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Islanded microgrids face some challenges in maintaining stable frequency and sharing proper power
among distributed generators (DGs) in the presence of external disturbances. This paper develops
a novel fully distributed approach to achieve accelerated secondary frequency regulation (FR) and
active power sharing (APS) in islanded microgrids, which enhances system performance and robustness
against external disturbances. The proposed control strategy combines advanced consensus algorithms
with distributed secondary control loops, eliminating the requirement for a central control unit thereby
improving the scalability. Particularly, the fully distributed feature of the proposed control strategy can
be understood from two aspects. On one hand, the controller itself is not using global information of (1)
communication topology, such as the second smallest eigenvalue of its Laplacian matrix; and (2) the
total number of DGs in the microgrid. On the other hand, the estimated settling time is independent of
the aforementioned global information. Therefore, the proposed fully distributed control scheme has
the potential of becoming a promising solution for the resilient and efficient management of large-
scale islanded microgrids. The effectiveness of the designed controllers is validated through numerical
examples, demonstrating superior performance in terms of FR, APS, and transient response under

various operating conditions.
© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In recent years, the importance of microgrids has increased
due to the growing demand for reliable and efficient power
supply, as well as the integration of renewable energy resources
into the power system. Microgrids are small-scale power net-
works that can operate on their own or in conjunction with the
main power grid, providing greater flexibility and resilience (Chen
et al,, 2017). Islanded microgrids, in particular, have gained at-
tention due to their ability to continue supplying power in the
event of a grid outage (Bidram et al., 2014). The primary challenge
in islanded microgrid operation is maintaining system stability
and power quality, which requires effective strategies for sec-
ondary control, such as frequency regulation (FR) and active
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power sharing (APS) (Guerrero et al., 2011). Conventionally, cen-
tralized control methods have been employed to address these
issues. For example, a model predictive controller is developed
to coordinate parallel operations of inverters in microgrids with
saved computational time (Tan et al., 2012). However, central-
ized control methods suffer from several drawbacks, such as
single point of failure, limited scalability, and slow response
to external disturbances. To overcome the limitations of cen-
tralized methods, researchers have been exploring distributed
control approaches for islanded microgrids (Ding et al., 2019; Guo
et al,, 2015; Simpson-Porco et al,, 2015). These approaches are
based on the idea that each distributed generator (DG) within
the microgrid can autonomously adjust its output according to
local measurements and information shared with neighboring
DGs. This allows for more robust and scalable control, as well
as faster response times to disturbances (Ding et al., 2019; Guo
et al., 2015; Simpson-Porco et al.,, 2015). Agent-based control is a
distributed control approach that has been proposed for islanded
microgrid management. In this method, each DG is considered
as an intelligent agent with the capability to communicate and
cooperate with other agents to achieve a common objective, such
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as balancing the relationship between power supply and load
demand (Li et al., 2016). This allows the microgrid to adapt to
changes in load demand and generation capacity in a decentral-
ized manner, avoiding the need for a central controller. Another
recent advance in distributed control is the use of consensus al-
gorithms, which are designed to enable a group of agents to reach
an agreement on certain values or decisions utilizing local infor-
mation exchange (Dehkordi et al., 2017b). These algorithms have
been applied to islanded microgrids for secondary control, leading
to improved stability and performance under various operating
conditions. For example, a novel secondary frequency restora-
tion controller is proposed considering communication delays
in Chen and Guo (2019), where Lyapunov-Krasovskii functions
are utilized to analyze the stability of networked DGs.

Finite-time and fixed-time distributed control approaches have
emerged as promising methods to address challenges in the
control of islanded microgrids, especially in terms of provid-
ing fast response times to disturbances and ensuring robust
system stability. Both approaches focus on achieving control
objectives within short time intervals, which can be advanta-
geous in dynamically changing environments such as islanded
microgrids. Specifically, finite-time control algorithms are de-
signed to ensure that control objectives are achieved within
a finite time, which can be adjusted according to the desired
system performance (Bhat & Bernstein, 2000; Yu & Long, 2015).
In the context of islanded microgrids, finite-time algorithms can
be employed to provide rapid FR (Xu & Sun, 2018). Moreover,
finite-time control approaches can help improve the transient
response of islanded microgrids and enhance their resilience to
external disturbances, such as sudden changes in load demand
or generation capacity. As a variation of finite-time control, fixed-
time control ensures that control objectives are achieved within
a fixed time interval (Ning et al., 2023). This approach provides
better predictability of the system response, as the time required
to reach the desired control objectives is upper bounded by a
constant, regardless of the initial conditions. Fixed-time control
can be advantageous in islanded microgrids, as it ensures that
distributed secondary control is achieved within a specific time
frame, which leads to improved system stability and power
quality, as well as faster recovery from disturbances.

