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Abstract—Emerging distributed control paradigms rely on com-
munication among converters of a microgrid. We investigate the
secondary control of dc microgrids with a distributed dynamic
event-triggering mechanism. The physical and cyber layers are
represented by different graph topologies. To reduce the communi-
cation burden, a distributed dynamic event-triggering mechanism
is designed. Therein, the Zeno behavior is excluded and in addition,
a positive minimum interevent time (MIET) is determined. Asymp-
totic stability of the closed-loop system dynamics is proven, and the
adjustment of the positive MIET is discussed. Compared to the
existing static event-triggering mechanisms, the proposed dynamic
one guarantees the existence of a positive MIET, whose value can
be tuned by the design parameters. Controller/hardware-in-the-
loop implementation results validate the efficacy of the proposed
method.

Index Terms—DC microgrids, distributed control, event-
triggering mechanism (ETM), secondary control.

I. INTRODUCTION

IRECT current (dc) microgrids are gaining popularity due
D to the dc nature of emergent renewable energy sources,
storage units, and electronics loads [1]—-[3]. The basic control
objectives of dc microgrids in the secondary control level include
proportional load sharing and global voltage regulation [4], [5].
The proportional load sharing objective requires that all con-
verters share the overall load current proportionally according
to their current ratings. The global voltage regulation objective
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pertains to regulating the average voltage across the distributed
line to a given set point. To simultaneously achieve these two
objectives, distributed secondary control strategies in [4] and
[5] require continuous information exchange among converters
through a communication network.

Conventional periodic sampling control can cause unneces-
sary sampling and can increase the communication burden. A
more efficient approach uses event-triggered control (ETC) [6],
[7], where an event-triggering mechanism (ETM) decides when
to execute controller updates and/or data sampling/transmission.
Various ETMs have been developed for distributed secondary
control of microgrids, e.g., [8]-[13]. An adaptive, centralized
ETM [8] requires the global state of the closed-loop dynamics.
Distributed ETMs are designed in [9]-[15], where the triggering
threshold is state-dependent, and in [16], where the triggering
threshold is time-dependent. These triggering mechanisms are
static in the sense that the triggering condition depends on only
system information (e.g., state or output) and/or time informa-
tion without introducing any internal dynamic variable.

Dynamic ETMs have been introduced in [17] and [18] for
single-agent systems and [19]-[21] for multiagent systems.
Compared to static ETMs, dynamic ETMs include an additional
internal dynamic variable. For example, by introducing a clock
variable, the dynamic ETM in [19] guarantees the existence of
a positive minimum interevent time (MIET). This feature is ap-
preciated in the implementation of ETMs on physical platforms
since it respects hardware limitations. However, existing static
ETMs for distributed secondary control of microgrids cannot
guarantee the existence of a positive designable MIET, which
motivates our current study.

We investigate the distributed event-triggered secondary con-
trol of dc microgrids by proposing a distributed dynamic ETM
that guarantees a positive designbale MIET. For each converter,
a distributed ETC law, based on a distributed voltage observer,
is designed, where only output currents of its neighboring con-
verters on the communication graph are needed. To reduce the
communication burden, a distributed dynamic ETM is designed
by introducing an additional dynamic variable. The resulting
closed-loop system dynamics are shown to be asymptotically
stable, which implies that the proportional current sharing and
global voltage regulation are simultaneously achieved. The main
contributions of this article are summarized as follows.

1) The proposed control strategy is fully distributed without

requiring any global information of the communication
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Fig. 1. Schematic of the considered dc microgrid.

graph or the overall closed-loop system dynamics, as
opposed to [8].

2) The existence of a positive MIET that can be prespecified
is guaranteed under the proposed dynamic ETM, in con-
trast to the existing static ETMs in [8]-[13]. This implies
the exclusion of the Zeno behavior, which is not rigorously
proven in [8]-[10].

3) In addition to the exclusion of the Zeno behavior, the ad-
justment of the positive MIET using the design parameters
in the triggering mechanism is discussed, which is not
offered in the existing studies [8]-[13].

4) Experimental results in a controller/hardware-in-the-
loop (C-HIL) environment validate the proposed control
method, including robust performance under load change
and communication delay, and performance comparison
with the conventional periodic sampling mechanism and
the static ETM in [13].

The remainder of this article is organized as follows. Sec-
tion II presents the notation and the electrical and communi-
cation networks. In Section III, the control objectives in a dc
microgrid are discussed. In Section IV, a distributed dynamic
event-triggered control strategy is designed that guarantees the
asymptotic stability of the closed-loop system and the existence
of an adjustable positive MIET. Experimental validation, in a C-
HIL environment, is provided in Section V. Finally, Section VI
concludes this article.

II. PRELIMINARIES
A. Notation

Let N be the set of all nonnegative integers. The superscript
T stands for the transpose. The symbol 1y represents the
N-dimensional column vector with all elements being 1. For
a symmetric matrix A, A > 0 means that A is positive definite,
and Apin(A) denotes its minimal eigenvalue. For a function
f(t): R — R, let the left limit and right limit at time ¢ be
denoted as f(¢t7) and f(tT), respectively.

B. Electrical Network

The schematic of a dc microgrid is given in Fig. 1. Each
node has a dc—dc buck converter and a constant current load.
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Herein, we consider dc—dc buck converters as microgrid build-
ing blocks, which is in line with the majority of microgrid
control-themed literature (e.g., [10], [13]). Nevertheless, the
proposed control approach is universal, and can be seamlessly
applied to dc microgrids with other types of dc—dc converters.
The electrical network across all converters is represented by
a weighted undirected graph G, = (V, €, W, ), where ¥V = {1,
2, ..., N} is the node set, & CV x V is the edge set, and
We € RV*N s the adjacent matrix. The adjacent matrix W, is
defined as W, = [w;;], where w;; = 0, w;; > 0, if (j,7) € &,
and w;; = 0, otherwise. In graph G, each node is a converter
and each edge is a line connecting converters. If there exists
a line connecting converter j to converter i, for ¢ # j, then
(7,1) € & is an edge and the weight of edge (j,) is the line
conductance w;; = 1/r;;, with r;; being the line resistance. Let
NE={j:(J,7) € &} be the set of converters that are electri-
cally connected to converter 7. The Laplacian matrix of graph G,
is defined as L = [I§;] € RNV where I, = Y\ wij and
[f; = —wij, for i # j. The Laplacian matrix Le is the same as
the admittance matrix.

