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Abstract—Communication network failure, e.g., persistent
packet loss, may considerably affect the safe and stable operation
of smart grids. This may degrade the performance of various
components and applications including energy management and
economic dispatch. We propose a switched surplus-based dis-
tributed security dispatch approach to cope with the persistent
packet loss under unreliable communication network environ-
ment. First, we jointly consider the packet loss sequence and
the dynamic triggering sequence to define actual affected periods
caused by the persistent packet loss. Then, we outline an incentive
scheme, integrate primal-dual analysis and eigenvalue perturba-
tion theory to design the switched surplus-based distributed secu-
rity dispatch algorithm. Further, we design a dynamic triggering
mechanism that enables the proposed algorithm to dynamically
switch to different modes according to the change in network
state. With those components, the proposed method offers strong
robustness against persistent packet loss. In addition, we provide
the convergence and optimality proofs of the algorithm. Finally,
simulation results are provided to validate the proposed method,
and to demonstrate its effectiveness.

Index Terms—Economic dispatch, persistent packet loss, dy-
namic trigger, distributed optimization.

I. INTRODUCTION

S the next generation electric power system, smart grid

has been envisioned to achieve optimal, flexible, secure,
and reliable system operations [1]]. Internet of Things (IoT) is
one of the promising technologies that facilitates the transfor-
mation from traditional power systems to smart grids, thereby
promoting their development. For instance, IoT enables smart
meters to establish flexible communication among themselves,
thereby facilitating distributed operations within the smart
grid, such as distributed economic dispatch and distributed
frequency control. In this paper, we focus on studying the
economic dispatch problem (EDP). The EDP is an important
research topic in smart grid, which has gained extensive
interest from the research community in the recent years[2]. It
studies how to allocate energy generation devices or loads to
minimize the cost to the system, while satisfying the supply-
demand balance and local boundary constraints. In essence,
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EDP is a system decision problem that requires designing
effective optimization algorithms.

Currently, the algorithms for EDP can be roughly classi-
fied as centralized algorithms and distributed algorithms. The
traditional centralized algorithms, including genetic algorithm
[3], Lagrange multiplier method [4]]-[5] and gradient descent
method [6], etc., have been thoroughly studied in the past.
However, the major drawback associated with these algorithms
is the centralized execution that requires a centralized con-
troller to collect all information, and to compute the optimal
solutions. With the high integration of IoT and smart grids,
there is an increasing trend to offload the heavy computing task
to the edge [7], [8]. Meanwhile, the distributed participants are
unwilling to expose personal date to the centralized controller
for both security and profit. In this situation, the conventional
centralized algorithms may not be relevant for many appli-
cations in the smart grid including energy management and
economic dispatch.

To tackle this challenge, the distributed algorithms have
been proposed, mainly based on the blockchain technol-
ogy, distributed alternating direction method of multipliers
(ADMM) and consensus-based method. First of all, the
essence of the blockchain technology is to use only one
ledger/database [9], [10]. The decentralized characteristic
makes blockchain technology more advantageous in data
transmission and consistency operation. However, this method
requires public storage and sharing. Secondly, the distributed
ADMM aims to utilize the dual-descent technique to optimize
both the original variable and the dual variable alternatively
[L1]. For instance, the distributed ADMM was employed
to solve demand-side EDP with reduced energy, where the
combine heat and power (CHP) unit is taken into account.
By incorporating dynamic average consensus variables into
ADMM, [12] presented a distributed consensus-ADMM algo-
rithm to achieve peer-to-peer energy trading without knowing
the number of system nodes. Thirdly, the major concept of
consensus-based method is to establish distributed Lagrangian
dual variables, and to enable them to converge to the same
value to fulfil the optimization conditions. Based on this con-
cept, multiple types of consensus-based algorithms have been
developed, e.g., distributed Newton descent methods [[13]], [14]]
and distributed neurodynamic methods [15[], [16]. Recently,
the surplus-based distributed dispatch method was proposed in
[17]], [18]]. This method is designed by introducing an auxiliary
variable (called surplus) instead of decision variable to perform
distributed calculation, which possesses high privacy attribute.

The aforementioned literature provide solutions for EDP
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TABLE I: Comparative Technical Features of Previous

Researches
. Reduced packet | economic
Ref. operation - .
communication | loss dispatch

[3-5] centralized v

[7, 9-13,16-18] | distributed v
[14-15] distributed v v
[19-20] distributed v V4

[21-24] distributed v v
This paper distributed v v v

under safe communication network. Note that the IoT network
serves as the infrastructure for data transmission and informa-
tion interaction within smart grids, which frequently encounter
various safety-related concerns, one of which is the data packet
loss [19]. The data packet loss is an unavoidable occurrence
resulting from communication line uncertainties and random
noise. This may drastically affect the operation performance
for smart grid [20].

There is an increasing interest to investigate the effects
of packet loss on EDP, and then to design corresponding
resistance mechanisms. For instance, a Newton-consistent
optimization algorithm was proposed in [21], for better ro-
bustness against bounded packet loss. However, the method
is only suitable for unconstrained optimization problem. For
constrained optimization problem, a robust distributed eco-
nomic dispatch algorithm was proposed in [22], which takes
the packet-dropping communication links into consideration.
However, this method is built upon the assumption that the
distributed communication network is strongly connected. To
avoid this assumption, [23] found that the errors caused by the
packet loss were accumulated for the A-consensus algorithm.
A compensation mechanism was presented to reduce the
impact of packet loss. Most recently, literature [24] employed
the distributed robust chance constrained optimization method
to solve EDP with considerations of both packet loss and
uncertainty in wind power generation. The existing studies
[211, [22], [23]], [24] have obtained good results to deal with
the problem of packet loss. Nevertheless, they mainly focus
on one-step or short-term packet loss. It is still a challenge to
handel the persistent packet loss under worse communication
channels.

We propose a switched surplus-based distributed security
dispatch approach for the smart grid in an unreliable com-
munication network. Compared to [3]-[5] that are central-
ized methods, this paper belongs to a distributed method.
In contrast to [[7], [9)-[L3] and [L6]-[18] that primarily fo-
cus on distributed optimization, this paper emphasizes on
strategy making when communication failures occur and re-
duction of the communication cost. Although [14]]-[15] use
the event triggering strategies to reduce the frequency of
communication, they cannot handle network failures caused
by packet loss. Despite the contribution of [19]-[20] in reduc-
ing communication and handling packet loss, their approach
cannot be directly applied to distributed economic dispatch.
In comparison to the methods presented in [21]]-[24]], which
suffer from high communication costs, our approach leverages
system switching and event-triggered techniques to reduce

communication expenses while ensuring fault-tolerant system
operation. The distinctions between this paper and existing
studies are summarized in Table [

1) We define the actual safe and unsafe periods that take
the coexistence of persistent packet loss sequence and event-
triggering sequence into account, thus offering an analytic
model to study the persistent packet loss, which is used
designing the distributed dispatch approach.