From the aforementioned analysis, accelerated (including finite-
time and fixed-time) control approaches are gaining increasing
attention in the development of advanced control strategies for
islanded microgrids. However, in most of the existing results,
controllers are not fully distributed due to the dependence on
global information of graphs (Ning et al.,, 2023). Although some
developed accelerated controllers are independent of global in-
formation of graphs, the estimated settling time is not explicitly
provided (Dehkordi et al., 2017a; Wang et al., 2017; Zuo et al,,
2016) or is dependent on global information of graphs (Ning et al.,
2021; Zhou et al., 2020). In practice, the communication topology
can be time-varying due to the plug-and-play nature of DGs, so
it can be extremely difficult to obtain the global topology infor-
mation especially for large-scale networked DGs. Therefore, how
to design a new fully distributed scheme for islanded microgrids,
realizing FR and APS with accelerated convergence speed by using
fully distributed secondary controllers and the estimated settling
time is independent of global information of communication
topology and the total number of DGs, is a problem that remains
unsolved and challenging, which motivates the current study.
The terminology of “fully distributed” has been introduced in Li
et al. (2015), where the global information of the entire commu-
nication graph is not used in controller design for multi-agent
systems.

In this paper, the exploration is concentrated on the chal-
lenge of distributed secondary control for islanded microgrids,
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including both FR and APS, under a scenario where the networked
DGs are subject to external disturbances. The main contributions
of this paper are summarized as follows. (i) A new fully dis-
tributed control strategy is proposed to restore frequencies of
DGs in finite-time, while concurrently accomplishing APS among
DGs in finite-time. An adaptive control gain is used to adjust
the control input of DGs. The adaptive gain-based controller is
fully distributed without dependence on global information of
communication topology and the total number of DGs; and (ii)
A novel fully distributed fixed-time controller is further designed
to restore frequencies and realize APS among DGs, under which
the derived upper bound of the settling time is independent of
the aforementioned global information and the initial deviations
caused by primary control. In other words, the controller itself
and the estimated settling time are independent of the global in-
formation, facilitating the implementing of large-scale networked
DGs with preferred performance. Finally, we provide case studies
utilizing a modified IEEE 34-bus test system.

2. Preliminaries and problem formulation
2.1. Communication among DGs

Consider an islanded microgrid consisting of n DGs that can
communicate with their neighboring DGs via a communication
network. The communication existed in the microgrid is modeled
by an undirected graph G = (V, £), where V = {vq,v2, ..., vp}
is a vertex set indexed by a DG set 2 = {1,2,...,n}, and
& = {(vi, vj) | vi, vj € V} is a communication link set. The graph
G can be characterized mathematically by a weighted adjacency
matrix A = [@jjlaxn With a; > 0 if (vj,v;) € £€and g = 0
otherwise; and a Laplacian matrix L = [ljlaxn With [j = —aj
fori # j,and l; = Z]';l a;. We consider G is an undirected
graph in this paper, i.e,, a; = a;. In distributed secondary control,
the ith DG communicates with a neighboring set A} = {v; €
V|(vi, vj) € £}. Meanwhile, the reference level of frequency can
be treated as a command sent out from a virtual leader (vertex
index 0), which is received by a few (but not all) DGs. Let G be
the communication graph among n DGs and the virtual leader.
Note that the virtual leader only sends out the reference level
but does not receive any information from other DGs. If the ith
DG receives the information from the leader, an indicator b; is
set to be a positive value, i.e.,, b; > 0; and b; = 0 otherwise. Let
H = L+B with B = diag{b4, b,, ..., by}. Denote A,(L) and Amin(H)
as the second smallest eigenvalue and the smallest eigenvalue of
L and H, respectively, which provide useful information about the
graph’s structure and properties.

2.2. Primary and secondary control for microgrids

A typical DG unit consists of a DC source, an LC filter, a voltage-
controlled voltage source inverter and an RL output connector.
In Fig. 1, a block diagram illustrates the control structure for the
ith DG. Droop control is utilized in the primary control layer to
maintain the frequency stability, i.e., for the ith DG,

wi = wj —mP;, (1)
U;mg,,' = Vi* — kiQ;, (2)

where o and V;* are primary control references for the ith DG
that are produced in the secondary control layer; w; and v;*nag’i are
the angular frequency and the output voltage magnitude of the
ith DG, respectively; P; and Q; are the active and reactive power
of the ith DG, respectively; m; and «; are some droop coefficients
for the ith DG. Note that the objective of frequency control is to
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Fig. 1. A fully distributed control block diagram for inverter-based DG i.

design a proper o} such that w; is synchronized to a reference
level, w;.

Considering physical components, the nonlinear dynamics for
the ith DG is provided in Bidram et al. (2013), Zuo et al. (2016).
Then, applying the feedback linearization and considering that
DGs operate in noisy circumstances, the dynamics of frequency
and active power for DG i, including input disturbances, can be
characterized as (Zhao et al., 2021)

o =u’ +¢°, 3)

miP; = uf, (4)

where ¢ can be external disturbances, while u® and uf are
control inputs to be designed, of frequency and active power,
respectively. As a result, ] can be calculated as

i im

It is recognized that a distributed control approach offers supe-
rior benefits compared to a centralized method, particularly in
terms of microgrid scalability and reliability enhancement. Con-
sequently, our objective is to develop distributed secondary con-
trollers u{” and uf utilizing data from neighboring DGs, facilitated
by a communication network.

