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Abstract—This paper proposes a finite-time event-triggered
secondary frequency and voltage control for islanded AC mi-
crogrids (MGs) in a distributed fashion. The proposed control
strategy can effectively perform frequency restoration and volt-
age regulations, while sharing the active and reactive power
among the distributed generators (DGs) based on their power
ratings. The finite-time control enables a system to reach con-
sensus in a finite period of time enhanced from the asymptotic
convergence. The event-triggered communication is utilized to
reduce the communication burden among the DG controllers by
transmitting data among DGs if an event-triggering condition
is satisfied. The performance of the proposed finite-time event-
triggered frequency control is verified utilizing a hardware-in-
the-loop experimental testbed which simulates an AC MG in
Opal-RT.

Index Terms—Distributed control, event-triggered control,
finite-time control, islanded AC microgrid, multi-agent systems,
primary control, secondary control.

I. INTRODUCTION

ICROGRIDS (MGs) as critical components of modern

power systems play a significant role in increasing the
reliability and resilience while facilitating the integration of
sustainable energy resources. The operation of MGs in both
grid-tied and islanded modes is the key factor to enhance
the power grid resilience during extreme events like natural
disasters. As a critical component to obtain reliable and stable
operations in both modes, the hierarchically structured MG
control system has been surveyed in the literature [1], [2].
The hierarchical control system is composed of the primary,
secondary, and tertiary control layers [1], [2]. The primary con-
trol is locally deployed by the distributed generators (DGs) to
stabilize the system frequency/voltage and to satisfy the power
sharing among DGs after the MG is disconnected from the
upstream power network. The secondary control restores the
frequency/voltage deviations caused by the primary control.
The tertiary control regulates the power flow between the main
grid and the MG in grid-tied mode [1]. Traditionally, a cen-
tralized controller collects information from every DG in the
secondary control layer, containing risk of being a single point
of failure. As opposed to the centralized control, the distributed
controllers need to interchange information only with their
neighboring controllers. Such distributed secondary control
architecture can increase the MG system reliability and scala-
bility, as well as improving the computational efficiency [3]—
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[6]. The decentralized secondary control of AC microgrids has
been proposed in [7]. Even though the decentralized secondary
control obviates the requirement for a communication network,
it still relies on the primary control level and it is not effective
for some secondary control applications like regulating the
voltage of a critical remote bus.

The distributed secondary control scheme has been further
advanced by adopting the various control techniques. The
finite-time control strategy enables a system to converge to
the steady state in a finite amount of time, enhanced from
the asymptotic convergence time [8]-[10]. With finite-time
control, the microgrid’s voltage and frequency will be con-
verged faster to their nominal values and experience much
less transients. Both of these features are very important for
the microgrid critical loads. According to [11], voltage and
frequency transients can result in machinery malfunction as
well as microgrid’s equipment and components damage and
failure over time. The frameworks for the frequency/voltage
restoration and active/reactive power sharing of an islanded AC
MG using the finite-time control method have been introduced
in the literature [12]-[14]. The frameworks introduced in
[12]-[15] validates the effectiveness of finite-time secondary
control in MG system, as well as presenting its robustness
against the disturbances such as load changes.

Even though the distributed finite-time control techniques
improve the frequency restoration speed of MGs, the DG
local controllers continuously transfer their local information
to other DGs which incurs unnecessary burden on the commu-
nication system. Recently, the event-triggered communication
has been applied to the multi-agent systems (MAS) [16]-[18]
to tackle this challenge. As apposed to the periodic communi-
cation between the agents in a conventional MAS, the event-
triggered method activates the communication only if an event-
triggering condition is satisfied, which in turn leads to the
communication burden reduction. The event-triggered control
has been applied to the conventional MG distributed control
systems in order to decrease the communication network
traffic among DGs in [19]-[26]. The complete framework for
the secondary frequency/voltage restoration and active/reactive
power sharing of AC MGs using the event-triggered commu-
nication is presented by [20]. The effectiveness of the event-
triggered control in the distributed secondary control under the
various scenarios, such as a network delay, noise in the event-
triggering, load changes, and plug and play functionality of
DG, is evaluated in [19], [21]-[23].

The aforementioned event-triggered strategies can only pro-
vide the asymptotic consensus of MAS. In practical situations
however, it is desired to obtain the finite-time consensus. On
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that account, numerous tactics to attain a finite-time consensus
under the event-triggered communication in a general MAS
are introduced in the literature [27]-[34]; however, the event-
triggering mechanisms designed in [27]-[33] either require
a continuous transmit of information from the neighbors or
cannot guarantee the exclusion of Zeno behavior. In order to
pursue a finite-time consensus with an event-triggering com-
munication that excludess a Zeno behavior, Du et al. proposed
a finite-time event-triggered consensus (FETC) scheme in [34].

Although FETC has been proposed in the literature for
a general MAS, the FETC of the MG distributed control
system has not been addressed in the literature. The exist-
ing distributed secondary control techniques either address
the event-triggered operation or the finite-time consensus. A
comprehensive distributed secondary control approach that
accommodates a finite-time control response while obviating
the requirements for a continuous communication is missing in
the literature. Therefore, this paper creates a unified distributed
secondary control for MGs that accommodates both the event-
triggered communication and finite-time response features. To
this end, this paper makes the following contributions:

1) A FETC scheme for the MG’s distributed secondary
frequency and voltage control is created to achieve
both consensus in finite time and lower communication
burden in the MG communication system.

2) The exclusion of Zeno behavior in the proposed dis-
tributed frequency and voltage control is investigated.

3) A strategy is proposed to effectively accommodate an
islanded MG’s frequency and voltage control subsequent
to load changes as well as energization or outage of DGs.

The remaining of this paper includes the following sections:
In Section II, the primary and the secondary control levels are
introduced. The distributed secondary frequency and voltage
restoration framework based on the event-triggered finite-
time control is proposed in Section III. The validation of
the proposed secondary control through a hardware-in-the-
loop (HIL) simulation is presented in Section IV. Section V
concludes the paper.

II. INVERTER-BASED MGS

This paper assumes that the AC MG is composed of
inverter-based DGs. The block diagram of an inverter-based
DG is depicted in Fig. 1. An inverter-based DG consists of the
primary DC power source, inverter bridge, and nested voltage,
current, and power controllers. DGs are able to control the
MG frequency and voltage through the local frequency and
voltage droop controllers, that is the primary control layer. In
Fig. 1, the droop controllers are implemented in the power
controller block. The roles of the primary control layer are
to stabilize the system frequency/voltage subsequent to an
islanding event as well as to share the active/reactive power
among the DGs based on their power ratings [2]. The primary
control, however, results in the frequency/voltage drop from
the nominal operating values. The secondary control is imple-
mented in order to restore the MG’s frequency/voltage to their
nominal values. In this paper, the secondary frequency/voltage
restorations and the active/reactive power sharings among the
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Fig. 1. Block diagram of i*® inverter-based DG.

grid-forming inverters are of concern.