2) We propose a switched surplus-based distributed security
dispatch approach for smart grid under unreliable commu-
nication network. Compared to the existing surplus-based
distributed dispatch approach [17]]-[[18]], the proposed approach
enables the utilization of switched system dynamics and
estimation to defend persistent packet loss. Meanwhile, the
high privacy can be maintained due to the surplus variable.

3) We embed an event-triggered based communication
strategy into the proposed distributed dispatch approach. To
reduce the communication expenditure, each agent only needs
to asynchronously share information with its neighbors at dis-
crete time if necessary. Moreover, theoretically analytic results
are offered to verify the global convergence and optimality
of the proposed dispatch approach with the event-triggered
communication strategy.

The rest of this paper is organized as follows. In Section II,
the persistent packet loss model is introduced and the EDP
is formulated. The structure of the switched surplus-based
distributed security dispatch approach is introduced in detail,
and the proof of convergence and optimality is provided in
Section IIl. In Section IV, simulation results are provided
to validate the proposed method, and to demonstrate its
effectiveness. Section V concludes this paper. Some frequently
used notations are provided in Table [lI] for quick reference.

II. PROBLEM FORMULATION
A. Economic Dispatch: Problem Formulation

We consider that a distributed energy system consists of
multiple distributed generators (DGs) and loads, each of which
can be seen as an agent. For convenience of expression, R®
and R* denote the N-dimensional real numbers and positive
real numbers, respectively. |z| is the modulus of z. ||hl|,
denotes the 7-norm of vector A C R™ or matrix A C R"**™,
1,(0,,) denotes an n-dimensional column vector of ones (ze-
ros). The EDP focuses on finding the total operation cost (I)),
while meeting the global supply-demand balance constraint
() and local operation constraints (3}).

min  Obj =y filwi(t)) (1
st > wmt) =Y @)

P < (1) < 2 @)

zi(t+1) = 2 (0)] < 2", )

where x; € R and ¢; € R represent the power generation and
local load of DG i, respectively; f;(x;(t)) is the cost function
of DG 1. In this paper, we only require that f;(z;(t)) is convex
without any specific form. ", z7%* and x| “""” represent the

lower bound, upper bound and ramp rate of x;(t), respectively.
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TABLE II: Frequently Used Notation

Notation Description Notation Description
R 4+ N-dimensional real numbers and positive . Indices of operation time, distributed generator,
R™,R t i, ; . . ;
real numbers and inequality constraint for generator ¢
Total number of distributed generator and the
n, Yi A . f . Ti, X Index and vector form of power output
number of inequality constraint for generator %
gmin, gmaez gramp Lower bound, upper bound and ramp rate of S Local load of distributed generator 4
power output
Xis A Index and vector form of dual variable Yi, Y Index and vector form of auxiliary variable
Q;, Q Index and vector form of feasible operation region ©;, © Index a nd ve(_:tor form of dual variable feasible
operation region
f(e), g(e), h(e) Indices of cost, inequality and equality function a, b, c Coefficients of cost function
T Tvlllea;?th‘;;g time of Lyapunov function Eloss» Bsafe The total packet loss time, total safe time
Slosss Ssafe ;F;fz ilicr;ueal total packet loss time, actual total Tioss(k), Tsafe(k) The start and end time of kth packet loss
Tioss(k), f‘safe(k) The first trigger time and system returns time Uioss(k), Wsape(k)  The packet loss period and safe period
= = The actual packet loss period and actual
Vioss (k). Ysare(k) safe periodp P k Index of packet loss number
tm Index of mth triggering time inactual period té }ndex of last triggering time before packet
0ss occurs

Coefficients of the switched surplus-based

k1, k2, e, u, v algorithm

Sign function, projection operation,

sign(e). Pa(e). | #| and absolute value

To simplify notations, we define h(x) =
,hn ()] and

S hla) =Y w-Y" w O

Further, (3) and (@) can be re-written in the form of a
common inequality constraint, i.e.,

g (2:(1)) <0, (6)

where g, (z;(t)) is the function of the inequality constraint
and 7; 1,2,...,7v; represents the index of inequality
constraint for z;. The expression of (6) has been widely used
in the existing studies, e.g., [12], [14] and [[17]. For the studied
EDP, equation (6) comes from equations (3)) and (@). Thus, we
have 7; = 4. The detailed mathematical expressions are given
by

[h1(x1), ha(x2),

g1(wi(t)) =wi(t) — 2™ <0, (7
ga(zs(t)) =2z — 2;(t) <0, (8)
g3(xi(t)) =i (t + 1) — i(t) — 27" <0, ©)
ga(zi(t)) =zi(t) — 2 (t + 1) — 2" <0. (10)

Note that our proposed method is capable of solving univer-
sal inequality constraint, i.e., equation (6), rather than being
limited to the specific expressions as shown in equations
. Next, we can get the feasible operation region of x;(t),
defined as §; = {x;|gx, (z;) < 0}. The Lagrangian function
of problem(T}f) is given by

L, A) =Y Lilwn, ) =Y filz) + > Aihi(x), (11)
i=1 i=1 i=1
where © = [r1,2Z2,...,Zn]; A = [A1,A2,..., A\y] is the

Lagrangian multiplier.

We denote A as the optimal solution of \;, z*
[x3,..., ;] is the saddle point of problem (I}4). The physical
meaning of )\; is the power price. Note that the power price is
positive. Thus, A¥ > 0. The following Assumption 1 implies
that =* satisfies that the Slater condition as a Slater vector.

Assumption 1 (Slater condition)[4]]: There exists a vector
a* € x such that g, (z*) <0, forallm =1,2,...,7.
According to Lemma 1 in [4], A} lies in the compact set

i fzfxf) - cj}’

where 7 = min{—g, (z7())]1 < i < n,1 < m < v},
d < mingeq-L(z,\) and @ =[01,0,,..., @n] is the feasible
region of the Lagrangian multiplier. The significance of is
to show that the Laplace multiplier A is positive and bounded
in O.

To handle the inequality constraint (6)), the projection opera-
tion is applied. The projection operation refers to a mathemat-
ical procedure that projects a given point onto a feasible set
defined by a set of constraints. The purpose of the projection
operation is to find the closest feasible point to the given point.
The projection operation of x on Q = {z € R[z™" < 1 <
2™} comes from Py (z) = arg glelsr% |z — ]|

0= {\; e RT[|A}]l, < (12)

B. Communication Network and Persistent Packet Loss Model

In this paper, the communication network is defined as a
undirected graph ¢ = (V,&, A). Therein, V = {1,2,...,n}
is the node set of the graph ¢, each of which represents a DG.