Let V;, I;, and I1; be the bus voltage, the output current,
and the load current, for converter ¢, 7 = 1, 2, ..., N. Then, by
applying the Kirchhoff’s current law (KCL)

> wiy (Vilt) = Vi(#) (1)

JENE

Ii(t) — I =

for i =1, 2, ..., N. Let I(t) = [I1(t), Ix2(t), ..., In(t)]T,
V(t) = [Vl(t), Vg(t), ey Vn<t)]T, and ]L = [ILls ILQ, ey
I,n]". The resistance network of the dc microgrid gives

I(t) — I, = LV (1). 2)

C. Communication Network

The communication network among converters is represented
by a weighted undirected graph G. = (V, &, A.), where V is
the node set defined in graph G, & C V x V is the edge set,
and A, = [a;;] € RV*N is the adjacent matrix. The adjacent
matrix A, is defined as A, = [a;;], where a;; = 0, a;; > 0, if
(j,i) € &, and a;; = 0, otherwise. In graph G, each node is a
converter and each edge is acommunication link. If there exists a
communication link connecting converter j to i, for ¢ # j, then
(7,4) € & is an edge and the communication weight of edge
(4,1)isa;; > 0. Let Nt = {j : (j,1) € E.} be the set of neigh-
bors of converter 7, that can communicate with converter . The
Laplacian matrix of graph G. is defined as L. = [If;] € RNXN
where If; = 3 e @iy, and If; = —ajj, fori # j. Note that the
topology of the communication network is not necessarily the
same as that of the underlying electrical network. The relation
between these two network topologies is to be specified later.

III. CONTROL OBJECTIVES AND ASSUMPTIONS

The control objectives in a dc microgrid are the proportional
load sharing and the global voltage regulation. Proportional
current sharing is said to be achieved if, in the steady state, the
overall load current is proportionally shared among converters
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according to their current ratings, that is,

lim (Ii(t) _ Ij(t)) — 0, foralli,j €V 3)

t—00 I ch

where I.; > 0 and I.; > 0 are, respectively, the current ratings
of converters ¢ and j.

Global voltage regulation is achieved if, in the steady state,
the global average voltage across the microgrid distribution line
is regulated to the nominal voltage V;,, that is,

hth —hm—ZV 4)

t—o0 t—oo N

I;(t)/I; is the so-called per-unit output current for converter
i. The global average voltage V (t), which is used in the control
laws, is not available to every converter. In this case, a volt-
age observer will be constructed for each converter to locally
estimate V (t).

To achieve these two control objectives, we make the follow-
ing assumptions.

Assumption 1: The graphs G, and G. are undirected and
connected.

Assumption 2: The Laplacian matrices associated with
graphs G, and G, are commutative, that is, Lo L. = L L.

Note that the communication weights a;;, %, j € V can be de-
signed such that Assumption 2 is satisfied. To guarantee L, L. =
L.L¢ in Assumption 2, one sufficient condition is L, = pLe,
where f is a positive constant. The relation L. = L, holds,
if the following conditions are simultaneously guaranteed: 1)
The graphs G, and G, have the same topology; and 2) the
communication weight a;; is chosen as a;; = pw;;, if there
exists a communication link between converters 7 and j.

Under Assumption 2, the topologies of graphs G, and G.. are
not necessarily the same. To illustrate this, consider the case
when the graphs G, and G, have different topologies and their
Laplacian matrices are given by

2 —1-1
-1 2 -1
—-1-1 2

2 —1-1
11 0 )
~10 1

Le: 7LC:

where the unit of the elements in L. is 2~!. Then, there holds

6 -3 -3
LeLo=LcLe= -3 3 0 |. 6)
-3 0 3

This indicates that Assumption 2 could be satisfied even when
the topologies of graphs G, and G, are different.

Under Assumptions 1 and 2, the Laplacian matrices L, and
L. have the following property, which is needed in our stability
analysis.

Lemma 1: Given the two graphs G, and §. under
Assumptions 1 and 2, their Laplacian matrices L, and L. satisfy

Le = LcQ @)

where () is a positive-definite matrix.
Proof: See Appendix A. |
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IV. DISTRIBUTED DYNAMIC EVENT-TRIGGERING MECHANISM

A distributed dynamic ETC strategy will achieve the control
objectives of a dc microgrid using a distributed ETC law and a
distributed dynamic ETM. A uniform positive MIET is provided
for each converter. The stability of the resulting closed-loop
system under the proposed ETC strategy is analyzed. Finally,
adjusting the positive MIET using the design parameters in the
triggering mechanism is discussed.