The primary control is locally implemented in each in-
verter’s controller [2]. The angular frequency w; and the
reference value for the internal voltage controller vy ..., of
DG i, are determined by the following droop characteristics

i —mpi P (1)
—nQiQ; 2
where mp; and ng; are the active and reactive power droop
coefficients, respectively, that relate to the power ratings of
a DG. w,; and v,; are the references for primary control.
The DG’s internal voltage and current controllers converge
the DG’s terminal voltage magnitude vo,magi tO U a0, The
active/reactive power are distributed among the DGs by the
primary controller proportional to their active/reactive power
ratings, Pmax,i and Qmax,i, respectively. To this end, the ac-
tive/reactive power ratios of each DG are defined as P;/ Pyax.;
and Q;/ Qmax,i» respectively. The primary control ensures that
the active/reactive power ratios satisfy

Wi = Wn

* — .
Uo,magi = Uni

P Py
- = — 3
Pmax,l Pmax,N ( )
@ R QiN 4)
Qmax,l Qmax,N

Since the droop coefficients are selected based on the power
ratings, (3)-(4) can be equivalently expressed as

=mpnPn @)
nQ11 = -+ =ngnQ@nN. (6)

It should be noted that once the DGs’ active/reactive powers
satisfy (5)-(6), the angular frequencies w; and voltage magni-
tudes Vo, magi, are settled into the values that are smaller than
the nominal values. To restore MG’s frequency and voltage
back to the nominal values, the secondary frequency and
voltage controls adjust w,; and v,; of each DG in (1) and
(2), respectively. This process will be discussed in Section III.

mPl-Pl:"'

III. FETC-BASED SECONDARY FREQUENCY CONTROL

One of the objectives of an islanded MG control in the
secondary level is to synchronize the angular frequencies of
DGs, w;’s, to the nominal angular frequency of the system,
wref- At the same time, it needs to allocate DGs’ active
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powers based on their ratings according to (5). The schematic
of the FETC-based secondary frequency control proposed
is illustrated in Fig. 2. The secondary controller calculates
the primary control input using its local and neighbors’
information. The secondary controllers share information via
communication graph, when the event-triggering condition is
satisfied. The details of the secondary frequency controller
using the FETC strategy are elaborated as follows.

A. FETC Problem for a General Linear MAS

Using input-output feedback linearization, the nonlinear
dynamics of DGs are transformed to identical linear dynamics.
This process has been explained in details in [35]. Based on the
dependence of DGs’ operating frequency and terminal voltage
magnitude on the active and reactive power droop reference
values, feedback linearization leads to a first-order linear
tracking synchronization problem for a MAS [4]. Consider
a MAS of which i*? agent’s dynamics is given by

where z;(t) € R” is the state variable vector, u;(t) € R™ is
the system input vector, A € R™ ™ is the state matrix and
B € R™ ™ is the input matrix. DGs can communicate with
each other through a communication network which can be
modeled by a graph G = (V,E), where V = {vy,--- ,on} is
a set of IV vertices or nodes, and £ C V x V is a set of links.
The weights a;; of the edges (v}, v;) form an adjacency matrix
A= [aij] € RVXN of graph G. If (vj,v;) € €, then a;; > 0,
otherwise a;; = 0. The neighbors of node ¢ are defined by
a set of nodes that have a link to v; and can be written as
N; = {v;|(v;,v;) € £}. The in-degree matrix of a graph is
defined by D = diag{d;} € RV*Y where d; = Zjvzl aij.
The graph Laplacian matrix is calculated by £ = D — A [36].

In [34], the following control input is proposed in order to
achieve the finite-time consensus without continuous commu-
nication among agents

’U,,(t) = ClKZi(t) + CQKSlg(R(Zq(t) + Gi(t)))p (8)

where sig(z)? = sgn(x)|z[? with 0 < p < 0.5, and sgn(-)
is the signum function. ¢; and co are positive real numbers,
R € R™*™ is a positive-definite matrix, and K = —-BTR €
R™>™ The estimate error e;(t) and the local tracking error
2;(t) for i*" agent are defined as

a;(t},) ©)
ACzi(H)) - (10)

ei(t) = z;i(t) — eAt=t)
zi(t) = Z aij(eA(t_ti')xi(tZ) —e

JEN;

where ti is the latest communication triggered time of '}
agent determined when the event-triggering condition f;(t) >
0 is met. To obtain the finite-time consensus, the following
event-triggering function is proposed in [34]

Filt,ea(t), z:(t), (1)) = al|es(®)|)* + Bl ()| an
2p
+’Y||Zz(t)H _X51i|§0i(t)|2w
@ilt) = —eaisig(ei(t))? (12)

3

where aHei(t)H2 + BHei(t)Hzp +7Hzi(t)H2p is the error term

and xe1;|p;(t)|?¥ is the event-triggering threshold. The trig-
gering condition f;(¢t) > 0 indicates that the communication is
triggered when the error term exceeds the threshold, i.e., agent
i broadcasts its updated state z;(t}) to its neighbors. Unlike
the asymptotic triggering thresholds introduced in the litera-
ture [16]-[23], [26], note that the threshold ¢, (¢) developed by
(12) is a positive real number that monotonically decreases to
zero in finite time [34]. The term Hei (t) ||2p also helps obtaining
the finite-time consensus [34]. «, [3, and ~ are positive real
numbers greater than certain criteria, €9; > €1; > 0, x > 0,
and 0 < ¢ < p. The FETC strategy introduced can be
summarized as Lemma 1.
Lemma 1 [34]: For the MAS given in (7), assume (A, B)
is controllable and the communication graph G is strongly
connected. With the control law (8) and the event-triggering
function (11), the system can reach consensus in finite-time
for all initial conditions if the following condition is satisfied:
(55 + $)Amax(RBBTR) + €% < —Apax(E ® S) where
91, 92, €, 03 > 0.
The detailed definitions of the parameters are given in the
following sequence. Note that \;(-) denotes the i*! largest
eigenvalue of (-).
1) Solve XAT+AX —-2BB" < 0 to get a solution X > 0.
Then, R = X~ 1.

2) Select ¢; > ﬁ that satisfies S = RA+ AR —
2c1a(L)RBBT R < 0 while leading to the best asymp-
totic consensus. The general algebraic connectivity a(L)
can be found in Definition 2. Select co > 0 that satisfies
S=RA+ATR—RBBTR<0,and 0 < p < 0.5
that performs a desired finite-time consensus.