Period of packet loss: ‘¥

loss

Period of Safe: W,
I I reo |n
first trigger after
2 eer
packet loss
first trigger after
o Tee O )
resuming communicatio:
regd TR rie-. s
0 \_\,_/\_\,_/\,_A_\/_/ i
P (k) o (0) P (k1) P (k+1)

Fig. 1: Packet loss period and trigger period
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& C U x V represents the set of communication lines among
the nodes. A = [a;;] € R™*™ is the adjacency matrix, where
a;; is ith row and jth column element of . If node 7 can
receive the information from node j, then there exists an edge
(4,1) € € and a;; = 1; otherwise, a;; = 0. N; = {j|(j,7) € £}
is the neighbors of node ¢ and |N;| denotes the number of
neighbors. We denote D = diag{dy,ds,...,d,} as the degree
of node i, where d; = Z?:Li +; @ij- And Laplace matrix can
be represented as L = D —

There are many factors (e.g., malicious cyberattacks) that
may cause persistent packet loss, resulting in failure or even
blackout. For the time period [t1,t2], we define Eos5(t1,t2)
and Eg47.(t1,t2) as the total packet loss time and total safe
time of [tq,%s], respectively. As shown in Fig. |1| the start
and end time of kth packet loss are defined as I'jyss(k)
and I'sq¢c(k). Under this definition, each packet loss period
and each safe period are further denoted as Wj,ss(k) =
[Floss(k)a Fsafe(k)) and ‘I’safe(k) = [Fsafe(k)a Floss(k+1))7
respectively. Then, we can get Zj,5s(t1,t2) = U¥uss(k) N
[t1,t2) and Egope(ti, ta) = U¥sepe(k) N [t1,t2). Since we
adopt an event-triggered communication strategy to avoid
unnecessary communication interaction among DGs, each DG
suspends communication before an event is triggered. In fact,
the failure or recovery of the network does not affect the
communication network immediately. This is because each
agent only shares information with its neighbors at the trig-
gering time [19]. This implies that there exists the first trigger
time ['}os5(k) after Tjp55(k). Similarly, the system returns to
normal state if an event is triggered at T's, s (k) after Do ze (k).
Therefore, the actual unsafe period caused by the packet loss
and the actual safe period are W;,s(k) = [[10ss(k), fsafe(k))
and U, pc(k) = [Dsafe(k), Dioss(k + 1)), respectively. Then,
to avoid misunderstanding, we further define Eloss(tl,tg) =
U\I/loss(k) N [f,l, f,z) and Esafe(t17 tg) = U\Ilsafe(k) N [tl, tg).

In order to enable the objective function to be solvable,
the packet loss should neither last too long nor occur too
frequently. Following from [25]], we consider the following

Assumption 2 to limit the duration Zj,ss(¢1,%2) and number
N(t1,t2) of the packet loss.

Assumption 2 [23]: For duration 0 < t; < t,, there exists
p €[0,1] and No, Ty, € R*, such that

Hloss(t t)
N(t1, t2)

13)

So + p(tQ - tl)a
+ (14)

<
<Ny +o(ts —t1),

where p and o are the constraint coefficients; N(t1,t2)
represents the number of switching from the safe period
to the packet loss period in time period [t1,t2]; Z¢ and
Ny are the maximum persistent packet loss time and the
maximum frequency that the system can tolerate, respectively.
Meanwhile, the packet loss constraints can be separated into
the time-ratio constraint, i.e., equation and the dwell-time
constraint, i.e., equation (I4). Note that the performance of the
distributed algorithm is related to the frequency and duration
of the packet loss directly.

III. SWITCHED SURPLUS-BASED DISTRIBUTED
EcoNOMIC DISPATCH STRATEGY

A. Algorithm Design

Inspired by [17], we introduce an auxiliary variable,
i.e., surplus, is considered designing the subsequent dis-
tributed dispatch algorithm, which is denoted as y(t) =
[y1(t),y2(t), ..., yn(t)] € R™ It locally records the state
changes of power generation and communicates with neigh-
bor nodes instead of the decision variable, i.e., power gen-
eration x;(t). By making use of dual variable \(t) =
[A1(t), A2(t), ..., An(t)] € R™ and incentive projection op-
eration kjsig(Pa(zi(t)) — x;(t))", we propose a switched
surplus-based distributed security dispatch strategy to solve the
EDP under persistent packet loss. The proposed algorithm en-
compasses dynamics P1 and dynamics P2 that are performed
during t € W, r. and t € Wy, Tespectively.

@i(t) = —a(t)(Vfi(zi(t)) + Ai(t))

+ =) (V filzi(t) + Ni(t))] -

sign(Pa, (zi(t)) — z:(t))

+kisig(Pa, (wi(t)) — xi(t))"

+kosig(Po, (x;(t)) — xi(t))", (15a)
Ailt) = A'( ) +eyi(t) + at)(z:(t) — )

Ai(t) +eyi(t) + alt)(zi(t) — )| -
PL: sign(Po, (Xi(1)) — Xi(0))

+k1sig(Pe, (Ai(t)) — Xi(t))"

+hasig(Po, (Ai(t) — Ai(1)", (15b)
Gi(t) = Y aii(y; (¢]") — yilt]"))

JEN;

—ey(t) — Ai(t), (15¢)
Ni(t) = D ai () = Aa(t), (15d)

JEN;
hii(t) = —a(t)(Vfi(zi(t)) + A\i(t))

+|=a@)(Vfi(zi(t)) + Xi(t))] -

sign(Po, (x(t)) — z(t))

+k1sig(Po, (zi(t)) — zi(t))"

+kosig(Pa, (zi(t)) — xi(t))", (16a)
hAi(t) = Ai(t) + eyi(t) + o(t) (zi(t) — <)

Ait) + w0 + a @it) — )|
p2: sign(Pe, (\i(t)) — Ai(t))

+hysig(Po, (Ai(8)) — Mi(t))"

+hasig(Po, (A1) — Mi(1))" (16b)
hgi(t) = Y ai(y; (1) — wi(th))

JEN;

—eyi(t) — Ay(t), (16¢)
Ai(t) =D ag(M(th) = Ai(th), (16d)

JEN;

where «(t) is a non- increasing gain variable satisfying
JoSat)dt = oo, and [;° a*(t)dt < oo. For example, we
can choose a(t) = 10/(1 +t) The function as sig(a)® =



IEEE INTERNET OF THINGS JOURNAL, VOL. XX, NO. XX, XX 20XX

[sign(a1)|ay’, ..., sign(a,)|an|’]” comes from [17], where
sign(a) is the sign function with sign(a) < 0 if a < 0,
sign(a) = 0 if a = 0 and sign(a) > 0 if a > 0. Pq,(x;)
and Po,()\;) represent the projections of x; and )\; in the
local constraint interval €; and set O, respectively. k1 > 0,
ko > 0,0 < pu <1, and v > 1 are control variables. £ and
h are positive constants. ¢]" represents mth triggering time in
actual period. t! refers to the last triggering time before packet
loss occurs.

