and the consequent energy savings. The total energy
preservation provided by the proposed controllers harnessing of mi-

crogrid’s frequency damping is obtained integrating the instantaneous
tDO

energy savings along the operating time, f E,(t)-dt, where E;(t) is the

i1

microgrid instantaneous energy savings. T?le total energy preservation
enabled by the controllers CFR-AGC, CFR-OP and [14,15] are respec-
tively 191 kVAh, 264 kVAh, and 239 kVAh. These additional reserves
were able to provide the necessary energy to support 2 additional
windows of operating, where in each window of operation the con-
trollers depicted in Ref. [5], CFR-AGC, CFR-OP and Refs. [14,15] re-
quired a total of 167 kVAh, 151-130 kVAh, 130 kVAh, and 133 kVAh
from the ESS to secure the system generation/demand balance.

5.2. Case-study IEEE 123-bus

In this section the proposed CFR controllers are validated con-
sidering the IEEE 123-bus system. This test system provides a large
network environment where the feasibility of the proposed method can
be stressed considering multiples generating groups, with different
power sharing coefficients and ESS participation. For the simulations,
similar conditions to the ones employed in the first case-study are as-
sumed. After maximum load shedding, the islanded network requires an
improvement of 20% of its local generation to ensure the microgrid
generation/demand balance. Of this total, local generators are able to
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provide an additional 8%, with the remaining 12% generated by ESS.
The results of this case-study are depicted in Figs. 7 and 8 and Table 2.

Fig. 7 illustrates the frequency behavior of a large microgrid during
dynamic and steady-state operation. It allows one the determine the
respective moment when the microgrid operation is terminated due to
the failure to meet the generation/demand balance, evaluate whether
the system operation is kept within permissible limits, and illustrates
the differences in frequency responses of small and large microgrid
environments. As one may observe in Fig. 7, differently from the first
case-study depicted in Fig. 5, where a significant frequency drop is
featured, in this case-study the microgrid frequency nadir is sig-
nificantly lower, 59.7 (Hz), and the stabilized frequency of operation
after primary regulation, 59.93 (Hz), remains close to the frequency
reference level. These result are expected once the IEEE 123-bus system
has a larger number of generators participating in the frequency reg-
ulation process, which significantly reduces the system frequency de-
viation during primary regulation. This leads to an opposite perspective
for controllers [14,15], due to the large number of generating units
participating in the primary regulation, the load variation, although at
even higher levels than the first case-study, i.e. 20%, has not led to a
significant frequency deviation after primary control stabilization,
Aw = 0.07 (Hz). In this perspective, the proposed approaches in [14,15]
were not able to meaningfully harness the system frequency damping
capacity leading to the same operating time as the traditional secondary
regulation [5]. In this perspective, one can conclude that the ap-
proaches [14,15] besides significantly restricting the operational range
of small microgrids, as observed in the first case-study where the IEEE
34-bus islanded network operation is only allowed for small load var-
iations, i.e. AP¢ < 17%; their applicability to large microgrid en-
vironments with significant local generation as depicted by the IEEE
123-bus is also not efficient, as the large number of generating units
participating in the primary regulation do not allow for a meaningful
steady-state frequency deviation.

Further, given the small frequency deviation after primary stabili-
zation, differently from the first case-study results depicted in Fig. 5,
where the proposed CFR-AGC approach performed corrective actions
seeking to improve the microgrid frequency of operation quality level
from 59.55 (Hz) to 59.8 (Hz). Here, even though the controller pos-
sesses the same configuration, i.e., expects the microgrid reconnection
in the foreseeable future, an opposite scenario from Fig. 5 is observed.
The proposed CFR-AGC reduces the system operation from 59.9 (Hz) to
59.8 (Hz) seeking to improve the system energy preserving capacity.
Additionally, the CFR-OP and the secondary controller proposed in [5]
have similar behaviors to the first case-study as their configurations are
independent of the system characteristics, i.e. the first respectively
seeks the maximization of the system autonomy capacity leading to the
network operation at the lower permissible boundary, i.e. 59.5 (Hz),
while the second looks towards the system operation to the reference
level, 60 (Hz). It should also be noted that in this case study, the
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Fig. 8. Power dispatch for (a) {G1, G2, G3}; (b) {G4, Gs, Ge}; (¢) {G7, Gs, Go}; considering CFR-AGC, CFR-OP, Refs. [5], [14] and [15] controllers.