3) Select 61,05,¢,03 > 0 that  satisfies

(55 + %) Amax(RBBTR) + €% < —Anax(2® ) with
= defined in Lemma 2.
4) Select
o > c101 A max(cT—*Zﬁ ® RBBTR) +
H1N®RA LOR(A+c1 BK)||?
204
e B> @(Ner((e- I e BT+
2L ® R|*) - PEhmax(S (£ = In) @ R||*
o 7 > 22¢(Nn)'P||R||*
e ¢ =  Cobodmax(MTE’M ® RBB'R) +
Amax (LLTOR(A+e1 BR)(A+a BK)TR) 65
2

€ 205

e|[ATR+ RA| >0
where 4 > 0, >0,0<p<1,and M = Iy — 1n€.
Note that = and ¢ are defined in Lemma 2.

Lemma 2 [37]: Consider a strongly connected graph G with
Laplacian matrix £. The general algebralc connect1v1ty of G
is defined by a(£) = min,v¢ ;4 TH; where £ = (2L +
‘CTE)/2’ E= diag(&hf% o 7£N) g - [515527 e agN]T7
€L =0, and Zf\il & = 1. Note that the general algebraic
connectivity of an undirected graph is a(L) = A2(L).

Lemma 3 [34]: If the graph is strongly connected, and
the system (A, B) is controllable, there exist matrices U €
CVNXN W e CWV-DXN_ and v € CV*N=1) guch that

T T
U%UJ,C[ S S R

On_1 A and U =
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Fig. 2. Schematic of the proposed distributed FETC secondary frequency and voltage control.

[1y Y], where J. is the Jordan canonical form of £ and
A € CW=Dx(N=1) j5 a diagonal matrix.

Lemma 4 [38]: Consider a continuous nonlinear system
& = f(x) with f(0) = 0. Suppose there exists a continuously
differentiable function V'(z) and real numbers ¢ > 0,0 < b <
1 that satisfy the following conditions: 1) V(x) is positive-
definite; 2) V(z) < —a(V (z))’. Then, the settling time can
be upper bounded as follows: T'(xp) < T b)V( o)l

B. FETC Problem for a Secondary Frequency Control of MG

Differentiating the droop characteristic in (1) yields
G () = Wi(t) + mp; Pi(2). (13)

Define the auxiliary frequency and active power control inputs
Uu,; and up;, respectively, as

wi(t) = uwi(t) (14)
mpiPi(t) = ’LLpZ'(t). (15)

From (13), the control input w,; can be written as
i = / (1t + ). (16)

Remark 1: Note that (14)-(15) and (26)-(27) are the sub-
cases of (7) where A=0, B=1,and n = 1.

Remark 2: Considering Remark 1, the system already sat-
isfies XAT + AX — 2BBT < 0. An arbitrary solution of
X = 1 that is X > 0 is chosen, and in turn, a positive-
definite matrix of R = X! = 1 can be determined. Then,
K = —B"R = —1 can be decided accordingly.

1) Active Power Sharing: Utilizing (8) and considering
Remark 2, the auxiliary active power control input in (15)
is defined as

upi(t) =

The estimate error ep;(t) and the local regulating error zp;(t)
for the active power sharing are defined as

—cp12pi(t) — cpasig(zpi(t) +epi(t))P.  (17)

epi(t) = mpiPi(t) — mpi Pi(t) (18)
2pi(t) = Y aij(mpiPi(t) — mp; Pi(1)) (19)
JEN;

where P(t) = Pi(ti), t € [ti, i41)- The event-triggering
time ¢i for agent i is generated when the event-triggering

condition fp;(t) > 0 is satisfied. The event-triggering function
fpi(t) is defined by

fpi(t.epi, zpiyppi) = apllepi||* + Bpllepl|” (20)
+ypllzpilIP7 = xpeprilepi| T

@pi(t) = —epasig(ppi(t)) V7. 20

The finite-time convergence of the active power sharing using

(17) and (20) is achieved according to Lemma 1.

2) Frequency Restoration: Similar to the active power shar-
ing, the auxiliary frequency control input (14) is formulated as

Ui (t) =

The estimate error e,,;(t) and the local tracking error z;(t)
for frequency control are respectively defined as

—Co12wi(t) — Cuasig(zwi(t) + ewi(t))Pe.  (22)

ewi(t) = wi(t) — @i(t)

2uil®) = 3 aii(@i(t) — 25(0) + G (@it) — wrer)  (24)
JEN;

(23)

where @;(t) = w;(t},), t € [t},,t} ). Note from (24) that the
frequency control is a leader-follower problem. In the leader-
follower problem, the pinning gain g; is greater than zero
only if the corresponding i*" DG has a direct edge to the
leader node, i.e., DG ¢ receives the reference value wef. g;
equals to zero otherwise. According to Remark 3, the event-
triggering time for agent i is also determined when fp,;(¢) > 0.
According to Lemma 1, using (20) and (22), the frequency
synchronization can be reached in finite time for any initial
conditions as long as the condition in Lemma 1 is satisfied.

Remark 3: The frequency and voltage control has faster
dynamics than the power sharing controls, that is, the stabi-
lization time holds T ~ 107% and T® = 1077; therefore
the frequency/voltage reaches the steady state faster than the
active/reactive power. Generally, the controllers share one
common communication network, therefore using two separate
triggering conditions in a different timescale is likely to incur
excessive communication [26].

C. FETC Problem for a Secondary Voltage Control of MG

Similar to the frequency control, differentiate the reactive
power droop characteristic (2) to obtain the following:
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Bni(t) = 0} pmagi (t) + 1QiQi(t). (25)

Define the auxiliary voltage and reactive power control
inputs, u,; and ug;, as follows:

(26)
27

O;,ma.gi (t) = Uyj (t)
nqQiQi(t) = uqi(t).

By combining (25)-(27), the secondary voltage control input
vn; can be defined as

1) Reactive Power Sharing: Utilizing (8) and considering
Remark 2, the auxiliary reactive power control input ug; can
be written as

uQi(t) = —cQ12qi(t) — cqasig(zqi(t) + eqi(t))".  (29)

The estimate error eg;(;) and the local tracking error zq;(t)
for the reactive power sharing can be defined as

eqi(t) = nQiQi(t) — nqiQi(t)
20i(t) = Y aij(nQiQi(t) — ng;Q;(t)).