2.3. Problem formulation

A fully distributed secondary control strategy for islanded mi-
crogrids in this paper indicates that utilization of global topology
information is avoided such as the second smallest eigenvalue of
the Laplacian matrix of communication topology. Meanwhile, we
are dealing with secondary control with accelerated convergence,
and the controllers (and the estimated settling time in the fixed-
time case) should not depend on global topology information and
the total number of DGs to reflect the fully distributed feature of
the proposed control scheme.

Therefore, the problem to be addressed is stated as: for the
system (3)-(4), design fully distributed controllers u{’(t) and uf(t)
without using global topology information, i € £2,

(1) to realize practical finite-time FR and APS among n DGs,
respectively, i.e.,
lim; 1 |wi(t) — | < &5
lwi(t) —wr| <8,Vt>T,Vie £2,
and
lime_r [m;Pi(t) — mPi(t)] < 6;
[miPi(t) — miPi(t)] < 8,¥t > T, Vi, j € £2,

where § is a positive adjustable constant, T is upper
bounded by a finite time; or
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(2) to realize practical fixed-time FR and APS among n DGs,
respectively, i.e.,

limg_ 7 |wi(t) — | < §;

lwi(t) — x| <8,Vt >T,Vie 2,
and

lim; 7 [m;Pi(t) — mPy(t)] < 6;

|m;Pi(t) — mPi(t)] < 8,Vt >T,Vi,je L2,
where T is upper bounded by a fixed time that is indepen-
dent of initial states and global topology information.

Next, some mild assumptions are made for the considered
microgrids.

Assumption 1. The undirected graph G corresponding to n
DGs is connected. And at least one DG can access the frequency
reference level.

Assumption 2. The external disturbances are bounded. Specifi-
cally, |£(t)| < d, where d is a known constant.

2.4. Practical finite/fixed-time stability

Consider a nonlinear system
xX(t) = f(x(t)), xo = x(0), (6)

where x € R" is the state, f(x(t)) : R" — R" is a nonlinear
function. The following two preliminary lemmas are provided.

Lemma 1 (Zhu et al, 2011). Suppose there exists a continuous
positive definite function V(x) for system (6) such that

V(x) < —aV%(x)+ 1,

where @ > 0,0 < a < 1,and 0 < n < oo. Then, system (6)
is practical finite-time stable. Specifically, the state of the system is
bounded in finite time in the set of

oM {x Vix) <

_n
“a(l—-8)]’

where 0 < ¢ < 1. And the finite time T; to reach the set ®q is
bounded by

V1=9(xo)
ag(1—a)

T <
with Xy being the initial state.

Lemma 2. Suppose there exists a continuous positive definite
function V(x) for system (6) such that

V(x) < =V (x) — BV (x) + n,

where o, 8 > 0,0 < ¥ < 1, and 0 < n < oo. Then, system (6)

is practical fixed-time stable. Specifically, the state of the system is
bounded in fixed time in the set of

n
Dy 2 x|V(X) < —————— ¢,
’ : = 2(1—e)faﬁ}
where 0 < ¢ < 1. And the fixed time T, to reach the set &, is
bounded by

T
L= Syevap

Proof. The proof procedure is similar to that in Cao et al. (2020).
A sketch of the proof is provided in what follows. First, we need
to rewrite V(x) as

V(x) < —aV'7V(x) — BV (x) + 1
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= —aeVVx)—a(l — )V TV (x)
— BV (x) — B(1— eV (%) +
< —aeV1 7V (x) — BeVIH (x) — 2(1 — e)VaBV(X) + 1,

then the proof can be completed by using Lemma 2.1 in Ning et al.
(2018) and the comparison principle.

Lemma 3 (Krstic et al, 1995). Vx,y € R, the following inequality
holds

cP 1
xy < —xIP + —|yl%,
p qcd

wherec >0,p>1,q>1,and (p—1)g—1)=1.

3. Fully distributed finite-time FR and APS

In order to achieve FR for DGs, a fully distributed controller is
designed for DG i, i € £2, as:

= —/,L,OtSlgI'I(Z aj(w; — wj) + bi(w; — wr)>
jEN;
- k1SigH<Z ajj(w; — wj) + bi(w; — wr)), (7)
JEN;
hi=a Zaij(wl — ;) + bi(w; — w;)| — au;, (8)

JEN;

where w; is an adaptive gain with ©;(0) > 0, « > 0, and k; > d.
In order to realize APS, a fully distributed controller is further
proposed for DG i, i € £2, as:

u = —amgn(Z a;jvii(miP; — P])>, 9)

JEN;

. o o
Vij = Ea,ﬂm,»P,- — mJP]| — E\),‘j, (10)

where vj is an adaptive gain with v; = v;; and v;(0) > 0. Denote

e=[eq, ey, ...,e,]" and € = [e1, €3, . . ., €,]7, where e; = w; — wy,
i=1,2,...,n and
i miPi
€ = miP; — — . (11)
n

Let G denote an undirected graph with an adjacency matrix
A = [aizj],,xn. Let L denote the Laplacian matrix of graph G.
Construct two non-negative functions of

n
ZEZZ“U’( e 4~ Zbe+ Z =67, (12)
i=1 jeN;
and

Ze + ZZ(W — 62", (13)

i=1 j=1
where 6; = 1/y/2%min(H) and 6, = 1/4/A(L).

