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Abstract—In this article, a hierarchical online distributed
algorithm (HODA) is developed to achieve optimal energy
management in interconnected microgrids (IMG). The energy
management objectives include maximizing users’ utility, opti-
mizing the output power of controllable generators, and keeping
the system operating in an economic manner. We formulate the
problem as an online least absolute shrinkage and selection oper-
ator (LASSO) problem, considering both reactive power and
system operation characteristics. We then employ averaging fixed
horizon control (AFHC) to solve the formulated problem under
some mild assumptions on the uncertainties in renewable power
generation and load demand. The alternating direction method
of multipliers (ADMM) is adopted to decouple the coupled con-
straints. The proposed online algorithm is asymptotically optimal,
since its solution converges to the offline optimal solution. The
performance of the proposed algorithm is validated using data
traces obtained from a real-world IMG system.

Index Terms—Alternating direction method of multipliers
(ADMM), distributed energy management, interconnected
microgrids (IMG), online least absolute shrinkage and selection
operator (LASSO).

I. INTRODUCTION

THE SMART grid/microgrid (SG/MG) is an important
domain of the Internet of Things (IoT), which aims to

achieve reliable information transmission through smart facil-
ities (e.g., smart meters), and realize real-time control, accurate
management, and scientific decision making of the SG/MG by
the smart devices [1], [2]. In recent years, more and more
renewable resources are integrated into the SG/MG, which
incorporates the techniques of data communication, energy
management, and computation intelligence to provide sus-
tainable economic and secure power supply [3]. The energy
management system (EMS) for the MG is therefore exten-
sively studied to achieve effective use of renewable energy,
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improvement of demand profile, optimization of the utility,
and so on [4]. With the development of MG and EMS, the
interconnected microgrids (IMG) has become a new trend to
promote cooperation among the MGs for better system reli-
ability and economic benefits. Usually, an IMG is composed
of a cluster of MGs, which are often geographically close and
connected to a distribution bus, and a significant feature of
the IMG is the highly efficient utilization of renewable energy,
especially distributed renewable energy (DRE) [5]–[7]. In spite
of the above advantages, there are still many challenges in
achieving a stable and reliable operation of IMG. The EMS in
the IMG is more complex than that in an islanded MG, and
the existing challenges motivate researchers to pursue better
solutions.

High utilization of renewable resources and low-cost power
generation in IMG have been the primary goals for new
solutions to achieve resilient and highly self-healing opera-
tion of MGs [8]. The related literature [9]–[11] are focused
on the cooperative power management strategies in IMG,
and Wang et al. [3] and Rahbar et al. [12], [13] mainly
studied the problem of energy exchanging and trading in
IMG. For example, in order to find the cooperative power
management strategies for IMG, the game theory has been
applied to optimize the trading of renewable energy with
fairness considerations [10], [11]. These studies have been
able to achieve the goal of optimal energy scheduling in
IMG autonomously. However, the existing works only consider
the balance of supply and demand of active power in IMG.
Several other important aspects, including the actual power
flows and system operational constraints, have not been fully
considered. In order to ensure the stable operation of IMG,
although the adjustment of active power is very important,
the role of reactive power and system operation characteris-
tics in scheduling optimization cannot be ignored, especially
in the case of renewable energy resources or large load vari-
ations [14]. In such cases, simultaneous adjusting both active
and reactive power can ensure the system always provide high-
quality power and stable operation, while the consideration
of electrical characteristics guarantees more accurate schedul-
ing. Motivated by this observation, some scholars have already
studied the above problem. In [15], a distributed decou-
pling optimization algorithm for networked MGs is studied.
However, this article only considers the electrical character-
istics of the utility MG, but does not consider the electrical
characteristics of the private MGs. As a result, such results
will have limited practical significance for the private MGs.
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The algorithm proposed in [4] considers the system operation
characteristics. However, the proposed method is only suitable
for a centralized power management; the autonomous energy
scheduling of each MG in the IMG cannot be realized.