Table 2
Microgrid response summary for CFR-AGC, CFR-OP, Refs. [5], [14] and [15] controllers - IEEE 123-bus.
Time (hh:mm) 0:00 0:15 0:30 0:45 1:00 1:15 1:30 1:45 2:00 2:15
Ref. [5] Energy available (kVAh) 4500 3921 3343 2764 2186 1608 1029 451 X X
Frequency setpoint (Hz) 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0
Refs. [14,15] Energy available (kVAh) 4500 3936 3372 2808 2245 1681 1117 554 X X
Frequency setpoint (Hz) 60.0 59.93 59.93 59.93 59.93 59.93 59.93 59.93 59.93 59.93
Energy saving (kVAh) - 57.3 59.1 59.1 59.1 59.1 59.1 59.1 - -
CFR-AGC Energy available (kVAh) 4500 3963 3435 2917 2408 1908 1423 947 480 14
Frequency setpoint (Hz) 60.0 59.8 59.8 59.7 59.7 59.6 59.6 59.5 59.5 59.5
Energy saving (kVAh) - 167 203 240 277 313 375 410 444 450
CFR-OP Energy available (kVAh) 4500 4035 3569 3103 2637 2172 1706 1240 775 309
Frequency setpoint (Hz) 60.0 59.5 59.5 59.5 59.5 59.5 59.5 59.5 59.5 59.5
Energy saving (kVAh) - 453 451 451 451 451 451 451 451 451

x — failure to meet the microgrid generation/demand balance.

proposed controller is once more able, due to the adaptive character-
istic of the proposed harnessing factor, to achieve energy conservation
levels similar to CFR-OP. The accomplished energy preservation led to
the improvement of the microgrid autonomy capacity in two operative
windows, i.e. 30 min, while ensuring the system operation within per-
missible limits during the complete analyzed period. This represented
an increase of 29% in the microgrid duration of the islanded operation.

The microgrid power dispatch is depicted in Fig. 8(a)-(c) for each
generating group. These figures depict the respective power dispatch of
each unit contained in a respective generating group for each one of the
analyzed controllers. The generating groups are constituted of 3 gen-
erating units with similar droop coefficients, i.e. power sharing

10

capacity, and their associated ESS. In this perspective, analyzing the
microgrid power dispatch in Fig. 8(a)—(c), one can observe a significant
difference between each generating group power contribution. This
occurs due to the different droop participation coefficients, where the
first generating group depicted by {G1, G,, G3} absorbed 57.1% of the
dispatched power, while the second {G,, Gs, G¢} and third {G;, Gs, Go}
groups accounted respectively for 28.6% and 14.3%. Moreover, one
should notice that all control methods were able to ensure an effective
power sharing, i.e., all units enclosed in a same generating group pro-
vided an equal share of dispatched power at steady-state, even though
the analyzed controller demanded different contributions.

A summary of the case-study results is depicted in Table 2. It
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presents the microgrid operating frequency level for each controller, the
respective amount of available energy and the instantaneous energy
savings enabled by the proposed CFR controllers and controllers
[14,15]. Based on these results, one can identify that the proposed CFR-
AGC and CFR-OP provide expressive total energy preservation, while
controllers [14,15] are not able to meaningfully harness the system
frequency dependency, the respective energy preservation levels are
720 kVAh, 1015kVAh, and 118 kVAh. Additionally, the total energy
requested from ESS to ensure the system generation/demand balance
during each window of operation for each analyzed controller, i.e., Ref.
[5], CFR-AGC, CFR-OP and Refs. [14,15], are respectively 578 kVAh,
537-466 kVAh, 466 kVAh and 564 kVAh.

6. Conclusion

Existing literature investigating islanded microgrid secondary fre-
quency control have all presupposed a fixed reference level setpoint
that remains constant throughout the entire islanded operation. In this
paper, we amend this presupposition proposing an alternative approach
denoted CFR-AGC that allows the frequency setpoint to change adap-
tively throughout the evolution of the microgrid islanded operation.
Simulations were performed for small and large microgrid environ-
ments with multiple generators groups to validate the proposed
method. The obtained results demonstrated that the adaptive adjust-
ment of islanded microgrids operating frequency can significantly re-
duce the network power demand consumption, yielding significant
improvements in the autonomy of islanded microgrids with limited
energy resources. Moreover, these results highlights the importance of
exerting actual control over the system frequency of operation. As ob-
served, the current approaches available in the literature proposing
microgrid’s frequency flexibilization based on primary droop uninten-
tional frequency deviation may not lead to actual improvement in the
system autonomy in many islanded microgrid scenarios, and can also
impose significant restrictions in the permissible demand variations in
these islanded environments. Furthermore, the proposed controller
provided effective power sharing and ensured the microgrid dynamic
and steady-state operation within permissible limits. The results also
indicate that even for configurations where the proposed CFR-AGC
controller is adjusted based on optimistic scenarios, the adaptability of
the proposed controller harnessing factor enabled the achievement of
meaningful energy preservation levels similar to the ones obtained by
the optimal autonomy capacity enhancement setting, CFR-OP. Based on
these results, it is concluded that the proposed CFR-AGC provides a
robust secondary frequency regulation strategy capable of significantly
improving the autonomy of islanded microgrids. The main contribu-
tions of this work are following summarized.

e Expansion of islanded microgrids modeling for flexible frequency of
operation analysis;

e Consideration of frequency regulation to improve the autonomy of
islanded microgrids;

e Development of a novel secondary control perspective based on
conservation frequency reduction (CFR-AGC), enabling a con-
trollable flexibilization of microgrids operating frequency;

o Introduction of a harnessing factor able to adaptively determine the
islanded network operating frequency based on the system available
resources and expected reconnection time;
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