A. Event-Triggered Control Law

Let I;(t) be the latest sampled output current of converter i at
time ¢. Then, I;(t) can be expressed as

Li(t) = Li(ty), t € [th,thiy) (®)

where ¢} is the kth event time of converter i, for k € N. Inspired
by [13], a distributed ETC law is designed as

L) It

JENT ¢

V() =

~ Ky (Vi(t) — Vi) ©)

where K7 >0 and Ky > 0 are the controller gains; V;"*f(¢)
is the reference voltage; and V;(t) is the observer state in
converter i to estimate the global average voltage V(t) =
(1/N) Zf\]:l V;(t). The observer state V;(t) is generated by the
following distributed voltage observer:

—|—K/ Z ( jﬂg_))dr (10)

JENE
K > K7 is the observer gain. Note that the observer (10) pro-
vides an auxiliary variable V;(t) for the design of controller
(9). As in [10], [13], and [22], it is reasonable to neglect the
converter dynamics and assume that V;(¢) = V**{(¢). Then, it
follows from (9) that the bus voltage V;(¢) is updated by

L) It
_KIZ“Z'J(J;) _I()>

JENT <

Vi(t)

Vit =

~ Ky (Vi(t) = Va) . (11)

To implement the distributed ETC law (9) with the distributed
voltage observer (10), only the per-unit output current infor-
mation, i.e., fl(t) /I, i €V, is exchanged among converters
through the communication network. Specifically, each con-
verter broadcasts its per-unit output current, I;(t)/I.;, at event
times to its neighbors on graph G..

Differently from the conventional distributed voltage observer
in [5] and [23], the distributed voltage observer (11) depends
on the per-unit output currents of converter 4 and its neighbors
on graph G, instead of both their per-unit output currents and
voltage observer states. This way, less information is exchanged
among converters to implement the proposed distributed control
law in comparison with those in [5] and [23]. In addition, the
distributed voltage observer (10) has an additional degree of
freedom compared with the distributed voltage observer in [13]
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of the form

jENE

(12)
The observer gain in the voltage observer (12) is fixed once
the controller gains K and Ky are determined. By contrast,
the observer gain K in (10) can be designed. As such, the
performance of the voltage observer (10) can be adjusted by
a proper observer gain K. While the distributed ETC law (9) is
inspired by [13], this article designs a new distributed ETM that
guarantees a positive MIET.

B. Dynamic Event-Triggering Mechanism

A distributed dynamic ETM decides when each converter
broadcasts its information. To develop the ETM, define the
measurement error for each converter 7 as

Lt) Lt

o) = 0 L)

Ici Ici
Further, define a dynamic trigger variable updated by

min{w;(t),0} — «a;, ife;(t) #0
— O, if Gl(t) =0
fort € (t},t},4)
ni(tT) = Bi, fort =t

tE [t thyr)- (13)

ni(t) =
(14)

with

%KI ()"min(Q) - 3 Gi(t)

Li(t) I}<t>>
X Z Q5 ( _—
jE/\/’f Ici ch

20’1' Kv)»min(Q) ].
Ky [ 2V2minl\&) o0
T ( K- K, "2

K2

wz(t) =

x (Vi(t) = Va)?

2
Kl

Va)

(Kr+ Kv)di (1+n7(1)) (15)
where @ > 0 is given in (7), d; £ Zjvzl w;; is the degree of
converter ¢ on graph G, and «y, 3;, 0;, and k are the design
parameters satisfying o; > 0, 3; > 0,0 < 0; < 1,and 0 < K <
Rmax £ mln{)"mln(Q)/(?) maxX;cy d1)7 KV)"mm(Q)/[Q(K -
Kp)max;ey d;]}, respectively. Let {ti:k € N} be the
sequence of event times for converter ¢. Then, to determine
the time sequence {t} : k € N}, a distributed dynamic ETM is
designed as

thyr = nf{t >t | mi(t) < 0} (16)

for £ € N, where té is arbitrary. In the ETM (16), the dynamics
of the trigger variable 7;(t) depend on the triggered per-unit
output current information of converter ¢ and its neighbors on
graph G, that is, I;(t)/Io; and I;(t)/I.;, 7 € NE. In this sense,
the ETM (16) is considered distributed. Moreover, the ETM
(16) is considered dynamic due to the presence of the additional
internal dynamic variable n; (t).
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The design idea of the ETM (16) is to make 7, (t) decrease
from f3; to O during the time-interval (tj,,t; 1), and to reset
7;(t) from O to 3; at each event time ¢},.. Clearly, 0 < n;(t) < ;
holds for all ¢ > 0. It should be pointed out that zo;(¢) in (15)
is designed to make the closed-loop system stable. To guarantee
the feasibility of the ETM (16), the Zeno behavior, an infinite
number of events occurring in a finite time-interval, is excluded
for each converter, as shown below. Note that the Zeno behavior
occurs for converter 4 if there exists a finite accumulation time
T; > 0 by which an infinite number of events have occurred,
that is, limy,_, t} = T;.

Theorem 1: Under the distributed dynamic ETM (16), the in-
terevent times tfc i1 t};, k € N, for converter 7, have a uniform
positive lower bound

=] {arctan( i (B + 1))
Q% Kay;
—arctan( i )} >0
RO

where 7v; = (2/1.;)(K; + Ky )d;. This implies that the Zeno
behavior is excluded for each converter.

Proof: See Appendix B. |

The lower-bound 7; given by (17) is called the MIET of
converter ¢. The MIET 7; is uniform in k£ and independent of
the state information, and can be prespecified by the designer.
By Theorem 1, the distributed dynamic ETM (16) can be equiv-
alently expressed as

thyr = nf{t > + 7 [ (1) < 0}

The positive MIET 7; is explicitly enforced. This allows
the event-triggering condition 7,;(¢) < 0 to be checked after
the dwell time 7; when ¢ = tz. Thus, the ETM (18) can be
implemented as follows. During the time-interval [t; + Ti, 00),
the event-triggering condition 7; (¢) < 0is checked, and an event
is triggered if 7;(t) < 0 holds. At each event time ¢, k € N,
converter ¢ resets the trigger variable 7,;(¢) to the maximum
value f3;, updates the triggered per-unit current I;(t)/I; with
the real-time one I;(t)/I.;, and broadcasts the real-time per-unit
output current I;(¢t)/I; to each neighbor on graph G.. In addi-
tion, converter ¢ updates the triggered per-unit output current
I;(t)/I.; with I;(t)/I.;, once I;(t)/I.; is received from its
neighboring converter j, j € NF.

a7)

(18)

C. Closed-Loop System Stability

The stability analysis is presented for the closed-loop system
under the distributed ETC law (9) and the distributed dynamic
ETM (18).