In the proposed algorithm, we design dynamics P1 and
P2 to deal with the persistent packet loss, which can be
adaptively switched according to the change of the net-
work state. The decision variable x; is calculated locally,
which can protect the sensitive information well. The item
—a(t)(V fi(z;(t)) + i (t)) in (T3@) is obtained by calculating
the descent direction of z; related to the dual problem of
with equality constraint [2| To further deal with inequality
constraints (3)), we employ the incentive projection operation.
Specifically, the second term in (I3a) enables the infeasible
points projecting into the feasible region 2;. The items of
kysig(Pa,(x;(t)) — x;i(t))" and kosig(Pao,(zi(t)) — x;(t))"
enable the system converging to the feasible region in a fixed
time. This will be described in detail in the next subsection.
A;(t) is the Lagrangian dual multiplier associated with equality
constraint (2). The functionality of (I5b) is to enable all
local Lagrangian dual multipliers converging to the same
value. Meanwhile, the design of z;(¢t) — ¢; further enables
the system to achieve global supply-demand balance after
converging. Moreover, the incentive projection operation is
applied in (I3D) to enable \; operating in feasible region ©;. In
(T3c), the design of surplus variable y;(t) is to locally record
the state changes of power generation. It converges to zero
eventually, which will be introduced subsequently in Lemma
1. Further, owing to the utilization of consensus protocols
(e, D e, @i (Y () — yi(t7")) and Ay (1)), we only need to
share \; and y; with neighbors and perform local calculation
to solve problems (I}4). Regrading the differences between
Pl and P2, Ay(t) and >,y aij(y;(t7") — i (")) in (15)
enable utilizing the information from neighbor nodes at the
triggering time to update the system dynamics. Considering
the packet loss, dynamics (I6) is designed by making use of
the last received information, e.g., \;(¢.) and y;(!), to estimate
the surplus mismatch -, ai;(y; () — vi(t))) and As(t).

Next, to reduce the communication cost, the event-triggered
communication strategy is considered for ¢ € U, fe- In this
scenario, each agent establishes communication interaction
with neighbors and transmits the sharing variables (\;, v;)
in the triggering time. The triggering functions take the form:

Cr(Ni(ts), yilti)) =as(@1 ||\ (1) — Na(t)]| a7
+ wallya (") — ya(ts) ||
S e - n e
1EN,;
Co(Ni(t:)) = AT (8) = Ni(t)] — a(t)me™ 7", (18)
Ca(yi(ti)) =y (t) — yi(t)| — a(t)me™ 7", (19)
C =C1(A\i,y:) + Ca(Ni) + C3(yi), (20)

where Cq(A;(t;),y:(t;)) is the triggering function related to
both of A;(t;) and y;(¢;); C2(A;(¢;)) is the triggering function
related to \;(¢;) only; Cs(y;(t;)) is the function related to
yi(t;) only; C refers to the overall triggering function, i.e., the
sum of Gl()\i(ti)>yi(ti)), GQ()\Z(tZ)), and Gg(yl(tl)) w, =
[2(“;71_1) +a2} INi|; wa = az |N;|; a1, ag, as, m, and o are
positive constants.

The motivation of (I7)-20) is to utilize the prin-
ciples of event control to trigger state updates when
necessary. For the triggering function (17), when the
event is triggered as t; = ¢, both |\;(t7) — \i(t;)]?
and |y;(t™) — yi(t;)]® are reset to zero. Thus, at the
instant ¢", it is evident that Cl(Ai(t!),y;(t1"))= —
3o 2.0 € Nyaig| N (t) — Ai(tT)‘2 < 0. As time progresses,
the system operates without being triggered. As t; increases,
the difference between A;(t7") and A;(t;), as well as y; (")
and y;(t;), changes gradually. When C1(\;(%;),y:(t;)) > 0,
information is exchanged using event triggering. The func-
tionality of the triggering functions (I8)-(I9) are similar to
(T7). In this paper, since algorithm (I5)-(T6) is designed to
be controlled by the three triggering functions simultaneously,
we define the overall triggering function (20) as the sum of
(T7)-(19). Information exchange among neighbors occurs once
C>0.

Based on (I7}20), the next triggering time is determined as

t7H = max{t > t7"Cs(\i(t:), i (1)) <0} (21)

When ¢t € U, the event-triggering mechanism is out
of work caused by the packet loss. To address the issue,
we introduce a virtual-trigger strategy which makes each
agent periodically attempt to communicate with its neighbor
nodes. Once the communication succeeds, the network is
considered to restore from packet loss state to safe state, that
is Uppss — Uy fe- The virtual triggering time is determined
by

=l 4 AT, (22)

where AT is the virtual-triggering interval.

To clearly show the implementation procedure, the pseu-
docode of the proposed switched surplus-based distributed
security dispatch algorithm with communication strategy
[22) is summarized in Algorithm 1.

Next, a complexity analysis based on the switched surplus-
based distributed security dispatch algorithm is presented.
There are four main elements that affect the time complexity:
(i) Calculation of the cost function f;(z;) in (I). The dimen-
sion of f;(z;) is X by x; € RY, where fi(x;) is equal to
a;x;%(t) + biz;(t) + ¢;. The time complexity for calculating
the cost function f;(z;) is O(XN?); (ii) Derivative of the cost
function f;(z;) in and (16a). The time complexity for
the derivative of f;(z;) is O(R?); (iii) Calculation of y; and \;
in (I5b}{15¢) and (I6DH16¢). The dimension of y; and \; are
both equal to z;. The time complexity for calculating y; and
Ai is O(XN?); (iv) The operation time t. We define the iteration
step as At, then the number of iterations is ¢/At. With those
components, the final time complexity of the proposed method
is O(£;R?), which is consistent with the traditional economic
dispatch algorithms as literature [17]], [25].
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Algorithm 1: Switched surplus-based algorithm

Input: Local operation constraints €2;, boundary
constraints ©; of \;, local loads ¢; and
Lagrange matrix L of communication network.
Any admissible values of x;(0), y;(0), X;(0)
and parameters of f;(z;).

Output: The optimal output of each power device.

1 some description;

2 while non-convergence do

3 only if t = 0;

4 Each power device exchange the information of
yi(to) and \;(to) to its neighbour nodes. Each
node computes y; and \; according to P1;

5 if communication network safe then

6 if C > 0 then

7 1. The nodes complete the information
exchange.;

8 2. Calculate the decision variable x;(¢)
using the moment information by P1.

9 else

10 The decision variable is calculated using

the information from the last successful
information exchange by P1.

11 end

12 end

13 if communication network occurs persistent packet
loss then

14 The decision variable x;(t) is calculated using

the information of the last successful
information exchange before the packet loss
occurred by P2.

15 end
16 end

Remark 1: Our proposed method can be used to solve a class
of distributed optimization, i.e., equations (I), (Z), and (),
with consideration of persistent packet loss. Note that both of
distributed optimization and packet loss are typical problems
in IoT-based systems, e. g., loT-based smart grid considered in
this paper. Thus, our proposed method can be easily employed
to solve relevant optimization problems considering persistent
packet loss in other IoT-based systems, if the studied problem
can be abstracted in the form of equations (I, (), and (6).