Theorem 1. Under Assumptions 1 and 2, for the system described
by (3) and (4), by using fully distributed controllers described by (7)-
(10), practical finite-time FR and APS are achieved. Specifically, the
FR error and the APS error converge into the set of

e s || 2 (02(Chmin(H) + 1))°
Ql{e”fxmmm)( 2(1—e1) )}
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eTe§2< n262(25(L )+1)) }’
A1 —e)

and

.Qz‘é:e

respectively, where 0 < &1, &2 < 1. And the finite time T} and T} to

reach §27 and $25 are bounded by
24/V4(0)

Tr < Y (14)
[0 2251
and
2/ V5(0
1y < 20 (15)
(0255

respectively.

Proof. Since e; = w; — wy, using (3) and (7), the time derivative
of e; can be calculated as

i = —pasign (Z ai(e i)+ b; e)
jEN;
— kqsign (Z ai(e i)+ b; e,) + ¢
JEN;

From (12), the time derivative of Vl can be calculated as
n

= Z éi(z a(e; — ej) + biei) Z il i — 61).
i=1 EN;

Let z; = ZjeN ajle; — e;) + bie; and i1 = p; — 61,1 =
1,2,. n Then, one obtalns that

Vi=—a ZMi|Zi =k Z |zi| + Z {°zi
i=1 i=1 i=1
n n
+a Z Mialzil — o Zﬂi,lm
i=1 i=1
n n
<—ab Y |zl —a ) piip
i=1 i=1
n n
=—ab Y |zi| — ab; Z(Amm(H)u%_])
i=1 i=1
n % n
+ ab; Z(Alnin(H)M%,]) _“ZMH/M” (16)
i=1 i=1

where the fact that ky Y i |z > Y., ¢%z due to ky > d
under Assumption 2 has been used to get the inequality. It can
be further verified that

n 1 n
2
by Z(kmin(H)Mi1> - Z i1 Wi
i=1 i=1
o n n
= ;<9$kmm(H) + Mia) —a zuf,l(ui,l + el)

i=1

[N,

n

o

SN +M11)_az(uﬂ 1t - 391)
i=

:anef(kmizn(H) D,
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Thus, (16) can be further calculated as

Vi < —ath Z |z — oty Z(Amm(mul ]) + 1T
,1 %
< —ab (Z <le + )\min(H)/'Liz,l)> + IT4
i=1 .
< —ab; (2)»min(H)V1> ’ + 1.

Since 01 = 1/4/2 min(H), by using Lemma 1, one can obtain that
the frequency of DGs, w = [w1, wo, ..., w,]T, converges into the

set of
Vi < LY
" a(l-e)

!21:{0)

in finite time T} bounded by
2/V1(0)

[0 251 '
Note that

*
T, <

1 1
Vi > EeTHe > Ekmm(H)eTe,

so from the set £2;, one further obtains that the FR error con-
verges into the set of

2¢=elele < 2 ( L )2
e _)\min(H) 01(1—51)

in finite time T;. From the above analysis, we can conclude
that practical finite-time FR is achieved for DGs by using fully
distributed controller (7)-(8). Next, we prove that practical finite-
time APS is realized among DGs.

From (4), (9) and (11), the time derivative of ¢; can be calcu-
lated as

& = —vwzsign(Z aii(ei — e;)).

JENG

Then from (1

Zelel—i—ZZvu vij — 62).

i=1 j=1

) the time derivative of V, can be calculated as

Let vi 2 =V — 92, i=1,2,...,n Then, one obtains that

Ze,e,—i—ZZvu vij — 63)

i=1 j=1

=—«a Z e,~sign<z ajvii(e; — q))
i=1 j=1
n n o o
+ Z Z Vi,2<2aij|mipi —mP| — 5“:‘;‘)

i=1 j=1

n n
3 2 2 aml
= —— aiiVij|€; — €
2 yry J

i=1 j=1

o
+ZZU,2< a,]|€,— j|—5vij>
i=1 j=1

n n

1
_%% Z 3 e — 6 - “y Z(zkz(z)vgz)z

i=1 j=1 i=1 j=1

0592 ZZ(z}Q )j _ %ZZULZVU'. (17)

i=1 j=1 i=1 j=1
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It can be verified that

1
R 2
(2{92 <2)»2(L)V,-2,2> — Vi 2Vjj

o N
= <2922)»2(L) + ng) — v (Vi,z + 92)

o A 1 1
<2 (ze;m) n vgz) - a<vgz S 5922)

=% (292%(2) + 922).