Define the following error variables:

I;(t I;(t
(51i(t) = Z a;j < [il) B jIC(J)> (19a)
JENT
. Li(t) It
on(t) =Y ay ( I }Cj ) (19b)
JENY
Sy (t) =V(t) —Va (19¢)
dvi(t) = Vi(t) — Vi (19d)
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Let 07 = [0r1,012,...,01n]%. 07 = [071,072,...,0rn]",
6AV :A[6VA17 6‘/27 ) 5VN]T3 6\/ = [6\/1, (5\/2, ey (SVN]T,
I:[Il,lg,...,IN]T, 62[61,62,...,€N]T, and IC:
diag{I.1,I2,...,I.n}. Then, one has

e(t) = I M I(t) — I 1(t) (20)
and
S1(t) = L M (1) (21a)
0r(t) = LI M I(t) = 61 (t) + Lee(t) (21b)
1
dv(t) = FINV(E) = Va (21c)
t
Sy (t) = VE) + K/ 51(r)dr — Vil 21d)
0

Under Assumption 1, the null space of L is span{1y } [24].
Then, 0;(t) = LI 1 1(t) =0 implies that I () = aly,
with « being a real number. Hence, the control objectives of
proportional current sharing and global voltage regulation are
achieved if lim;_, 07(¢) = 0 and lim;_,, oy (¢) = 0.

From the bus voltage V;(¢) in (11), it follows that

V(t) = —K6;(t) — Kvoy(t).
Combine (2) and (20)—(22), and use 1%LC = 0 to yield

(22)

[(t) = LV (t) = =K Ledy (t) — Ky Ledy (1) (23a)
. 1 . 1 -
ov(t) = leTvV(t) = —NKvlva(Sv(t)
1
= _NKV (1NV(t) = Valjly)
= —Kydy(t) (23b)
Sy (t) = V(t) + Kbr(t)
= (K — K1) 0;(t) — Kvéy(t) (23c)
é(t) = —I.1(t)
= K I7 Lebr(t) + Ky I7 Ldy (t). (23d)

Let {t; : | € N} be the strictly increasing sequence of event
times for all converters. Then, the resulting closed-loop system
is modeled by an impulsive dynamical system, where the flow
dynamics are

I(t) = =K Lo (t) — Ky Ledy (1) (24a)
Sy (t) = —Kyov(t) (24b)
dv(t) = (K — K1) d1(t) — Koy (t) (24¢)

é(t) = K11 Ledy (1) + Ky I ' Leby (t) (24d)
0i(t) = {IilioszWi(t), 0} — o, L{ 28 i 8 (24e)

for t # t;, and the jump dynamics, for t = t;, are

It =1t ), 6v(tT) =6y (t),ov(tT) =y (t) (24f)
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), ift#£t
)= {5 2 s
_ 771‘(75_)7 ift?'éti-

withs € V.

In virtue of Lemma 1, we are ready to obtain the following
result on the stability of the closed-loop system (24a)—(24h).

Theorem 2: Consider the closed-loop system (24a)—(24h)
under Assumptions 1 and 2. If the distributed dynamic ETM
(18) is executed, then the error variables 87 (), 87 (), dy (¢), and
Sy (t) converge to the origin asymptotically, which implies that
the control objectives of proportional current sharing and global
voltage regulation are simultaneously achieved.

Proof: See Appendix C. |

Given the line resistances r;;, ¢,j € V), in the considered
dc microgrid, the communication weights a;;, ¢,7 € V, can
be designed as a;; = pw;; = pu/7;5, with £ being any positive
constant, such that Assumption 2 is satisfied. In this case, the
line resistances affect the performance of the proposed controller
(9), as discussed below. In the resulting closed-loop system
(24a)—(24h), the dynamics of the output currents vector I(t)
depend on the Laplacian matrix L. associated with the elec-
trical network. Recall that the Laplacian matrix L, is defined
based on the line resistances in the microgrid. Thus, the line
resistances affect the load sharing performance. In addition, the
time-derivative of the Lyapunov function W (¢), given in the
proof of Theorem 2, depends on the Laplacian matrix L. This
indicates that the line resistances also affect the stability of the
closed-loop system (24a)—(24h).

D. Adjustment of the Minimum Inter-Event Time

One can adjust the positive MIET 7; in (17) using proper
parameters «;, 3;, and k in the triggering mechanism. Consider
the following three cases.

Case 1: «; is varied. The partial derivative of 7; with respect
to «y; is given by

87,» 1

- RO
da; 202\
X {arctan( i (Bi + 1)) - arctan( Ji ﬂ
Ko RO

1 1 Bi+1

20f 1430 1+ (Bt 1)

. (25)

To compute the first term in the right side of (25), con-
sider the continuous function f(x) = arctan(z) on the interval

(Vi) (ki) \/7i/(ka;)(B; +1)). By the mean-value theo-
rem, there exists a point p; € (\/7i/ (k). /7i/(kei)(Bi +

1)) such that
i (Bi + 1)> — arctan ( i >

RO RO

— B |
= f'(pi)Bi o

arctan (

(26)
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Since p; € (\/i/(kau), /i (k) (Bi + 1)), there holds

1
"(p;) = > . 27)
i) L4+p; ~ 14 25 (B +1)° (
Then, it follows from (26) and (27) that
arctan < i (B; + 1)) — arctan < i )
KO RO
S el | Bi . 28)
Koy 14 (B 41)
In addition, one has
1 Bi +1
T+ 14 22 (8 +1)°
B[ (Bi+1) 1]
= T : K (29)
(1+ ;;i) [1+ = (Bi+1) }
Substituting (28) and (29) into (25) yields
< - — + —
Oai = 20714 2 (B 4+1)° 297
B[ ) -1
X
i i 2
(1+ ;M) [1+ = (Bi+1) }
. [ X
61 KQ; 51 (30)