B. Optimality and Convergence Analysis

In this section, we propose three Lemmas to analyze the
state valuation of the proposed algorithm during the actual
safe period and the actual packet loss period. Then, the global
optimality and convergence are provided in Theorem 1. To
increase the readability of paper, x;(t) is abbreviated as x;,
Ai(t) as A;, yi(t) as y; in the later.

Specifically, We define the Lyapunov function as V)
m—&mm%%mzm—aumx a(t)(V fi(a)
M) = 2@ — Po,(z;)] |[—ot sz(xz)+VhT(xz))\i)| <
[31], we can get that Lie derivative of V7 is

Po, ())&

+
0

Vl :2(.’1,'Z —

6
=2(x; — Po, (7)) (—a(t)(Vfi(z:) + \i))
—2|z; — Pao,(z; \|— WV fi(z )—ﬁ-Vh;fF(xi))\i)‘
— 2ky|@; — P, (x)[* 1
— 2kyla; — Po, ()|
<—kViF kW (23)

Recalling the studied problem (T}), it is not diffcult to
verify that f;(x;), ¢;(z;) are strongly convex and Lipschitz
continuous. Then, it can be derived from [26] that V; con-
verges to 0 in the ﬁxed time when the settling time is defined as
T < ké} IR =) (1 o . Further, we can see that x; = Pq, (z;)
fort > Therefore the projection part of the algorithm can
be ignored and the decision variable x; can converge to the
constraint set in the fixed time 73. Similarly, we choose the
Lyapunov function as Vo = (\; — Pe,();))%. Since V; and
V5 hold the same structure. The proof process of V; can be
applied to V5. Thus, we can get the local Lagrangian multiplier
A; can converge to the constraint set in the fixed time 77, i.e.,
Ai = Po,(\).

Based on the separation principle [27], the fixed-time pro-
jection can be achieved. Then, for t = {t|t > T,t € \T/Safe},
dynamics P1 can be rewritten as

&y = —a(t)(Vfi(zi) + X)),
Ai =N+ ey + aft)(z — ),
Ji = i (Y (") — v (8"
p3. Y jezmajfyj(j) wlil") (24)
—eyi — A
A= 3 a(N () — X)),
JEN;

We denote x, A\, \™, y, y™ V f(z), and ¢ as the column
vector forms of z;, Ai, N\i(t7") vi, vi(t7), V fi(x;), and g;,
respectively. [ is the Identity matrix.

By the definition of the adjacency matrix A, the degree
matrix D and the Laplace matrix L, we can get

=" ay(E) = ()
JEN;
= Z (1,]()\ (f’r’)) — Z (I’i‘j()\i(ft;"’))
JEN: JEN;
= ﬂlv/\m _ Di)\rn,
= —Iji)\in,7 (25)

where A;, D; and L; represent ith row of A, D and
L, respectively. Similarly, it is not difficult to obtain
> jen; @ij(yi (¢7) — yi(ti")) = —Liy™. We denote A as the
column vector form of Ai . Thus, we can get

/}1 _Ll)\m
T R SO (26)
A,L _Ln)\m

The second item in P3 can be further rewritten as
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/:\1 ) /:\1 +eyr +alt)r —q
i\ = A2 _ Ao +eyo + a(t)ze — ¢
L /\n i An + 5yn + Oé(t)il?n — Sn
/i\1 i Y1 € S1
_ | A +e| 2 |+ al(t) 2o
L A n | Yn L Sn
=—L\" +ely+ a(t)(x —g). (27)
The third item in P3 can be further rewritten as
(1 —Lyt" Y1 Ay
) — Loym
g=| " | = 2z | | Y2 | | A
7)11 - L'n 7/T Yn A n
=—Ly™ —ely+ L\™ (28)
So the second and third items in P3 are rewritten as
A= LA™ +ely + a(t)(z — <), (29)
y=—Ly™ —ely+ L\™.

By appending —LA + LA and LA — LA — Ly + Ly to the
right side of (29), respectively. We can get

A= —LA+ely+ a(t)(z —¢) — LN 4+ L),
y=L\A\—Ly—ely+ L\ — LA\ — Ly™ + Ly.

We rewrite (30) as the following matrix form,
AN T -L el A T =g
o=l [ e ]
-L 0 AT — A
+[L LHy’”y]
First, we propose Lemma 1 to show the performance of \;
and y; during the actual safe period.
Lemma I: We define Z;(t) = \i(t), Zitn(t) = yi(t) and
Z(t) = L3 Zi(t), i = 1,...,2n. When t € Tyqpe, we
can get: (i) A;(¢t) — Z(t) as t — oo; (ii) y;(t) — 0 as t — oo.
Proof: For sake of expression, we define h;(z;) = =; —
¢; and denote the column vector of h;(x;) as h(z). We also

define that p;(t) = Ai(4") — Xi(t), ¢i(t) = wi(57") — %i(D),
and W (t) = [pl(t)aPQ(t)7-~-apn() 1(t), ¢ () (1))

Therein, the mathematical expression of matrixes M and M
is given by

(30)

3D

—L el — —-L 0
M_[L —L—el]’ M_{L —L] (32)
Equation (27) can be rewritten as
)\1 )\1

L —L—¢l

7
AL(t) — M
L 0 An(E) = A

+ [ L —L} i (#7) — 1 (33)
yn(t;n) - yn

Recalling the definitions of Z(t), W (t), h(x), M and M,
equation (33) can be rewritten as

Z(t) = MZ(t) + MW (t) + [ a()h((t)) ] .

0 (34)

We consider that there is 1-order differential equation as
x(t) = Ax(t) + B(t). According to the solution of 1-order
differential equation [32], we have y(t)=eA~T)y(T1) +
thl eA=7) B(7)dt. Note that equation is also a 1-order
differential equation. Thus, the solution of Z(t) has the same
form as the one of x(t). Then, we replace x(t) to Z(t), A to

M, and B(t) to MW (t)+ { a(t)f(l)(f(t)) } The solution of
(34 is given by

Z(t) =eMET) z(1y) + T

£ M= [ e ]

T

t
+ [ MeMEIW(r)dr.