_ an2922(2A2(i)+1)

Let IT, . Then, (17

non 1
Vz <_ (¥92 Z Z ale; — %92 Z Z(Zkz(i)v52> 2 + I,

i=1 j=1 i=1 j=1

-2 (303 (dta -

i=1 j=1

) can be further calculated as

P+ 200(0)y 2))j + T,

ab, 2 R 2
— 24l ) 4 M = —aby( 1(L)V2 ) + I,

2

where the fact that ) ;' , Zj'?:] al.zj(e, — ) > 2€"Le > 22,(L)e"e

has been used to get the last inequality. Since 8, = 1/,/A2(i),
by using Lemma 1, one can obtain that the APS of DGs, P =
[m1P1, myPs, ..., myP,]7, converges into the set of

2 =1ply, < (T2 ’
2‘: 2—<a(1—sz>>}

in finite time T; bounded by
2/V5(0)

[6255) '
Note that

*
T, <

1
Vy, > feTe,
2

so from the set £2,, one further obtains that the APS error con-
verges into the set of

€ _ T IT; 2
25 = {e €e §2<7a(1—82)> }

in finite time T;. Hence, practical finite-time APS is realized
among DGs by using fully distributed controller (9)-(10).

4. Fully distributed fixed-time FR and APS

The settling time estimation of (14) and (15) in Theorem 1
depends on initial conditions of all DGs, which can be difficult to
obtain in practice, particularly for a large-scale networked DGs.
To further remove this restriction, fully distributed fixed-time
controllers are proposed in this section.

In order to achieve FR for DGs, a fully distributed controller is
designed for DG i, i € £2, as:

= —jasig ¢ (Z ajj(w i) + bi(w; r))

JeN;
- ﬁiaSigH—g (Z aij(wl - wj) + bi(w; — wr))
JEN;
—kzslgn<za1j Wi — Wj +b( '_wr)>7 (]8)
jEN;
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2-¢
/’Ll—a Zau(wz_ ) + bi(wi — )
JEN;
248
al Y ajlwi — o))+ bilw; — )
JeN;
—afii — ohfis, (19)

where j1; is an adaptive gain with ;(0) > 0,0 < & < 1,k > d,
and h > 1.

In order to realize APS, a fully distributed controller is further
proposed for DG i, i € £2, as:

= -« Zauuuﬂg (miP; — m;P;)
JEN;
— Z aijf;,-jsig”s(m,-Pi — ijj), (20)
JEN;
- o —
Vjj = Eaij|m,~Pi — ijj|2 §
a a_ o
+ 5 almP — mP;| > — 57 = Ehv,-?, (21)

where vy is an adaptive gain with v; = v;; and v;(0) > 0.
Let G aznd G denote undirected graphs with adjacency matrices

A = [ar]nxn and A = [a s respectlvely, and the cor-
responding Laplacian matrlces are L and I, respectively. Denote

Ay = mln{Az( ), Aa(L)}. Construct two non- negatlve functions of
SEIDNICEDRS IR BRI
i=1 jeNj
and

Ze + = ZZ — 04, (23)

i=1 j=1

where 65 = (2n)# /(2Amin(H)) and 6, = (2n2)4 /(24,). Let
. 2 (ho3 + 65) 5°(5h65)° 33(10h6;3)*

> T 20me% T 6(6(h—1)F | 4(40hg2)3

1 1
50 A () S 03305 (H),

and
o (W30 5%(ShE.°  3%(10h03)"

* 7 T20m20F T 6(6(h— 1) | 4(40h62)

1 o1 5
+ 59}22*% S0+ Eejz”sx?é(u.

Theorem 2. Under Assumptions 1 and 2, for the system described
by (3) and (4), by using fully distributed controllers described by
(18)—(21), practical fixed-time FR and APS are achieved. Specifically,
the FR error and the APS error converge into the set of
nil

0252 {e ele < 73}

Amin(H)(1 — &3)
and

n1l.
24 2 1€ — ,
2(1 — 84)
respectively, where e and € are defined in Section 3,0 < €3, &4 < 1.

And the fixed time T and T; to reach 2§ and $24 are bounded by

. T
I3 < @7 (24)

ele <
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and
T

T, < ——, 25
4= e (25)

respectively.

Proof. Let jij3 = i — 03,01 =1,2,.
derivative of V3 can be calculated as

= —aZm, ot —aZM 212+ — kzZ|Zz
+ Z §’zi+a Z fislzil* + o Z fuislzi*t
i=1 i=1 i=1
n
—a Y fuis(iii + hii})
i=1
n n
—afy Y |zl —a ) s+ hii})
i=1 i=1

n
< —aby ) |zl
i=1
2-¢

n n 25
=—ab; Y _|z]* — abs Z(Amm(H)%)
i=1

., n. From (22), the time

2

i=1
n # n
+ abs Z(kmin(H)ﬂﬁ3> — abs Z |z:[2+
i=1 i=1
n # n #
— ab; Z (kmin(H)l},ﬂ) + abs Z (kmin(H)l_‘,ﬂ)
i=1 i=1
n
—a Y fuis(jti + hi}). (26)

i=1

where k; > d under Assumption 2 has been used to get the
inequality. Note that

7<9 hoin (H) + ﬁfff‘é)) 5 (92 A (H) +ﬂ,»2f32+5’>
— @is(fis + 63) — fiish(fis + 63)