- T 5.2 . . :
200 (14 2) 1+ 2 B+ 1]

This implies that 97; /0c; < 0 if ;3; < 2kc;. Thus, 7; is a
decreasing function of «; if v;8; < 2kq;.
Case 2: (; is varied. The partial derivative of 7; with respect
to (3; is given by
87‘1‘ 1
=— >0. 3D
B o+ L (B +1)°
Thus, 7; is an increasing function of [3;.
Case 3: k is varied. The partial derivative of 7; with respect
to k is given by

873 - 1 1
ok 2V ko
X [arctan ( i (6 + 1)) — arctan ( i )}
RO RO
1 1 1
SRS — (32)
2mos [T+ T+ 2 (Bi+ D)
Substituting (28) and (29) into (32) yields
or; 1 Bi
= A 3
ok 2K05; 1 4 Ja (B +1)
1 Bi [,.:L (Bi+1) - 1}

+
2%0&1‘(1_’_771'.){1_'_ i

Ko

(B +1)’]
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Typhoon HIL

dSPACE
control board

Fig. 2. C-HIL setup, where the physical system is emulated in Typhoon
HIL604 and the cyber domain is represented in dSPACE DS1202 control board.

_ B = (Bi +2)
2K (1 + %) [1 + (Bi + 1)2}

> 0.

i
RO

(33)

Thus, 7; is an increasing function of k.

In summary, the relation between the MIET 7; and the design
parameters «;, [3;, and k is given as follows.

1) 7; is a decreasing function of «; if v;5; < 2kq;.

2) 7; is an increasing function of j3;.

3) T; is an increasing function ofx.

Therefore, the MIET 7; can be made larger by increasing the
parameters 3; and k, or by decreasing the parameter «;, as long
as 'Yiﬂi < 2KQy;.

E. Parameter Design Guideline

The parameter design is summarized as follows.

1) The proportional and integral gains in the inner voltage and
current control loops are chosen such that the bus voltage
at each converter can quickly track its reference voltage
provided by the proposed controller.

2) The controller gains K; > 0 and Ky > 0 are chosen to
achieve the desired control performance in the propor-
tional current sharing and global voltage regulation.

3) The observer gain K > K is chosen to make the observer
state V;(t) quickly estimate the global average voltage
V(t).

4) The trigger parameters x, «;, 3;, and o; are chosen to
adjust the MIET 7; as discussed in Section IV-D.

V. CONTROLLER/HARDWARE-IN-THE-LOOP VALIDATION
A. Microgrid Testbed

The proposed distributed dynamic ETC strategy is validated
on adc microgrid testbed, with its schematic shown in Fig. 1, that
is deployed in a C-HIL environment (Fig. 2). This testbed has
six buck converters with constant current loads. The example of
one converter is shown in Fig. 3. The proposed control strategy
is implemented in dSPACE control board (DS1202). Cascaded
voltage and current control loops, using proportional—integral
(PI) controllers [25], are adopted for local converter control.
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Z © PR > Proposed distributed dynamic <
event-triggered control strategy  |¢«—
Fig. 3. Structure of the ¢th buck converter.
TABLE I
MICROGRID PARAMETERS
H Parameter Symbol Value  Unit H
Voltage source Vs 100 v
Internal resistance (source) Ts 0.1 Q
Converter output inductor L 1.8 mH
Converter output capacitor C 2.2 mF
Converter output inductor ESR T, 520 mS2
Converter output capacitor ESR ro 50 mS2
Switching frequency fow 20 kHz
Nominal voltage Va 48 \'%
. . T12, T34, 56 0.5 Q
L s
ine resistances 713,723,735, 46 0.25 Q

Each dc source in Fig. 3 is modeled as a voltage source in series
with an internal resistance. The microgrid parameters, which are
determined based on those in [10], [13], and [26], are shown in
Table 1.

To satisfy Assumption 2, let the communication network have
the same topology as that of the electrical network, and choose
the communication weight a;; = w;; = 1/r;;,if converter i and
converter j are connected by a communication link, for 7, j =
1, 2, ..., 6. The communication network among converters is
represented by the graph in Fig. 4. The adjacent matrices W, and
A, associated with the electrical and communication networks
are given by

(34)

O OO =N O
O OO O N
O =N O
- o OO O
O O = OO
N O OO

20

The following parameters are considered. Rated currents I;,
i1=1,2, ..., 6 are 10, 5, 5, 10, 6, and 8 A, respectively.
Initial load currents Iy;, 1 =1,2, ..., 6 are 2, 4, 3, 5, 3, and
5 A, respectively. The proportional and integral gains in the
voltage controller are 0.5 and 0.1, respectively. The propor-
tional and integral gains in the current controller are 0.5 and
0.1, respectively. The controller gains in (9) are K; = 3 and

Fig. 4.
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#[ Communication Network
o
o]
21
=
o
o
£
O
|
|
v
*[ Electrical Network
Converter 2 Converter 4 Converter 6
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=
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7
)
=
A~
v Converter 1 Converter 3 Converter 5

Conceptual topologies of the electrical and communication networks,
respectively, in the physical and cyber layers.

TABLE II
LOAD SETTINGS

. . Load current (A)
Time period (s)
P Ipy | Iue | Ius | Iva | Ius | 1is
[0,10) 2 4 3 5 3 5
[10, 30) 3 2 4 4 4 4
(30, 50] 4 3 5 6 5 6
12 : . ; ,
L
- 0.8
é D S
5 06 T -
Lg) o %‘_ e prere e
Z 04r f
&
= — .
S 02 —
I/ Iy
—7
or i) |
I/ 15
0.2 : : : :
0 10 20 30 40 50
Time (s)
Fig. 5. Converter output currents in p.u., [; /Ic;, i =1,2,...,6.