Ty

(35)

1,, refers to the n-dimensional column vector, where each
element is equal to 1. Recalling the definition of the Laplace
matrix L, one obtains 151) = 0. Then, recalling the define of
M and M, we can get

Lot qoyva, o Lo oy | —L el
E(lnﬂ ln)]\[ - E(ITU 177) L —L—¢]
1
=—[-17L+17L ellL—17L—e1”1]
n
1
=—[0 0]=0, (36)
n
Lor oryvey - Lor qry | —L 0
n(lnvln)A - 5(171,3177,) L — L
1
=—[-1fL+1'L —17L]
n
1
=—[0 0] =0, 37

n

(FaBa) | 75 | = 1Fa)e -9 = 1faOh(o)
(38)
By multiplying 1(17,17) on both sides of the (34), it
follows from (36)- (B;S'I) that

L7y T 7@ T
—(1TA+125) = ST R (). (39)

Then, by calculating the integration of (39) from 7} to ¢,
we have

EE : T o(r
| ramie i = [T ner
t t (40)
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T T T n . .
N %15/\ 1 L1 1 1Ty 1 _ / 1 a:) Zhi(xi(T))dT According to (T8), if Co(N:(2;)) < 0, we have
t t = m Y. —ot
1 Recalling the definition of W (t), for i = 1 n, it is not
= —15(NTY) — At) +y(Ty) — y(t ccalling ; e T
n (A(T) ®) y( D)~ y®) difficult to obtain that

T1 n
/ Z (wi(7))dr  (42) W ()|, < na(t)me " (50)

According to the definition of Z(t), we have Thus, we can get

2n

2(t) :% Sz /t :
:%(zl(t) + Zo(t) + ...+ Zn(t) . e 7
+ Zriin(t) + Zogn(t) + ...+ Zan(t)) <nrM /T 1 ][e Jia(r)e

()\1( ) 4+ Aa(t) + ..+ An(t)

M| W () | dr

dr. (51

Since x; is within the corresponding constraint set for ¢ >

+ y1(t) +y2(t) + ...+ yn(t)) T4, there exists a constant ( satisfying ||h(z)||, < (. Based on
— LT + 1Ty (1)), (43 Lemmadin (7], we can get max <o [[e¥07)]; — 3 <
n 76—6(1‘/—7)’ where 7,3 € R*. According to , it follows
Thus, it follows from [@2) that from (@) that

LIAm) + 1Zym>>i<1zx<t> +17y(0)

-

= Z(Ty) — Z(t) = /t ] @ Zhi($i(T))dT, (45)

X(t) = 20| <9e P Z(Ty)

t
))dr, (44) +lw/ a(r)e Pt="dr

Ty

t
—I—mrM/ ’[eM(t*T)]ia(T)ef‘” dr. (52)
Ty

7 " Multiplying the term «(s) on both sides of (52) and
@ Z hi(as(7))dr, (46) integrating it from 7} to oo, one has
n &

/Oo a(s)|Xi(s) — Z(s)‘ ds

T:

oo
< [~ alepe 21 s
T

;»Z(t):Z(le/T' ”‘S)Zhi(%(ﬂ)dm (47)

Let [eM?]; and [eM?];; represent the ith row and the element

in ith row and jth column of matrix e?, respectively. —|—[fy/ a(s)/ a(r)e P Ddrds
According to the ds:ﬁnitions of Z(t) and Z(t), we can write o o
Zl(t) = )\Z(t) and Z(Tl) (12, OZ)Z(Tl) fori=1,...,n. + nwM Ot(S)/ OZ(T)[GM(S 'r)} (53)
Then, we have Ty Ty
Ai(t) — Z(t)‘ Since af(t) is non-increasing and [;* o?(t)dt < oo, (33)
1 satisfies
<\ (M) = — (10, 00)2(Th) >
S / a(syye "= Z(T)|) ds
¢ . 1 h(x(r I
+ [ aw @), - Sazom | M6 lar ety
T n n a(TH||Z(Th)||, e ds
+ [ || W) d T1)| Z(T
R R TR - 2eTIZEIL 5
M(t— Tl) 0 S
< max |le ‘IZ (Tl Ly / a(s) / a(r)e” " Ddrds
t T T
M(t— T) o0 o0
+/T1 a(r) max |[e 'Ilh )l dr gm/ e [ a(s — 0)a(s — 0)dsdd
t T T
1 Ty
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nwM a(s)/ a(r)[eMs= Tl 9T \drds
T T
< nwa(Ty) M /OO o?(s)ds < co.  (56)
T .
< M, 1o . <

Eqns. | b imply that f;f a(s) |Ni(s) — Z(s)|ds < oo
for i = 1,...,n. Thus, \;(t) — Z(t), as t — oc. Simi-
larly, since Z;(t) = w;(t) as ¢ = n+ 1,...,2n, we have
le a(s) lyi(s)|ds < oo. Thus, y;(t) — 0, as ¢ — oo. The
proof is completed. ]

Next, in Lemmas 2 and 3, we analyze the dynamics behavior
of the proposed algorithm for ¢ € \I’safe and t € U,
respectively. The equilibrium point of dynamics (T3{I6) is
denoted as (z*, A*,y*), which means that

0= —a(t)(Vf(z*) + %),
0= L\, (57)
0=y".
We further design five auxiliary variables, i.e.,
0(t) = R"(x(t) —2*), n(t)=R"(A(t) = \"),
5(t) = RT(y(t) —y*), e(t) =n(t™) —n(t),
2(8) = 3(t™) = 3(0), (58)

where R € R"*" satisfies RTR = RRT = 1I,,.
Note that [|6(t)|%, [|n(t)]” (t)]|* are continuous and
differentiable, we define the following Lyapunov function

Va(t) = %(Ilt‘)(l‘)ll2 + (@1 + 18(5)]%)-

Lemma 2: There exists a positive constant ¢; such that for
any t € Wy, pe, dynamics P1(T3) with the triggering strategy

(21) enables

Va(t) < Va(T3) exp(—gr (t - T379)).

(59)

(60)
Proof: On the basis of Lemma 1 and (57), we can obtain

Vs(t) =07 (6)0(t) + 0" (1)i(t) + 67 ()5 (t)

=0T () R" (—a(t)V f(x(t)) — a(H)A(F))
TORT(=LA(™) + ey (t) + a(t) (z(t) — <))
+ 6T (t)RT (—Ly(t™) — ey(t) + LA™)
=a(t )9T( HRT(=V f(x(t) + V("))
a(®)" (t)n(t) —n" () RTLAE™) = A")
+en" (H)6(t) + at)n” (H)0(t)

— 0T (ORTL(y(t™) —y") — ed*(1)
)-

+ 0T (RTLAE™) — A" (61)

From the definition of convex function, we can get

at)0T (ORT(=V [f(z(t)) + Vf(z*) < —at)f(t)¢o(t),
where ¢ = dzag{g} is the convex coefﬁment Since @ is
connected, we have T (t)Ly(t) > ra|ln(t)||*, AT(#)LA(t) >
52||)\(t)||2. According to the properties of the Laplace matrix,
we can obtain e (t)Le(t) < 237" | [N;| - |\ () — ( )||
and Z(Lz(t) < 2300 INAl - llwa () — wa(t) 1™
choose a; > 12;5 and ay > %, where ko is the smallest
nonzero eigenvalue of the Laplacian matrix. Then, we have

— 6T (t)RTL(y(t™) — y*)

3N )~ I = 35 OL0, @)
T (ORTLO™ - X)
=L ™) = MOTLOE™) = Alt)
— LT L) — L ) o)
al a1
gyzw-(x (#7) — Ault)?
—7ZZ%||A GOl
i=1jEN
L (@) ). (63)