1 1 72078 1 )2t 1 204
593 mln(H)+2 +293 mm(H) 2 His3 ¥
- h,aiﬂ3 - 5h93;1,- 3 10h493 /,L, 3

— (5h05 + 1)ix75 — (h65 + 03)iLi 3
2
=- 5h93,u13 + Mls

— 10h65 i}

1
+ —(h63 +63)
2¢2

1 5 226 4
+ il — iz —

1. )
1)+ Mfa(u,zizg ity —1)
6

2
56 ¢

L 1(5hs
6 M3\,

A
3c3 4 10n63
4 “'3+4( o

1
S OZEH) + )

—(h— Db, +

— 10h03 i} 5 +

2
_ (h63 + 65) 5%(5h0;)° 33(10h03)*
N 20h204 ((h—l))5 4(40hH2 )3
2 2 =
+ Mmlf( )+ exmff( )= 1T,

where Lemma 3 has been used to get the inequality, and the
selection of
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C1 =h932 10, n n 1
_ . Teciol € (e _ £
oS-t - LoD o)
40162 .3 = =
C3 :( 33)4

R | | ~e (L ans e )
has been utilized to obtain the last equality. Therefore, it can be i—1
further verified that noon

n _2 = " _ 5 +ZZ”14( aglmiP; — m;P; >~
ab; Z()\min(H)Mi,g,)
i=1

+ abs Z()\min(H)/Lizj) i=1 j=1
i=1
n
- Z i3 + hia)

n n n n
i=1 o = 2-¢ _ ¢ = 2+
- _¢ aivile — e E % Qi le — €
el e e 2 2 2wl =6t -5 ) ) aiml
=5 2 Z 93 Amin (H) + M3 . - . = - =
=1 S 26, ¢ 2+4¢
+szi,4(§aij|6i—€j| + S ajlei — €l

n
+ - 2(03 A (H) z(32+g)> —a Z Ri3(fi3 + 63) =1 =1

d 248 %S ®Xpss
+ Ea,-j|m,-P,- — m]Pj| — EUU — Ehvij)

= o_ A,
] — Evij — fhv5>
—“Zﬁi,ah(ﬁi,a + 65 = anll; 2 IT;. at »
i=1 4ZZaU|el—ejl - 4ZZaulel—eJ 2+
Thus, (26) can be further calculated as =t - =
n 2-¢ non 2-¢
2 ()[94 Ty—
Vs < —abs 32 — abs Z( min(H) ) -5 Z(nz(““ﬁ)
i=1 i=1 j=1
n 5 004 o o s
. _aegz(xmmmmg) o D) CECA
i=1 i=1 i=1 j=1
- 2 -2 2 @by x~ Y 7 #
< —abs (Z <z,. + )»min(H)Mfg)) -5 Z(zkz(mf‘l)
i=1 i=1 j=1
VS 2 =2 E 004 o~ — 5
- 0(93(2”) 2 <Z <Z,' + )\min(H)Mij)) + 113 + 74 Z Z<2)‘2(Z‘)D124>
i=1 i=1 j=1
2-¢
= n n
< —ats (zxmm(H )V;) — % DO bialvy + hvp). (27)

248 i=1 j=1
& 2
— oz63(2n)_7 (kain(H)V3> + I15.

) : ) ) It can pe verlﬁe ﬁﬂ;ét ~ e
Since 63 = (2n)4 /(2Amin(H)), by using Lemma 2, one can obtain aba( 2202(L ) + ab, <2x2(L)ﬁf4) — ori a(Ty + h‘—jg)
that the frequency of DGs converges into the set of
5 2 5 6 3 3\4
Q= w‘vg < I3 } - (h63 + 64) 5°(5h6,) 3°(10h6;)
2(1 — &3)a 20h20; 6(6(h —1))>  4(40hH2)3
in ﬁxed time T; bounded by + 9222 2750 + 0222+5A2+5(L)> = ally.

I3 <

83%‘0[

One further obtains that the FR error converges into the set of

IT
Q¢ = {e’eTe < 3 I\?itgia%’ff Then, ( 272 can b%fluf Iculated 3,

- )\min(H)(] - 83)05 GU|€, a ej aij|€i - 6j|

i=1 j=1 i=1 j=1

in fixed time T;. From the above analysis, we can conclude 2-¢

. . . . . _aby 2

that practical fixed-time FR is achieved for DGs by using fully 22(2)»2(1-)1), 4>

distributed controller (18)-(19). Next, we prove that practical i=1 j=1

fixed-time APS is realized among DGs. oy 5

Let B4 = Dj—04,i = 1,2, ..., n.From (23), the time derivative Z Z(“Z(U”z 4) + 1

i=1 j=1

of V4 can be calculated as

Vs = Z i + Z Z bii( vy — < 0 (Z Z( o 6y + 2A2(i)Df4>>

i=1 j=1 i=1 j=1

2-¢
2
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by o 5 & o P 2
— ) > > a6 - )
i=1 j=1
2+4£
2