JEN;

(30)
€2y

Considering Remark 3, the reactive power and voltage mea-
surements can be updated using the event-triggering condition
in terms of reactive powers. Utilizing (8) and (12), the event-
triggering condition fq;(t) can be formulated as

fqi(t,eqis 2qis Qi) = aQHeQiH2 + 5Q|\€QiH2pQ

(32)
+70] =il e

— XQEQ1ilPQi

$qQilt) = —eqaisig(eqi(t))’e. (33)

2) Voltage Restoration: Equivalent to the frequency control,
the auxiliary voltage control input can be written as
Ui (t) = (34)

—Cp120i(t) — Cuasig(2vi(t) + evi(t))P".

The estimate error e,;(t) and the local tracking error z,;(t)

for the voltage control are defined as

Cui (t) = Uo,magi(t) - @o,magi(t) (35)

Zi(t) = Y aij(Pomagi(t) — Domags(t))
jeEN; ~
7€ +9i ('Uo,magi (t)

If the voltage of a critical bus of microgrid is desired to be
synchronized to the nominal voltage, the reference voltage in
the auxiliary voltage input can be chosen as

(36)

- Uref)~

Uref = kp(vnom - Ucrit) + kz (Unom - 'Ucrit) (37)

where v,i, is the critical bus voltage, k; and k), are PI control
gains. According to Lemma 1 and Remark 3, the reactive
power sharing and the voltage restoration can be achieved in
finite amount of time using (32) and (33).

5

D. Finite-Time Stability

The secondary control problem of an islanded AC MG
consists of four MAS regulation/tracking problems, namely
frequency restoration, active power sharing, voltage restora-
tion, and reactive power sharing. Since these problems are
similarly structured, herein, the finite-time stability of ac-
tive power sharing problem is discussed on behalf of sec-
ondary control problems without loss of generality. Denote
mp; P;(t) = Pp,;(t) for simplicity. The active power sharing
problem can be expressed as the following matrix form by
combining (15), (17)-(19):

Pm(t) = —cp1L(Pn(t) —ep(t)) (38)
—epaSg(L(Pr(t) — ep(t)) + ep(t)P

where P,,(t) = [Pni(t), -+, Pun(®)]T and ep(t) =
[ep1(t), -+ ,epn(t)]T. Define a disagreement vector ¥ p(t) =
(In — 1NET) Py, (t), then its derivative can be written as

Up(t) = —cprL(D(t) —ep(t)) (39)
— cpaMsig(L(J(t) — ep(t)) + Inep(t))P”

where M = Iy — 1x5¢ 7. Note that ML = L since £ L = 0.
Then, finite-time convergence of the active power sharing
problem in terms of the disagreement vector is investigated
over microscopic and macroscopic time periods, i.e., conver-
gence between two events where there is no event triggered
in between, and convergence over the entire time period [34].

Finite-time convergence between events [34]: First, Lya-
punov stability during the communication intervals is dis-
cussed. For further simplicity, the time term ¢ and subscript P
are omitted. Select the following Lyapunov function candidate

V=Vi+VetVi (40)
Vi=9'Z0 (41)
N €
Vo= ——lal"™! (42)
Pt 1+
a X
5=y —— @it (43)
=1 1 + w

where ¢ = L(¥ —e)+e = [q1, - ,qn] " [34]. The derivative

of V; and its upper bound is found as
Vi =929 + 9=0
= —2c19 " ELY + 219 T ELe — 2c09 T EMsig(q)P
< Amax(E @ 9)||9)|?

+ 29I + 10 Amax(£TE (44)
1

20) ell”
+ 219 + caboAmax(M T E2M)

2
x (sig(q)") "sig(q)”

where 6; and 0, are Young’s inequality parameters used to
bound V;. Note that Young’s inequality parameters can be

1
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6
any positive numbers that satisfy the condition in Lemma 1. Agsume Amax (E® S)+i1 +i < 0. Replace||e || H@H
The derivative of V5 can be found and bounded as 9 10
and||z||** terms by (20). Then (50) can be further bounded by
Vo= sig(ai)’ds V < pedmax(8)[1£9]*
- : + (1= p)eAmax(S) (sig()?) 'sig(q)”
=e(sig(q)”) " (—c1£)0 + e(sig(q)?) " (e1L)e N (51
+ e(sig(a)") T (S)sig(a)” s +x(eri—e2) 3 loil?Y
GAmax(c%LT‘c) . P\ T o 693 i
< 205 (sig(q)”) sig(a)” + HﬁH In order to further bound each term in (51), the state transfor-
eller 0, mation ¢ = U~'9 = [¢]7, () ] where ¢; € C and {, € CVN 1,
lle || =+ 7(blg( )P ) sig(q)? are employed [34]. Note that the matrices U, W, Y, and A
20,4 2
~ . T s » can be defined from Lemma 3. Using the state transformation,
+ Amax () (sig(q)?) " sig(q) the following can be found:
where 63 and 6, are Young’s inequality parameters. Since ¢; is .
a predesignated function, the derivative of V3 can be written as ¢ = F/V ] (In — 1y §T) P,
: LN i (52)
Va=x Y siglei) i = —xeai Y loil**. (46) - ol b
i=1 i=1 - W(IN _ 1N£T) m
Combining (44)-(46) yields,
' c B 0 From (52), (; is found to be zero. Using the fact that (; =
v S(Amax(a ® S) + 9—1 + 93 3) 9] 0, 9T (LTLYY > Anin(UTU)Amin(ATA) G2 and 97TE0 <
1 2 Amax (U TZU)C (o, the first, second, and third term in (51)
+ <C191)\max(ﬁT52£) 6||01£'|| )H H can be respectively bounded as follows [34]:
. . 47) Amax (S)[| L9
+ <E+ PEAmax (S) + (1 — p)EAmaX(S)) ’ =5 )H I T T P
" min(U Uv))\mln(A A) D
x (sig(q)?) "sig(q)” — xea: Z lops > max{t © =
=o' VY,
max 0 SN /o .
where & = co0s Amax (M TEZM) + % + 674 and (1 = p)Amax(5) (sig(q)?) "sig(q)?
0 < p < 1 (341, Using €01 == + Lel” < 27| + < =P @ ()T s
2?||L||*"||e||?, the upper bounds for the third term elements .
in (47) are found as follows [34]: =4 V2m,
o(sig(q)?) Tsig(q)? < e2PN'P(ILO|*F +||Le — el *F)
< @PNVP| | 4 2P NIPx (48) X(eri —e2i) ) loil*”
2 2 2 i=1
@ILIP +1£ = I IP)llel, Lo = 6
. _ P+T
P Amax(5) (5ig()?) Tsig()? sl
< PEMmax(S) [ L0]*7 — pedmax(S)l|Le — €] (49) ——

< pe)‘maX(g)HﬁQgH?p - /06)‘maX(‘5~')H'C - IN||2p||e||2p .