Ky = 6. Theobserver gainin (10) is K = 9. Trigger parameters
are k = 0.023, a; = 0.01 +0.001 x 7, 5; = 5.0+ 0.2 x 4, and
0;, =09+0.01 x4, forz=1,2,...,6.It can be verified that
K < Kmax = 0.0238.

B. Experimental Results

1) Load Change: Consider the case of various load condi-
tions listed in Table II. The load changes occur at ¢ = 10 s and
t = 30 s. Specifically, the overall load current decreases from
22t0 21 A att = 10 s, and increases from 21 to 29 A at ¢t = 30
s. Fig. 5 shows converter output currents in per unit (p.u.), that
is, I;(t) /1, i = 1,2, ..., 6. Fig. 6 shows the converters’ bus
voltages, that is, V;(t),7 =1, 2, ..., 6, and the global average
voltage V/(¢). In Figs. 5 and 6, it can be seen that the converter
output currents and the bus voltages are quickly regulated and
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Fig. 6. Bus voltages V;,3 = 1,2, ...,6, and the global average voltage V.
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Fig. 7. Experimental results when K7 = 1 and Ky = 2.

TABLE III
NUMBER OF INFORMATION TRANSMISSIONS FOR EACH CONVERTER UNDER
DIFFERENT K| AND Ky,

. Number of information transmissions for converter &

Parameter setting - - — - - -
i=1|i=2 i=3 i=4 | i=5|i=6
K;r=3, Ky =6 | 3384 | 8639 | 38017 | 2804 | 5914 | 3784
Kr=1, Ky =2 | 1364 | 3580 | 16055 | 1080 | 2407 | 1541

the voltage deviation of the bus voltage V;(¢) is within 5% of
the nominal voltage V;,, that is, 45.6 V < V;(¢) < 50.4 V.

2) Tradeoff in Parameter Design: There exists a tradeoff be-
tween the control performance and the communication burden.
Specifically, the dynamic response of the control system can
be made faster at the cost of a larger number of information
transmissions. To illustrate this, consider the parameter set-
ting as in the previous case except that K; = 1 and Ky = 2.
Then, under the proposed control strategy, the converters’ output
currents in p.u. and the global average voltage are shown in
Fig. 7, and the number of information transmissions for each
converter during the time-interval [0,50] s is given in Table III.
By comparing Fig. 7 with Figs. 5 and 6, one can observe that
the dynamic response becomes faster by increasing Kr and Ky, .
As a tradeoff, the number of information transmissions for each
converter becomes larger, as seen from Table III.

To illustrate the triggering of events (information transmis-
sions), the trigger variable ), (¢) of converter 1 is shown in Fig. 8,
where 71 (t) decreases from (37 to 0, and is reset to 1 at event
times when ) (¢) = 0 holds. The observed MIETS for converters
1,7 =1,2,...,6,during the time-interval [ 15, 20] s, as seen from
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Trigger Variable

Time (s)

Fig. 8. Trigger variable 71 (t) for converter 1, which decreases from S
(namely, 5.2) to O between two successive event times and is reset from O to
31 at each event time.
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Fig. 9. Interevent times t?c 1 - t?c, for converters i, 1 =1,2,...,6, and

observed MIETs indicated with horizontal lines.

Fig. 9, are 0.0114, 0.0053, 0.0020, 0.0139, 0.0071, and 0.0108
s, respectively. Additionally, MIETs for converters i, ¢ = 1, 2,
..., 6, as given by (17), are 0.0018, 0.0009, 0.0004, 0.0018,
0.0011, and 0.0015 s, respectively. It is clear that the observed
MIETs are larger than the corresponding calculated MIETS. This
implies that the MIET found by (17) is conservative.

3) Communication Delay: Consider the case when the com-
munication links among converters are subject to a common
communication delay. In this case, the impact of the com-
munication delay on the control performance is studied. The
proposed distributed dynamic ETC strategy in the presence of
the communication delay is conducted under the same setting
as in Figs. 5 and 6. The converter output currents (in p.u.)
and the global average voltage under different communication
delays are shown in Fig. 10. As seen, the proportional current
sharing can be well achieved when the communication delay
is small. As the communication delay increases, the converter
output currents (in p.u.) begin to oscillate. In addition, the global
average voltage deviates further from the nominal value, 48 V, as
the communication delay increases. The communication delays
given in Fig. 10 are the time delays in information transmis-
sions that the proposed control strategy could tolerate under the
considered parameter setting. By conducting experiments with
different communication delays, one can find an approximate
delay margin for the stable operation. The delay margin is
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Fig. 10. Experimental results under different communication delays, which are the time-delays in information transmissions through all the communication links

among converters. (a) Communication delay: 0.005 s. (b) Communication delay: 0.010 s. (¢) Communication delay: 0.037 s.
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TABLE IV
NUMBER OF INFORMATION TRANSMISSIONS FOR EACH CONVERTER UNDER
DIFFERENT CONTROL STRATEGIES

Number of information transmissions for converter ¢
i=1|i=2|1=3|i1=4|1=5 i=6
3384 | 8639 | 38017 | 2804 | 5914 3784
1951930802 | 65395 | 17523 | 27319| 22605
50000 | 50000 | 50000 | 50000 | 50000 | 50000

Control strategy

Dynamic ETC
Static ETC
Periodic sampling

the maximum allowable time delay before the control system
becomes unstable. Experimental results show that the delay
margin of the proposed control strategy is about 0.037 s.