1

Applying Young’s inequality [30], we have the following
facts that

en (03(t) < SIn(®)I1° + S 110, (64)
§T(H)RTLA(™) — X¥)
=3T(ORTLE(®) +(t)
<o 0T (LA a3 NG ) — Ml
=1
+ %6T(t)L5(t) + o (1) Ln(t). (65)
By substituting in , we further get
Va(t) < — a(t)c)lo()|?
- A - £
- [5- 52w
+aa<w1u (0)]1° + @l ()]
e Z S ag | - naEm|E 66

i=1jEN

According to the triggering strategy (1) and the triggering
function (T7), we have

as(mll O + ws|2(2)]|”

ZZGUH)‘ fm -

i=1jeN

MGl

:i(?](/\ ti),yi(t;)) <O0. (67)
Based on (66) and (67), we can get
Va(t) < — a(t)C|6()|I”
ay — 2 . g 2
- [P - ] o
SR LCIR (68)
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By selecting ¢1 = min{a(t)¢, (4% )w2— 5, 5 — 325}, 68)
can be further organized as

Va(t) < —p1Va(t), (69)

which implies that is satisfied for any ¢ € Wy,s.. The
proof is thus completed. [ |
Lemma 3: There exists a positive constant 9 such that for

any t € Uiosss dynamics P2 enables
‘/3( ) < V})(Floes) exp( ( I—xloes))

Proof: The same variables and parameters in Lemma 2
are employed. we let t. denote the moment of packet loss. The
Lyapunov function (39) is applied for ¢ € U;,,,. Then,

ez = ] Into)?

(70)

CL1—2

¥alt) < - a0 - |4

—[3—2} I8

+Zw1||)\
+ZW2H%
-y > o HA

i=14€eN;

—a@clo|? - [(
- [2 S LLGLE

+ ZW1||)\ tl
+Zw2”yz
LSSl A

i=143€N;

Floss) + /\ (Floss) _
yz Floee) + /\ (Flose) _ )\i(ti)
2

= ()]l

CL172

2w 5| Ino°

Flosa)”

yz Floss) ||

+ w1 |[n(T)|* + w1 In(8)]?
+ oo |5(T15%)||* + w2 |8(2) 1. (71)

Since t! belongs to the packet loss period, we can get
in light of (22), i.e.,

ZWHA +ZW2H%
—ZZfHA S <o.

i=143€N;
By substituting (72) in (71) , we further get

Va(t) < — a(t)C]10() 1 + wslln(®)]* + wall5(6)]
+ 1 |[n(T15) | + w5 (Tl ||
<o max{V3(t), V3(T)?**)},
[(a21a—12)/§2 ]}, W=y — [% — ;TQJ

po=max{a(t)(, w, ws, w3, w4 }. From (73), we can easily

Flose FIOGS)H

(72)

(73)

and

where ws=w —

obtain function (70) such that for any ¢ € W,,,. The proof is
thus completed. [ ]

Finally, we prove the global convergence and optimality of
proposed algorithm in Theorem 1.

Theorem 1: Suppose that f;(x;(t)) and g;(x;(t)) are
strongly convex and Lipschitz continuous. If the system packet
loss frequency and duration satisfy @1 ((0+pAT)—1)+ps(o+
pAT) < 0, the switched surplus-based distributed economic
dispatch strategy (I5I6) can exponentially converge to the
global optimal solution.

Proof: For t € [anff, ['less], the proposed strategy
enables V5(t) satisfying
Va(t) < exp(—n (¢ = TR V(T)
<exp(—eu(t - T321))
exp(_@Z(anfe l—wloss))v(l—\zcifle)

<exp(—p1(t — to — Ejoss(tost))

+ ¢2élossv(t0))~ (74)
where ¢ is the initialﬁtime.i
Similarly, for ¢ € [['{°*% anf “], we can obtain,
Va(t) <exp(—ei(t — T37) V(D))
<exp( 1t —T3))
xp(—p2(TY™ — L)V )
S eXP(*QPl (t - tO - Eloss (th t))
+ @QElossV(tO))' (75)

Recalling the definition of Z;,s,, We can get =jo4(to, 1) <
Eloss(to, t) + N (to, t)AT. Tt further follows from (74}75) that

Vs <exp(—p1(t — to) + (o1 + ¢2)(To + o(t — to)
+ AT (No + p(t — t0))))V (to)

— — — - Communication line

Energy line

Fig. 2: The physical topology and communication network
of the 119-bus test system
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<Va(to) exp((¢1 + @2)(To + AT Ny))
exp(p1((o + pAT) — 1)

+ w2(0 + pAT)(t — to)). (76)

Due to 1 ((0+pAT)—1)+p2(c+pAT) < 0, the proposed
algorithm is exponentially convergent.
According the Lemma 1 and (57), we can get

n n
*

g xr; = g Siy

=1 =1

A=A

S filal) = Lt A7),

i=1
Based on the Karush-Kuhn-Tucker (KKT) conditions, we

can conclude that z* is the global optimal solution. The proof
is thus completed. ]

77

IV. SIMULATION RESULTS AND EXPERIMENT

To evaluate the performance of, and to demonstrate the
effectiveness of the switched surplus-based distributed eco-
nomic dispatch strategy considering the persistent packet loss,
we conduct two studies on the IEEE 119-bus system [28]].
The physical topology and communication network of the
IEEE 119-bus system are shown in Fig. 2] Each load bus
can send its load information to the nearest DGs. This system
contains ten DGs, each of which has the cost function with
the form of f;(z;) = a;x;> +b;x; + ¢;. Bach DG is capable of
exchanging information with neighbors through the distributed
communication network and performing local computing. The
parameters of the cost functions and constraints are listed in
Table [I] from [29].

A. Optimality and Convergence Analysis without Packet Loss

In this section, we focus on demonstrating the optimality
and convergence of the proposed method without packet
loss. The local loads of 10 DGs are randomly set as
[1.9;1.8;2.2;2.4;1.5;3.8;1.7; 1.9; 3.1; 2.1]. Moreover, we set
the gain variable to a(t) = 10/(¢ + 1), and several control
parameters to ¢ = 0.03, v = 0.5 and v = 2 [17]. We
compare the performance of our proposed method for EDP,
with a centralized cuckoo optimization algorithm [5] and a
surplus-based distributed algorithm [17]]. The final results are
listed in Table [[V] The performances of the three algorithms

TABLE III: Parameters of Cost Functions and Constraints

- a b c pg,mm g,max pg,ramp
DGI | 0.021 788 460 0 35 3
DG2 | 0010 785 510 0 35 i3
DG3 | 0022 782 130 0 36 33
DG4 | 0031 78 310 0 30 55
DG5 | 0025 782 500 0 30 3
DG6 | 0010 787 375 0 30 65
DG7 [ 0012 779 210 0 80 5
DG8 | 0.021 778 260 0 %6 52
DGO | 0.041 781 250 0 79 35
DGI0 | 0020 790 170 0 %0 59