/ / / L _ . .
Then, the inequality (47) can be further bounded by Note that of, (', 7' < 0. Combining (33)-(55), the inequality

(51) can be rewritten as

. —_ C1 Co 693
< = _ 4 i
[ O @8t e T P V<oV 4+ BVET 44V <0, (56)
+ <C191)\max(ﬁT52£) 6||Cl£|| )H 12 From the inequality 0 < ¢ < p < 0.5, p < 2” and jffl <
) ) % can be known easily. First, assume the case where 0 <
+ (62PN1‘P(2”||£H Pr|c —IN|| ") V' <1 Thus, 0< 11 <1,0< Vo<1, and 0 < V3 <1 also

& hold. Then, (56) can be rebounded as
—peAmaX(S)Hﬁ—INH2”)||@||2P (50)

. 2p_ 2p_ 2p_
V Sa/‘/ip+1 +ﬂ/‘/2p+l +’Y/V3p+1

N
=92p p\r1—p 2p ) 129 2p_ 2p_ 2p_
+ (C2 N )HZH XE2i ; “Pz| <max(a’7ﬁ’,'y’)(V1p+l + /BIV2;D+1 + ’y/V2p+l) 57)
- 2p_
+ PEAmax (S) 129 *P <max(a’, 8',7") (Vi + Vo + V3) i1
=~ . . 2p
+ (1= p)eAmax(S)(sig(q)?) "sig(q)”- =max(a/, 3', )V 7+
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Applying Lemma 4, V' will reach zero in finite-time
V(0)'~ 7T

/7 B/a,y/)( - 1%)

Now consider a case where V' > 1. Based on (56), there exists

a positive scalar r such that 1% < —r. Then, V converges to

1 in finite time [34]. Once it reaches 1, it becomes the case

where 0 < V < 1.

Finite-time convergence over entire time period [34]: Now,
stability over the entire time period that includes the impact of
event triggering will be discussed. Note that 7 and V3 are not
affected by the communication triggered [34]. V5 is going to
have a jump in its value since e; is reset to zero at its trigger
time ¢ = ti. If the jump in V5 results in the increase of Va,
it may discourage V' converging to zero. The value of V5 can
be bounded as

ty < (58)
—max(«w

i € Nias
Va(th) = - (L= In)e(t})
- ||ptl o |pt1 (59)
< o’||coy)| e
oPF et p+1
where o = S -N'"2 and * = oL~ In| [34].

Denote V(i) and Vg(f}c) as values of V5 before and after
triggering at ¢ = t;, respectively. Then, the upper bounds
for each case will be o |/319 t‘ HpJrl + B%|le t}c)Hp—H and
HPH + B*||e(ti) H , respectively. It is obvious
that the estlmate error is smaller after triggering than before,
therefore 0 < |le(£})| < [le(th)]|. Also, ‘Eﬁ(ﬁ;)”pﬂ
Hﬁﬁ(f@ Hp 1 according to [34]. Therefore, it can be said that
the upper bound of V5 is smaller after triggering than before.
For the case where V» has increased after triggering, the
maximum magnitude of the increment is o ||£19 tl ||erl +

B* || (th ||]DJr and it can be bounded as
. ||pF1 _. |p+1
o||o )| e(Th)
p+1 . p+1 . p+1 (60)
<2 @)+ |e@)|
* %o Rtl p+1 % ..
where v* = «o*272 ||L||"" + £* [34]. From (60), it is

observed that the positive increment of V5 is bounded by
||z(tf}'€)||p+1 and He(t})”p+1 which are predestined to reach
zero by the threshold (20) and (21). Then, V' can converge to
zero in finite time based on the convergence time discussed
for interevent intervals [34].

Combining the analyses for two cases, it can be concluded
that V' can converge to zero in finite time. In other words, the
active power sharing problem can reach consensus in finite
time utilizing the control protocol (29) and the event-triggering
condition (20)-(21).

E. Zeno Behavior Discussion

Due to the mechanism of event-triggered control, that is,
the communication is triggered when an error term exceeds
the triggering threshold, it is possible that the communication
is unlimitedly triggered during a short period of time even if
the error term is small but the threshold is even smaller. The

aforementioned phenomenon is known as Zeno behavior, and
is expected to be analyzed when solving an event-triggered
control problem. To prove that Zeno behavior is excluded
from the system, the minimum interevent interval needs to
be bounded by a nonzero positive value.

The Zeno behavior of the proposed FETC strategy is
investigated for two conditions, i.e., when T, < T, and
when T, > T,,, where T, denotes the time when the finite-
time consensus is reached, and T, is the time when ;(¢) is
converged to zero [34].

Zeno behavior when T, < T,,: For the active power sharing
control in (15), the estimate error can be written as

epi(T) = /tt up(T)dt

i
k

= /;(—C1ZP¢(7')

k
— cosig(zpi(T) + epi(7))Pdr.

Then the magnitude of estimate error can be bounded by

(61)

t t
llepi|l < a1 / |zpi|l d + c2 / |[sig(zp; + epi)?)|| dr
t']‘c t'ltc
= cillzpill (t = t},) (62)
+ co||sig(zpi + epi
= (c1llzpill + c2|| @) (t — t},)

where @ is the upper bound of sig(zp;(t) + epi(t))?; @
can be bounded because zp; and ep; converge to zero at
consensus [34]. Define the upper bound of ||zp;|| as g, then
c1l|zpil| + c2||®]] < c10 4 c2||®||, and let ¢ = ¢10 + c2||P].
Consider (20) and (62), and let 77 be the solution of

)| (&= th)

as (T2 + Bs*P (T + v0* = xeulpi”Y (63)

where ac2, 8¢2P, and 0% are less than yer;|o;|*Y [34].
Then, when an event is triggered, the interevent time interval
T. = tj,, — t; must be greater than or equal to 7,. The
solution of (63) satisfies 7, > 0 if ¢; # 0 [34]. Then it
can be obtained that T, > 77 > 0 when the threshold does
not converge to zero [34]. The above analysis indicates that
Zeno behavior is excluded while o;(t) # 0. Therefore for
T. < T,, Zeno behavior is excluded for the entire time since
the consensus is achieved before ;(t) goes to zero.

Zeno behavior when T, > T,,: For this case, Zeno behavior
is excluded for ¢ < T, and t > T¢. Overall, Zeno behavior
is excluded for ¢ € [0, min{T,,T,}] U [T¢, o0] for the FETC
strategy introduced [34]. In fact, the exclusion of Zeno be-
havior can be achieved by setting a proper initial value and
parameters for the threshold such that T, < T,.