4) Comparison With Existing Methods: The proposed dy-
namic ETC strategy is compared with the static ETC strategy in
[13] and the conventional periodic sampling control strategy.
Due to the tradeoff in case 2), the number of information
transmissions is compared for different control strategies in the
case when their dynamic responses are similar. Consider the
same load conditions in Table II, and choose the same controller
parameters as in case 1). For the static ETC strategy in [13],
choose the trigger parameters €1 = €2 = 0.05 and o = 0.99.
For the conventional periodic sampling control strategy, each
converter sends samples of its output current (in p.u.) I;(t)/I¢;
to its neighbors at the sampling period of 1 ms. Fig. 11 shows the
bus voltage, observed by each converter, and the global average
voltage under different control strategies. Table IV shows the
number of information transmissions over the communication
network for each converter during the time-interval [0,50] s. It

I
o
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20 40
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30 40
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30 50

Experimental results under different control strategies. (a) Dynamic ETC. (b) Static ETC. (c) Periodic sampling.
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Fig. 12.
converters.

Experimental results with different switching frequencies among

can be seen from Fig. 11 that the control performance under these
control strategies is similar. Nevertheless, the communication
burden in the case of dynamic ETC is significantly reduced.
The proposed ETC strategy outperforms the other two control
strategies in terms of reducing the communication burden, while
maintaining a similar control performance.

5) Effect of the Switching Frequency: In the preceding set-
tings, all converters had the same switching frequency of 20
kHz. We now consider the case where converters have different
switching frequencies. The proposed dynamic ETC strategy is
implemented on converters 1,2, ..., 6, with respective switch-
ing frequencies of 20, 20, 50, 50, 100, and 100 kHz. The exper-
imental results, under these switching frequencies, are shown in
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Fig. 12. The dynamic response in Fig. 12 is indistinguishable
as that in Fig. 11(a). Given that the smallest MIET is still much
larger than the switching interval, i.e., the communication among
converters happens much slower than converters’ switching,
the impact of converter’s switching frequency on the controller
performance can be negligible.

VI. CONCLUSION

We have studied distributed event-triggered secondary control
of dc microgrids by proposing a new distributed dynamic ETM.
The resulting distributed ETC law and distributed dynamic
ETM simultaneously achieve the proportional current sharing
and global voltage regulation. One key merit of the proposed
dynamic ETM over existing static ones is the guarantee of the
existence of a positive tunable MIET. The proposed control
method has been validated on a dc microgrid testbed in a C-
HIL environment. Experimental results show that the proposed
dynamic ETM can significantly reduce the communication bur-
den compared to the existing static ETM and the conventional
periodic sampling. Moreover, the control strategy in this article
does not require any global information of the communication
graph or the closed-loop system dynamics.

APPENDIX
PROOF OF LEMMA 1

Under Assumption 1, the Laplacian matrices L, and L. are
real, symmetric, and hence, diagonalizable. According to [27,
Th. 1.3.12], the Laplacian matrices L, and L. are commutative if
and only if they are simultaneously diagonalizable. Thus, under
Assumption 2, there exists a nonsingular matrix .S such that

e 2 S 'L.S and D. = S 'L.S are both diagonal. Under
Assumption 1, the Laplacian matrices L, and L. have a simple
zero eigenvalue, with other eigenvalues being strictly positive
[24]. By properly arranging the columns of S, the diagonal
matrices D, and D, are expressed as

D, = diag{0, ko2, Aes, - - -
DC = dlag{O, )\.CQ, )\037 “ e

(35)
(36)

7)"eN}
7)‘-CN}

where 0,Ac2, des, ..., ey are the eigenvalues of L., and
0,Ac2,Ac3,...,Acn are the eigenvalues of L.. Let Dq =
diag{)q, )‘-e2/)‘-023 keg/)\cg,, - ,)\.eN/)\CN} >0, with Ay > 0.
Then, D, = D.Dq. Furthermore, L. can be rewritten as

Le=SD.S'=8D.S7'SDqS™ ' =L.Q  (37)

where Q £ S DqS~!. Then, Q is a positive-definite matrix.

APPENDIX B
PROOF OF THEOREM 1

Consider the evolution of the trigger variable 7;(t) over the
time-interval [t} ¢} ) in the following two cases. On the one
hand, when ¢;(t) # 0, w;(t) is lower bounded by

g; A2.
K1 (Amin(Q) — 3rd;) 67;(t)

=il =7 20
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20; Ky domin(Q) 62, (t)
Ky | —Ymin ") opqg, | 2V
+in< K —K; ~di ) =2

%
2

K1, ci

(K7 + Ky)d; (1+n7())

>

a K ci
2

k1, ci

(K;+ Kv)d; (1+n7(t))

(K1 4 Kv)d; (ni(t) +1)°

1
= — % (m(t) +1)° (38)

where;(t) > Oand~y; = (2/I.;) (K1 + Ky )d; have been used.
Then, one has

7;(t) = min{w;(t),0} — oy

> i (i) + 1 (39)
On the other hand, when e;(t) = 0, 7;(t) satisfies
(0= —0i >~ () + 1P i (40)
Combining (39) and (40) yields
() 2~ (a(0) + 1)* — @)

fort € [ti, 1) +1)- Thus, according to the comparison lemma [28,
Lemma 3.4], 1;(t) > ¢;(t), for t € [t} ¢}, ), where ¢;(t) sat-
isfies the following differential equation:

Bilt) =~ (:(0) + 1)* — o

vi/ (k) (¢ (t) + 1). Then, it

(42)

with ¢;(t},) = B;. Let xi(t) =
follows from (42) that

L
_ | F QX# -1 (43)
o X3 (t) +1
Integrating both sides of (43) from ¢i to ¢ yields
t—th
= n (arctan (x;(t},)) — arctan (x;(t)))
;%
- n {arctan (, [T (Bi + 1))
Q% Ky
— arctan i (pi(t)+1) |- (44)
RO

Since 7;(t) > ¢i(t) for t € [t} t}. ), the interevent time
t}.11 — t}, is lower bounded by the amount of time that it takes
for ¢;(t) to drop from f3; to 0. Thus, by (44), it is concluded that
the lower bound of ¢} | — ¢} is given by 7; in (17).