TABLE IV: Result Comparison of Different Algorithms

The centralized cuckoo DG1 DG2 DG3 DG4 DG5

optimization algorithm [3]] 1.152 3919 2463 2070 2.167
without persistent DG6 DG7 DG8 DGY9 DG10
packet loss 1.536  5.766 1390 1.443  0.489
The surplus-based DGl DG2 DG3 DG4 DG5

distributed algorithm [17]] 1.153 3921 2463 2070 2.167
without persistent DG6 DG7 DG8 DGY9 DGI10
packet loss 1.535 5.766 1391 1.443  0.489
The switched DG1 DG2  DG3 DG4 DG5S

surplus-based distributed 1.152 3921 2467 2072 2.167
algorithm without DG6 DG7 DG8 DG9 DG10
persistent packet loss 1.537  5.766 1392 1443  0.489
the switched DGl DG2  DG3 DG4 DG5S

surplus-based distributed 1.154 3919 2463 2071 2.167
algorithm with DG6 DG7 DG8 DG9 DG10
persistent packet loss 1.537 5767 1392 1444 0.490

are comparable. In Table IV, the first three algorithms, i.e.,
the centralized cuckoo optimization algorithm [S]], the surplus-
based distributed algorithm [17], and our proposed algorithm,
are used to solve the EDP without any packet loss. It can
be observed that the power generations of DGI-DGI10 by
using the three algorithms are very similar. To be specific,
compared the centralized cuckoo optimization algorithm with
our proposed method, DG3 has the largest deviation that
is 2.463-2.467=0.004. The total calculation error is 0.23%.
Similarly, compared the surplus-based distributed algorithm
with our proposed method, the DG with the largest deviation
is also DG3. That is 2.463-2.467=0.004. The total calculation
error is 0.29%. Those imply that the calculation results are
highly similar with small calculation errors, thereby verifying
the optimality of the proposed algorithm when the packet loss
is not taken into account.

To clearly observe the convergence processes, the trajec-
tories of the variables (event triggering sequence, x;, A;, ¥;
and power mismatch) are shown in Fig. Blf] Specifically,
Fig. [3] shows the event-triggered sequence of each DG. Each
triggering time is represented as “{”. On the right side of
Fig. 3] the period between 58 and 62 is enlarged for the
sake of observation. It can be seen that each DG only needs
to exchange information with its neighbors at discrete time,
which reduces the frequency of communication, and also the
communication cost. Fig. @a), (b) and (c) show the power

DG10
DG9
DGS8
DG7
DG6
DG5S
DG4
DG3
DG2
DG1

HHHHHHH A
HHHHHHHHHHHHHH A
HHHHHHHHHHHHH A
S

4

A HAHH
A HAHH
HHHHHHH A
HHHHHHH A

0 20 40 | 60] 80 100p8 60 62
Time (s)

Fig. 3: Event triggering sequence
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10 ( T T T T
——DGI DG3 ——DG5 ——DG7 ———DG9
0r ——DG2 ——DG4 DG6 ——DG8 DGIO|
-10 T .
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Fig. 4: Convergence results by using the proposed method
without persistent packet loss: (a) trajectory of x;, (b)
trajectory of \;, (c) trajectory of y;, (d) trajectory of power
mismatch.

generation z;, Lagrangian multiplier \; and auxiliary variable
y;, respectively. It is clear that each of them converges. In
addition, the power mismatch of all generators and loads are
shown in fig. @{d). The power mismatch eventually converges
to 0. This implies that the supply and demand are balanced,
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Fig. 5: Convergence results by using the proposed method
with persistent packet loss: (a) trajectory of z;, (b) trajectory
of power mismatch, (c) event triggering sequence.

B. Performance Analysis under Persistent Packet Loss

This case study focuses on demonstrating the performance
of the proposed algorithm under persistent packet loss by
comparing with the state-of-the-art distributed algorithm, i.e.,
the surplus-based distributed algorithm [17]]. The same system
setting is employed as the first case study. We consider that
the persistent packet loss happens at time interval [10, 15),
[30, 35), [60, 65) and [80, 85). AT is set to 0.02s. The
simulation results of the power generation, power mismatch,
and event triggering sequence for our proposed method are
shown in Fig. 5] Fig.[5(a) and Fig.[5(b) imply that the proposed
method enables each x; being convergent and the global power
mismatch to be zero, even if there exists persistent packet loss.
It can be seen from Fig. [5(c) that communication strategy
can be adaptively switched to (ZI) and (22), respectively. To
be specific, the feature of asynchronous event triggering is
maintained during safe period. Meanwhile, each DG attempts
to periodically restore communication during the packet loss
period. The finally convergent results are reported in Table [[V]
It can be seen that those results are very similar to the case
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Fig. 6: Comparison results between this algorithm and the

surplus-based distributed algorithm from [17]]: (a) trajectory

of z; form [17]] with persistent packet loss, (b) comparison
results of energy mismatch.

without packet loss. To further evaluate the optimality of the
proposed method considering packet loss, the corresponding
calculation results are also listed in Table IV. Notably, these
results remain highly similar to the first three algorithms that
do not consider packet loss. The calculation errors between the
proposed method with packet loss and the three algorithms
without packet loss, i.e., the packet loss and the centralized
cuckoo optimization algorithm, the surplus-based distributed
algorithm, and the proposed method, are 0.32%, 0.72%, and
0.58%, respectively. All these calculation errors are low,
demonstrating that the proposed method can still achieve
optimal solutions even in the presence of packet loss.

Next, to further demonstrate the robustness of the proposed
method, we test the performance of the switch surplus-based
distributed algorithm with the same system setting. The sim-
ulation results are reported in Fig. [f] It can be seen that the
surplus-based distributed algorithm [17] is sensitive to packet
loss. The estimated power generation of each DG fails to
converge; meanwhile, the global power generation and demand
is unbalanced. This is because the surplus-based distributed
algorithm does not take any resistance strategy into account
to deal with the packet loss. On the contrary, our proposed
method is capable of resisting the persistent packet loss well,
thus making it of high value for practical applications.

V. CONCLUSION

In this paper, we investigated the economic dispatch prob-
lem considering persistent packet loss, and proposed a novel
switched surplus-based distributed economic dispatch ap-
proach to find the global optimal solutions. The proposed

algorithm is designed with switched system dynamics and
dynamic trigger mechanism, which can effectively reduce the
impact of persistent packet loss while maintaining the asyn-
chronous communication capability. In addition, we do not
require that the communication topology is strongly connected
or connected when packet loss occurs, which considerably
broadens the practical value of our proposed scheme for
more generic applications. Finally, though theoretical analysis
and simulation results, we validated the performance of our
proposed scheme and demonstrated the effectiveness of our
proposed method.
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