+ zxz(i)af4>> + 1,
2+¢&

2-¢
0 _ z 0 ~ 2
<2 (4A2(L)V4> - %(an)‘g (4M(L)V4) + 1

2+¢

2-¢
o, z o, 2

Since 04 = (2n2)%/(2A2), by using Lemma 2, one can obtain that
the APS of DGs converges into the set of

Iy
24 =P\Vg < o
2(1 — &4)x

in fixed time T; bounded by
b4

T, < .
4= 84.‘;"0!
One further obtains that the APS error converges into the set of

11
Qj:{eeTe§4}

(1 - 84)05
in fixed time T;. Hence, practical fixed-time APS is realized
among DGs by using fully distributed controller (20)-(21).

Remark 1. A finite-time controller is developed to realize fre-
quency restoration of DGs in finite time (Zuo et al.,, 2016). Con-
sidering external disturbances, a robust finite-time controller is
proposed (Dehkordi et al., 2017a). Furthermore, finite-time con-
trollers are designed with switching topology or communication
delays (Ning et al., 2021; Wang et al.,, 2017). However, the set-
tling time is not explicitly estimated (Dehkordi et al., 2017a;
Wang et al., 2017) or is depending on global topology infor-
mation (Ning et al., 2021; Zuo et al., 2016). For example, the
controllers proposed in Zuo et al. (2016) are in the form of

Uiy = (Z agsigt (w; — o) + bysig (o — wf)), (28)
JEN;
Uip =« Z a;jsigé(ijJj — miP;), (29)
jeNi

by using which the derived settling time depends on global
topology information. Note that fixed gains are used in Dehkordi
et al. (2017a), Ning et al. (2021), Wang et al. (2017), Zuo et al.
(2016), e.g., a in (28). Instead, in this paper the proposed fully
distributed fixed-time controllers exploit adaptive control gains,
e.g., ;i in (18)-(19), guaranteeing that an explicit settling time
bound is derived, which is independent of global topology infor-
mation and the total number of DGs in the microgrid. Moreover,
the controller itself, e.g., controller (18)-(19), is independent of
global topology information and the total DG number n. There-
fore, the proposed fully distributed control scheme is ready to be
applied to large-scale systems. As a trade-off, the FR error and
the APS error will not converge to zero but to the neighborhood
of zero. The size of the error set can be adjusted through dif-
ferent communication graph patterns and different parameters.
For example, the size of £2{ in Theorem 1 will be reduced if
the communication graph is well-connected (i.e., a larger Apmin(H)
with high connectivity) and/or utilizing a smaller &;.

5. Case studies

In this section, based on a modified IEEE 34-bus test sys-
tem (Bidram et al., 2014), i.e., in Fig. 2, case studies are conducted
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Fig. 2. The modified IEEE 34 bus test feeder.
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Fig. 3. Communication topology among DGs.
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Fig. 4. Performance using fully distributed finite-time controllers (7)-(10).
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Fig. 5. Performance using fully distributed fixed-time controllers (18)-(21).

on a test system consisting of five DGs and three loads. The
communication graph together with communication strength is
shown in Fig. 3. The frequency reference level is only available
to DG 4.

5.1. Performance evaluation

The reference level for frequency is 50 Hz. The droop coef-
ficients are set as m; = ms = 141 x 107°, my, = m3 =
ms = 18.8 x 107>, Other used parameters of line impedances
are refereed to Bidram et al. (2014). At t = O s, the test system
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Fig. 6. Robustness to load changes using fully distributed finite-time controllers.
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Fig. 7. Robustness to load changes using fully distributed fixed-time controllers.

is initialized with w1(0) = w2(0) = w3(0) = w4(0) = ws(0) =
49.1 Hz, P1(0) = 50 KW, P,(0) = 25 KW, P5(0) = 40 KW,
P4(0) = 35 KW, and Ps(0) = 45 KW. External disturbances are
;P(t) = 0.8sin(2wt), i = 1,2, 3,4, 5. The controller parameters
are selected as: « = 1, ky =k, = 0.8, £ =0.2,and h = 1.2.

Applying fully distributed finite-time controllers described by
(7)-(10) with n = 5, results are shown in Fig. 4, where frequency
of DGs is restored to the reference level at t = 1.2 s, and APS
among DGs is achieved at t = 0.7 s. Then, applying fully dis-
tributed fixed-time controllers described by (18)-(21) withn = 5,
results are shown in Fig. 5, where frequency of DGs is restored to
the reference level at t = 1.2 s, and APS among DGs is achieved
at t = 2.0 s. The convergence is usually faster when using
fixed-time controllers than finite-time ones (Ning et al., 2023).
However, as shown in Figs. 4 and 5, it takes more time to realize
APS when using the fully distributed fixed-time controller than
the finite-time counterpart. The slower convergence is caused
by the adaptive term in (21), which can increase slower than
that in (10). This comparison implies the difference between our
proposed fully distributed secondary controllers and conventional
ones. Although the convergence speed is compromised to some
extent by using the fully distributed controller, its capability to
apply to a large-scale islanded microgrids is promising without
using global topology information.