F. Strategy for MG’s Frequency Restoration Subsequent to
Disturbances

The secondary control is usually applied right after the MG
islanding. In the proposed FETC scheme, once the islanding
is detected, the event-triggering threshold xe1;|¢;(¢)|?¥ in
(11) adopts it’s initial value and the communication triggering
occurs once the error term in (11) becomes greater than
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Fig. 3. 4 DG MG test system in Case A & B: (a) circuit diagram; (b)

communication graph.

the threshold. In practical implementation, the triggering is
inactivated when the error term remains smaller than a certain
value for some amount of time, so that the secondary control
can be turned off after the consensus is achieved. However,
upon the occurrence of a disturbance like load change, the
triggering threshold is required to reset and readopt it’s initial
value to accommodate a limited number of triggering events
before the MG distributed frequency control restores MG’s
frequency to the nominal frequency. To this end, a strategy
is proposed to effectively reset the triggering threshold upon
the occurrence of disturbances. In the proposed strategy, the
triggering threshold only resets if the error term in (11) has
been less than a certain value for a specific amount of time
before it crosses that value again.

IV. CASE STUDIES

In this section, the effectiveness of the proposed FETC
controller is evaluated using two MG test systems. The first
MG includes 4 DGs and is utilized in Cases A and B. The
second MG that consists of 20 DGs is used in Case C.

A. Case A: FETC Verification for Islanded MG with 4 DGs

Case A validates the effectiveness of FETC control strate-
gies on a 60 Hz/480 V MG test system with 4 DGs in
MATLAB/Simulink environment. The single-line diagram of
4 DG MG is shown in Fig. 3a. The specifications of DGs,
lines, and loads are provided in Table I. The critical bus of
MG is DG 4 bus where Load 2, which is considered as a
critical load, is connected.

The communication graph for Case A is illustrated in
Fig. 3b where each dotted line represents a bidirectional link.
The corresponding adjacency matrix to that graph is

01 10
10 01
A_1001
01 10

The reference frequency and voltage values wyef and vy.of are
sent to DG 1 from the leader node, with the pinning gain of
g1 = 1. Every DG is reachable from every other DG, therefore
the graph is strongly connected. This graph is undirected
and its algebraic connectivity (L) is 2 that is the second
largest eigenvalue of L. The control parameters for Case A
are tabulated in Table II. ¢ is the initial value of (t).

TABLE I
MG SPECIFICATIONS IN CASE A & B

DGs DG 1,4 DG 2,3
mp 1x1074 2 x 104
no 2 x 1073 4 %1073
R 0.05 Q2 0.05 2
L 4.8 mH 4.8 mH
R¢ 0.1Q 0.1Q
Ly 1.35 mH 1.35 mH
Ct 50 uF 50 uF
Kpy 0.1 0.05
Ky 420 390
Kpc 15 10.5
Kic 20000 16000
Lines Line 1 Line 2 Line 3
R 0.2Q 0.1Q 0.2Q
L 3.6 mH 1.8 mH 3.6 mH
Loads Load 1 Load 2
P 12 kW 12 kW
QL 5 kVAr 5 kVAr
TABLE II

CONTROLLER PARAMETERS IN CASE A

secondary c1 co p secondary c1 co P
Frequency 10 10 0.5 Voltage 5 20 0.5
fctive 10 10 o5 Reactive 55 g5
Tme . 5 0 x s oa v ow
Ipi 31 237 39 1 1 205 10
foi 32 237 39 1 1 15 0.5 500

1) Case A.l. Islanding from Main Grid: The performance
of the proposed secondary controller at the event of MG
islanding is investigated in this test case. The response of
4 DG MG model is shown in Fig. 4 and Fig. 5. The MG is
disconnected from the main grid at ¢ = 0 s. In order to high-
light the effectiveness of the proposed secondary controller,
the secondary control is not applied during 0 < t < 2 s. After
the disconnection, the active power ratios of DGs synchronize
to an identical value satisfying (5) and the frequencies are
settled around 59.89 Hz by the primary controller as shown
in Fig. 4b and Fig. 4a, respectively. Even though the primary
control is able to settle the DG frequencies, it cannot avoid the
deviation from the nominal frequency of 60 Hz. At ¢t = 2 s,
the secondary control is activated and the frequencies are
successfully restored to 60 Hz around ¢ = 4.5 s, still achieving
an accurate active power sharing. For the voltage control, vyef
is calculated from (37) with &, = 2 and k; = 4. Similar to
the frequency control, while a proper reactive power sharing
is observed as shown in Fig. 5b, the critical bus voltage is
unable to settle to the nominal value without the secondary
control during 0 < ¢t < 2 s as shown in Fig. 5a. The sec-
ondary control restores the critical bus voltage to 480 V when
activated, while obtaining a synchronization of reactive power
ratios . Therefore, it can be said that the proposed secondary
controller is capable of providing the proper active/reactive

0885-8950 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: UNIVERSITY OF NEW MEXICO. Downloaded on September 15,2021 at 16:28:11 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2021.3110263, IEEE

Transactions on Power Systems

power sharings, while simultaneously fulfilling the secondary
frequency/voltage restorations.

In order to emphasize the finite-time feature of the proposed
controller, it is compared with the existing asymptotic event-
triggered controller presented in [26]. The impact of parameter
p in (8) on the finite-time consensus characteristic, is also
discussed. Figure 6 shows the frequency response of DG 4 to
the existing asymptotic event-triggered controller in [26] and
the proposed FETC controller. DG 4 is arbitrarily selected
among four DGs. When the secondary control is activated
at t = 2 s, the proposed FETC controller restores the
frequency to 60 Hz with more drastic convergence rate than
the asymptotic one. It is also observed that the frequency is
restored faster when p = 0.3 than p = 0.5. As shown, the
finite-time strategy can provide faster restoration rate along
with the event-triggered controller, with smaller p providing
the faster convergence rate.

The impacts followed by different values of ¢y and 3 on
the event-triggered control characteristic are discussed in this
paragraph. The frequency response and event occurrence of
DG 4 with different ¢ are given in Fig. 7. g determines
the initial value of a threshold. It can be intuitively thought
that the smaller the threshold is, the more communication is
triggered. Figure 7a shows the FETC threshold and event-
triggered time for ¢y = 5, py = 10, and ¢g = 15. As
expected, communication is triggered the least and the most
when o = 5 and ¢y = 15, respectively. It is shown in Fig. 7b
that lesser communications followed by a larger ¢( lead to a
higher oscillation in frequency response. The parameter 1) has
impact in the curvature of the threshold as shown in Fig. 8a.
Note that 1) affects the initial value of the threshold, but in
order to observe sole impact of 1, x has been adjusted to make
the initial threshold values the same for all cases. As seen, the
communication is triggered the least when ¢ = 0.1, and it
can be said that smaller ) decreases chances of triggering as
it expands the area where the error term is smaller than the
threshold. In Fig. 8b, it is presented that sparse communication
accompanied by a smaller v leads to a higher oscillation until
it reaches consensus.