APPENDIX C
PROOF OF THEOREM 2
Consider the Lyapunov function candidate

W(t) = Wi(t) + Wa(t) + Ws(t) (45)
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where

Wi(t) =

Ws(t) =

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 9, SEPTEMBER 2022

%IT(t)IglI(t) + %eT(t)n(t)Ice(t) (462)
1

Wa(t) = 505.() (46b)
1 Ky o, <
s E &, v (Qiv() (46¢)

with n £ diag{n, 7o, . ..

l € N are
Wi(t) =

ITWI7N(t) + €T

,nn} and @ > 0 given in Lemma 1.
The time-derivatives of W;, 7 = 1, 2, 3 along the trajectory of the
closed-loop system (24a)—(24h) on each time-interval (¢;,¢;41),

(t)n(t)Lee(t)

Ko (0Q81(0) = 5 KidF () Lee)

107 (£)Qd;(t) + %KIGT(t)Legl(t)

+ *6T(t)7'7(t)fce(t)

07 (1)Qdv (t) + Kye™ (t) Ledy (1)
T(t)n(t)Ledr(t) + Kye™ (t)n(t) Ledy ()

(47)

(48)

Qv (t) + Kvo7 (1)Qdv (L) (49)

where (7), (21a), and (21b) have been used to derive (47).
Substituting (47)—(49) into W (t) yields

W(t) =

for t € (tl,tl+1).

a?/(2k) +

1
2

— K67 (H)Q6;(t)

2

R8T () Leett)

Q80 + 5 Kre™ () Le51(1)

— Ky oy (t) -

(kb?)/2, with k> 0, one has

ot (t)Le
o

Ky
K—K;

T()Ledy (t) + K€" (t)n(t)Leos(t)
+ 5T W0 ee()

3y (£)Qdv (t)

(50)

By using the Young’s inequality ab <

y(t)
) wi

J

1

y; (1)

N
) =22 wym(t)y

1 i 7j=1

=1

Mz

N

[

o
I

—_

Mz

:‘<LN
52

i=1j

wl] yj

1

N . .
where d; = 3 ;" w;;. Since w;; = wj;, 4,5 € V, then

Z Z wijy; (¢ Z Z wijy; (¢ Z iy (t

=1 j=1 =1 5=1

Substituting (52) into (51) yields

N N
O Ley() < - D0 da(0) + 5 Y dig? (1)
i=1 i=1

Using (53), one obtains the following inequalities:

1

— K107 (1) Lec(t)

<o K Zde + nK;de
2% Ii

i=1

fKIeT () Ledy (t) + KyeT (t)Ledy (1)

< —KIZde + KK]Zd 6%,(t)

=1

+ KVZde —|—I~£Kv2d5

=1

K€" (On(t)Ledi (t) + Ky e (en(t) Ledy (¢)

N N
1 ~
<K din?(t)e?(t K d;62 (¢
=k IZ nz()ez()+m IZ Iz()

=1 i=1

N N
1 _
fKE/‘di-Qt?t KEjdia?t
+H 14 771,()62()+K 14 Vz()

=1 i=1

Substitution of (54)—(56) into (50) yields

(51

(52)

(53)

(54)

(55)

(56)

W) < = 3K1 Y Guin(Q) = nd) 53,(6) — K 3% (1)

1 N
- §KI (Amin(Q) — 3kd;) 5?1‘ (t)
i=1
N
KV)"mln ) <
— Ky Z ( e 2ndi> 6% (t)
N

(K4 E) Y d (14 0) )

i=1
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+ 5 Z-[cznz )
N
53 Wi

=1

fort € (;,t;+1). Let k be chosen such that

)\min(Q) KV)\min(Q)
. - (58)
3 maX;cy di 2(K — KI) maX;cy dz

Then, Amin(Q) — kd; >0, Amin(Q) — 3krd; > 0,
KV)\min(Q)/(K - KI) - 2Kdz > 0.

Consider the two cases when e;(t) # 0 and e;(t) = 0. When
ei(t) # 0, the dynamics of n;(¢) satisfy

(57)

O<H<min{

and

g; 52
(1) < wi(t) = EKI (Amin(Q) — 3Kd;) p ((f))
20; Ky Amin(Q) (1)
LY (K-K ‘2’“’1) 20)
- %m (K1 + Kv)di (1+n7(t)) (59)

with 0 < o; < 1. It follows from (59) that W;(t) in (57) satisfies

1
Wi(t) < = S K1 (omin(Q) — #i) 07;(t) — Kvpi(#)
1 .
= 5 K1 (1= 0i) (min(Q) = 3kdy) 07,(1)
] KV)‘min(Q) o ) <2
Ky (1—o0;) (K e 2kd; | 074 ().
(60)
For the case when e;(t) = 0, W;(t) in (57) becomes
1
Wi(t) = = S K1 (Amin(Q) = i) O7;() — Kv0,(t)
1 R
- §K1 (Amin(Q) — 3rd;) 07;(t)
KV)\min(Q) <2
Ky < e 2y 52,(t). (61
Combining (60) and (61), one obtains from (57) that
N
) < Z Wi(t)
i=1
1 .
< 5 Krmin {(hnin(@) — )} 53(1) — K3 (1)
1 R
— S Ermin (1~ 00) (uin (@) — 3di)} 571
. ) KV)‘-min(Q) . <2
- Ky %151{(1 —0j) (K—KI 2kd; | ¢ 6y (1)
<0 (62)
for t € (t;,t,41). Furthermore, it can be verified that W (¢,") —

W (t;) = 0. By Theorem 1, the Zeno behavior is ruled out for
each converter, which means that limy,_, t}; = oo, foralli € V.
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Hence, lim;_,, t; = co. By the invariant set theorerp [29, Th.
2.3], one can conclude that 67(t) — 0, v (t) — 0, 67(t) — 0,
and 0y (t) — 0, as t — oc.
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