5.2. Robustness to load changes
5.3. Accelerated convergence through comparison
Loads can change in microgrids based on different user re-

quirement. Therefore, it is an important task to validate the
robustness of the proposed fully-distributed controllers against
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Fig. 8. Plug-and-play capability using fully distributed finite-time controllers.
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Fig. 9. Plug-and-play capability using fully distributed fixed-time controllers.

load changes. Without loss of generality, we consider that Load 2
is doubled at t = 2.5 s. Applying the fully distributed finite-
time and fixed-time controllers with n = 5, results are shown
in Figs. 6 and 7, respectively. It is observed that, at t = 2.5 s
the frequency and the active power encounter some deviations
caused by the load change from Load 2, then the frequency
is restored within 3.2 s and the APS is achieved within 3.8 s.
Therefore, it is demonstrated that the proposed fully distributed
controllers are robust against load changes.

5.4. Plug-and-play capability

Due to the intermittent nature of DGs in a microgrid, it is
necessary to validate that, when some DGs are plugged into or
out of the microgrid, the proposed fully distributed controllers
are still effective to ensure the whole system operate in a normal
mode. To address this concern, we consider that a “DG 6” is added
to Bus 838 of the microgrid at t = 4 s, and is later removed
at t = 8 s. Meanwhile, it is assumed that DG 6 is a neighbor
of DG 4 with communication strength 2 for 4 s < t < 8 s
on top of the existing topology in Fig. 3. Applying the proposed
fully distributed controllers, results are shown in Figs. 8 and 9,
respectively. We can observe that, at t = 4 s, the frequency
and the active power of DGs encounter some deviations due to
the addition of DG 6, then the frequency is restored within 4.6 s
and APS is achieved within 6.0 s. Once DG 6 is plugged out
from the microgrid, the frequency and the active power again
encounter some deviations before returning to the reference level
and achieving APS, respectively.

Besides the fully distributed feature of our proposed con-
trollers, another promising feature is the accelerated convergence
of FR and APS in islanded microgrids. In order to make a compar-
ison, a fully distributed controller with asymptotic convergence
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Fig. 10. Comparison results using fully distributed finite-time controllers (7)-
(10).

is presented for DG i, i € £2, as:

Y = —[lia (Zay _w] + bi(w; _wr)>

jEN;

- kgsign<2 aj(w; — wj) + bi(w; — wr)>, (30)
JENG
. 2
i = O‘(Z aj(w; — ;) + biw; a)r)) — ajij, (31)

JEN;

where [i; is an adaptive gain with ;(0) > 0, and k3 > d.
In order to realize APS, a fully distributed controller with
asymptotic convergence is further provided for DG i, i € 2, as:

uf = —u Zaijfz,-j(m,-Pi — ijj), (32)
JeN;

2 o 2 o _

Vij = Ea,-j|m,-Pi — m]Pj| — Ev,-j, (33)

where ¥y is an adaptive gain with ¥; = v;; and 7;(0) > 0.

External disturbances considered in this section are (t)
0.08sin(27t), i 1,2, 3,4,5. The controller parameters are
selected as: « = 0.5, k; = k; = k3 = 0.08. Other unmen-
tioned parameters keep the same as those in Section 5.1. With
n = 5, applying fully distributed finite-time controllers described
by (7)-(10), fully distributed fixed-time controllers described by
(18)-(21), and fully distributed asymptotic controllers described
by (30)-(33), results are shown in Figs. 10-12, where frequency
of DGs is restored to the reference level at t = 6.1s,t = 9.3 5,
and t = 10.7 s, respectively, and APS among DGs is achieved at
t =13s,t =32s,and t = 5.7 s, respectively. Therefore, our
proposed controllers accelerate the convergence of FR and APS in
islanded microgrids.

6. Conclusion

This paper has investigated the accelerated secondary FR and
APS in islanded microgrids. Fully distributed finite-time con-
trollers have been proposed to ensure that the FR error and the
APS error are converged to adjustable sets in finite-time. To fur-
ther lift the restrictions of the dependance on initial conditions,
fully distributed fixed-time controllers have been proposed. Both
type of proposed controllers do not depend on global information
of communication topology. The developed fully distributed con-
trol scheme has the potential of becoming a promising solution
for the resilient and efficient management of large-scale islanded
microgrids. The effectiveness of the proposed approach has been
validated through extensive simulations on a modified IEEE 34

10
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Fig. 11. Comparison results using fully distributed fixed-time controllers (18)-

(21).
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Fig. 12. Comparison results using fully distributed asymptotic controllers (30)-
(33).

bus test feeder, demonstrating superior performance in terms
of FR, APS, and transient response under various operating con-
ditions and disturbance scenarios. Future work will concentrate
on designing smooth fully distributed controllers without using
the sign function. Another interesting direction is to design fully
distributed controllers for voltage regulation and reactive power
sharing.
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