2) Case A.2. FETC Under Load Changes: An additional
amount of P = 4 kW is applied to and removed from Load
latt = 11 s and t = 15 s, respectively. Figure 9 shows
the frequencies and active power ratios of DGs. Before the
load addition, the system is stably maintained at 60 Hz while
properly distributing the active powers among DGs. When load
is added at t = 11 s, the system experiences deviations in
frequencies and active power ratios. The proposed controller
successfully restores the frequencies to 60 Hz and stabilizes
the active power sharing approximately within 3 s as can be
seen in Fig. 9a and Fig. 9b, respectively. Likewise, when the
additional load is removed at ¢ = 15 s, the system confronts
the deviation from the nominal states but shortly restored to
its desired states by the secondary controller. Figure 10 shows
the critical bus voltage and reactive power ratios of DGs. As
shown in Fig. 10a, the proposed controller can effectively
restore the critical bus voltage to 480 V from the deviation
caused by the load changes. After ¢ = 18 s, DGs’ Reactive
powers are shared proportionally based on DGs’ reactive
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Fig. 4. The FETC frequency control and active power sharing during MG
islanding event in Case A.I: (a) DG frequencies; (b) active power ratios
mp; P;.
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Fig. 5. The FETC voltage control and reactive power sharing during MG
islanding event in Case A.I: (a) critical bus voltage; (b) reactive power ratios
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Fig. 6. Frequency response of DG 4 to the existing event-triggered controller
in [26] and FETC controller in Case A.1.
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power ratings as shown in Fig. 10b.

3) Case A.3. Plug-and-Play: DG 3 is disconnected from
and reconnected to the MG at ¢t = 11 s and ¢ 15 s,
respectively. Its disconnection and re-connection is projected
on the network graph as well. The frequencies and the active
power ratios of DGs are given in Fig. 11. Once DG 3 is
disconnected at ¢ = 11 s, its frequency and active power
ratio no longer synchronize with the rest of DGs. On the
other hand, DG 1, DG 2, and DG 4 are maintained at the
consensus state by the proposed secondary controller even
after the disconnection as the graph is still tied to the leader
node through DG 1, and is strongly connected. After DG 3
is reconnected at ¢ = 15 s, its frequency and active power
ratio are synchronized back to the rest of DGs and the system

10
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Fig. 9. The FETC frequency control and active power sharing under load
changes in Case A.2: (a) DG frequencies; (b) active power ratios mp; P;.
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Fig. 10. The FETC voltage control and reactive power sharing under load
changes in Case A.2: (a) critical bus voltage; (b) reactive power ratios ng;Q;.

reaches consensus at 60 Hz by the secondary controller. The
critical bus voltage control and reactive power sharing are also
fulfilled by the secondary controller as shown in Fig. 12.

4) Case A.4. Resilience against Communication Link Fail-
ures: A continuous and repeated communication graph
changes are assumed as depicted in Fig. 13. Graphs in Fig. 13
represent a situation where one or more of the communication
links have failed. Each graph is maintained for 0.05 s and
repeated throughout the simulation. The event of DG islanding
in Case A.l is simulated under the network graph changes,
and the results are given in Fig. 14 and Fig. 15. As shown
in the figures, the proposed secondary controllers are capable
of fulfilling the frequency/voltage restorations as well as
obtaining the active/reactive power sharing.

5) Case A.5. Operation Under Communication Delays:
In this test case, the performance of the proposed controller
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connection and disconnection in Case A.3: (a) DG frequencies; (b) active

communication link failures in Case A.4: (a) critical bus voltage; (b) reactive
power ratios n.qQ;Q;.

power ratios mp; P;. 510 !
Critical Bus
500 |- b
=
5490 | 1
©
E
\ >° 480
520 Critical Bus |
500 [~ B 470 F 4
g L 1 L L L L L L L
% 480 | V- 0 1 2 3 4 5 6 7 8 9 10
© .
g. 460 i Time (s)
K PN
440 B 20F . . . -
420 F i DG 1 DG 3
I L L L I L L L L 15k — - = DG 2 ————— DG4 |
10 1 12 13 14 15 16 17 18 19 20
Time (s) o | \ oo |
. o0 W
c e rr
T T T 51 ‘V‘/‘ | |
200 DG 1 DG3 | v
- = =DG2 =—==-= DG 4 ol “ 1
150 [ 4 ) L 1 L L L L L L L
a 100 b : | 0 1 2 3 4 5 6 7 8 9 10
& h Time (s)
50 ’r-\ . (b)
oF ; - Fig. 15. The FETC voltage control and reactive power sharing under
1 L L L 1 L L L L
5
S

Fig. 12. The FETC voltage control and reactive power sharing during DG 3 under the presence of communication delays is evaluated. The

;?)r\:vrfrcgi?oznsgiZ;jn“ecnon in Case A.3: (@) critical bus voltage; (b) reactive ¢y tem responses at the event of islanding under the delay of

10 ms and 100 ms are given in Fig. 16 and Fig. 17. Such

delays are selected as the communication delays are known to

be in range of milliseconds to tens of milliseconds [39], [40].

As shown in the figures, the increase in delays result in larger

oscillations in system response, leading to a slower conver-

gence rate. However, the proposed controller is still capable of

fulfilling the secondary frequency/voltage and active/reactive
power sharing goals.

B. Case B: HIL Verification for Islanded MG with 4 DGs

Fig. 13. Graph changes every 0.05s. The 4 DG MG test system model in Fig. 3 that is verified
in Case A, is tested in the HIL platform in Case B. The
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Fig. 16. The FETC frequency control and active power sharing under

communication delays plotted for DG 4 in Case A.5: (a) frequency of DG 4;
(b) active power ratio m p; P; of DG 4.
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Fig. 17. The FETC voltage control and reactive power sharing under
communication delays plotted for DG 4 in Case A.5: (a) critical bus voltage;
(b) reactive power ratio ng;Q; of DG 4.

control parameters selected for this test case is tabulated in
Table III. The HIL platform is implemented as illustrated
in Fig. 18. Opal-RT is used for a real-time simulator, and
MG test system model in Fig. 3 is simulated in Opal-RT
with the time step size of 100 us. The proposed secondary
controller of each DG is implemented in an individual Rasp-
berry Pi, accommodated in a script written in Python. As
shown in Fig. 18, there are two communications required
in the implemented HIL platform: communication between
OPAL-RT (MG model) and Raspberry Pis shown in orange
dashed lines, and between Raspberry Pis in blue dotted lines.
Note that the latter represents the network graph among
DGs. Both communications required are realized by Ethernet;

Secondary
Controller:

Ethernet Switch

t
TCP/IP
Modbus Socket

TCcP/IP ™ .
oas [ [ |

MG Model

= gasie e
5 ’-|-q-]-17 ’.'H

Real-Time SuIator
Fig. 18. HIL testbed with Opal-RT and Raspberry Pis.

TABLE III
CONTROLLER PARAMETERS IN CASE B

secondary c1 co P secondary c1 co p
Frequency 6 1 0.5 Voltage 10 1 0.5
e 6 1 os Rue w0 0 os
Tt o 5 5 x4 oa v o
fpi 17 76 13 1 1 .1 05 30
foi 31 202 33 1 1 1.1 0.5 50

OPAL-RT and the Raspberry Pis are connected to Ethernet
switches under the same network. The data between each
DG and its corresponding controller is transferred via Modbus
TCP/IP. Each DG in the model and each controller serves as
Modbus slave and master, respectively. The communication
graph across controllers is realized on TCP/IP socket. The
HIL simulation is processed in the following sequence; with an
average measurement sampling and controller updating cycle
of 6.77 ms.

1) The measurements from DG i, w;, P, Uy magis and
Q;, are sent to the corresponding controller via Mod-

bus TCP/IP.
2) If the event-triggering condition is satisfied, the con-
troller i transmits w;, P, vy .., and @; to its out-

neighbor controllers via TCP/IP socket, i.e., controllers
j that are a;; > 0; and controller ¢ receives wj, P;
V) magj» and @; from its in-neighbors, i.e., controllers j
that are a;; > 0.

3) The controller ¢ then calculates w,,; and v,; using (16)
and (2), and sends w,,; and v,; to DG 7 in the model
through Modbus TCP/IP.

1) Case B.1. Islanding from Main Grid: The performance
of the proposed controller when MG is islanded, is evaluated in
this test case. The results are given in Fig. 19 and Fig. 20. Ini-
tially, MG is in an islanded mode and the system is stabilized
without the secondary control applied during 0 < ¢ < 5 s.
As shown in Fig. 19a, the frequency is settled at 59.9 Hz,
deviated from the nominal frequency of 60 Hz. The secondary
frequency control is activated at ¢ = 5 s, and the frequency
is restored to 60 Hz around ¢ = 25 s. Also, Fig. 19b shows
that the active power ratios of all DGs are synchronized to
each other before and after the secondary control is applied,
implying that the active power sharing is achieved through the
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Fig. 19. The FETC frequency control and active power sharing during MG
islanding event in Case B.I: (a) DG frequencies; (b) active power ratios

primary control. For the voltage control, k, = 1 and k; = 0.3
are used to calculate v,of. As shown in Fig. 20a, the critical bus
voltage is settled around 471 V deviated from 480 V, when
the secondary control is not activated. When the secondary
voltage controller is applied at ¢ = 5 s, the critical bus voltage
is restored to 480 V around ¢ = 25 s. Figure 20b shows that
the proposed controller can also provide the reactive power
sharing.

The average event intervals for the frequency/active power
and voltage/reactive power sharing control during the transient
period 5 < ¢t < 25, are 12.3 ms and 10.6 ms, respectively,
whereas it would be 7 ms without the FETC strategy. There-
fore it is verified from the HIL test, that the FETC strategy
can provide frequency/voltage restoration and active/reactive
power sharings in finite-time convergence rate, while reducing
the burden in communication network.

2) Case B.2. FETC Under Load Changes: An additional
load P = 4 kW is applied to and removed from DG 1 bus
at t = 80 s and ¢t = 120 s, respectively. The frequencies and
the active power ratios of DGs are given in Fig. 21. When the
load is added or removed, the frequency deviates from 60 Hz
and the synchronization of active power ratios is interrupted.
However, the frequency is restored to 60 Hz around ¢ = 95 Hz
and the active power ratios are synchronized again. The critical
bus voltage and the reactive power ratios are shown in Fig. 22.
Likewise, the critical bus voltage is restored to 480 V from
deviation caused by the load changes, while providing a proper
reactive power sharing.

C. Case C: Model Verification for Islanded MG with 20 DGs

In order to test the scalability of the proposed controller, it
is applied to a 20 DG MG test system illustrated in Fig. 23a.
The specifications of the MG model are listed in Table IV.
The communication network for this test case, is designed
as illustrated in Fig. 23b. DG 1 has a direct edge from the
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Fig. 20. The FETC voltage control and reactive power sharing during MG
islanding event in Case B.I: (a) critical bus voltage; (b) reactive power ratios
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Fig. 21. The FETC frequency control and active power sharing under load

changes in Case B.2: (a) DG frequencies; (b) active power ratios mp; P;.

leader node with the pinning gain of g; = 1. The algebraic
connectivity of the given graph is a(£) = 5.6180. The FETC
controller and the event-triggering function are configured by
the parameters provided in Table V. The output frequencies
and the active power ratios of the DGs under the given control
configuration, are shown in Fig. 24. In Fig. 24a after the
disconnection from the main grid at ¢ = 0, the frequencies
start to diverge from the nominal frequency of 60 Hz. The
secondary control acts at ¢ = 1 s and the frequency is restored
to 60 Hz at ¢ = 5 s, while providing the successful active
power sharing as shown in Fig. 24b. The communication
triggering timestamps for each DG are shown in Fig. 25. The
average communication interval of the proposed FETC-based
control during 1 <t < 5's, is 0.19 ms.
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Fig. 23. 20 DG MG test system in Case C: (a) circuit diagram; (b)

Fig. 24. The FETC frequency control and active power sharing in Case C:
communication graph.

(a) DG frequencies; (b) active power ratios m p; P;.
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Fig. 25. Communication triggered time of DGs in Case C.

V. CONCLUSION

This paper proposes a FETC control strategy for the sec-
ondary frequency and voltage regulation of the distributed
MGs. The proposed strategy controls MG frequency and
voltage while sharing the active and reactive power among
the DGs based on their ratings. The proposed FETC control
provides the system consensus in finite-time as well as reduc-
ing the communication energy compared to the continuous
communication controller. The model simulation results using
4 DG MG test system, suggest the efficacy of the proposed
controller, supporting with various test cases: response at an
islanding event, load changes, plug-and-play, communication
link failures, and communication delays. The HIL simulation
results further strengthen the effectiveness of the proposed
strategy with two case studies: islanding event and load
changes. The scalability of the proposed controller is also
verified through the simulation in a 20 DG test MG system.
The future research directions will include investigating the
cyber security of FETC secondary control of microgrids and
creating attack resilient FETC control techniques.
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