In this article, a hierarchical online distributed algorithm
(HODA) for IMG is proposed, which considers both reac-
tive power and system operation characteristics. Based on
the electrical characteristics of IMG, the algorithm can
achieve the highest user satisfaction and realize the optimal
scheduling of adjustable generators. Aiming at the coupling
relationship existing in IMG, this article employs the alter-
nating direction method of multipliers (ADMM) algorithm
to enable autonomous energy distribution. Some researchers
have adopted ADMM to tackle power optimization prob-
lems [15], [16]. Ma et al. [15] applied ADMM to IMG, and the
work [16] uses ADMM to achieve optimal power flows (OPFs)
in a power system. However, the ADMM algorithm cannot be
directly employed to solve the problem studied in this article,
due to the objective function that is nonsmooth convex, and
the time-coupled variables in the objective functions.

In addition, another challenge comes from the various and
strongly correlated uncertainties of renewable power genera-
tion and load demand in IMG, which complicate the energy
management design. Note that the energy management is
for the future (e.g., day-ahead or hour-ahead), and is thus
heavily dependent on forecast values of future renewable
power generations and load demands. Inaccurate predictions
of power generation and load demand can cause large dis-
crepancies between the optimal scheduling and the actual
results in day-ahead scheduling [3]. So online algorithms have
been recognized to be highly promising for real-time energy
scheduling in power systems [3], [15], [17]. Some existing
online algorithms for MG energy management, e.g., [17], are
asymptotically optimal, i.e., their solution converges to the
offline optimal solution. However, these studies only consider
active power flows in the MGs.

Motivated by the prior works, we formulate the online
energy distribution as an OPF problem with multiobjec-
tives, which include maximizing uses’ utility, optimizing (i.e.,
smoothing) the output power of controllable generators, and
keeping the IMG system operating in an economic way. We
show that the formulated problem is an online least absolute
shrinkage and selection operator (LASSO) problem, and the
averaging fixed horizon control (AFHC) is then employed to
solve this problem under some mild assumptions on the uncer-
tainties (i.e., forecasting errors) in renewable power generation
and load demand [18]. For the strong coupled constraints
as a result of the IMG topology, in order to achieve dis-
tributed energy management, ADMM is adopted to decouple
the constraints [19]. For the 1-norm term in the objective func-
tions, the soft-thresholding operator is employed to solve it
directly [19], [20]. Since the power flow equality constraints
are nonconvex [21], slack variables are introduced to trans-
form the constraints to convex [22]. The proposed HODA takes
into account both actual power laws and system operational
constraints.

We show that the proposed HODA converges to the
offline optimal solution, and the online results can achieve

Fig. 1. System architecture of an IMG with a link connection structure.

a sublinear regret and constant competitive ratio. To validate
the performance of the proposed scheme, we apply it to a
real-world IMG deployed in Hekou, Nantong City, Jiangsu
Province, China. Our simulation study shows that HODA
can effectively decouple the IMG constraints and achieve
autonomous energy management in both the main grid and
every MG. It also enables distributed optimization with greatly
reduced computational complexity.

The remainder of this article is organized as follows. We
present the system model and problem statement in Section II.
The proposed distributed online optimization approaches are
developed and analyzed in Section III. The simulation, valida-
tion, and evaluation of our proposed algorithm are represented
in Section IV. Section V concludes this article.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

We consider an IMG with several interconnected MGs inte-
grated with the main grid. There are renewable resources,
energy storage system (ESS), microgenerators (MGens), diesel
generators, load demand, distributed network operator (DNO),
main grid EMS (M-EMS), and MG-EMS in each MG, as
shown in Fig. 1. The renewable energy sources in the IMG
include photovoltaic (PV), wind turbine (WT), and so on. The
energy consumption in the IMG can be made by residential,
commercial, and industrial consumers. Such loads are usually
divided into two types [17], [23]. One type is fixed load, such
as refrigerators in houses and manufacturing machines in fac-
tories. The others are elastic loads, such as electric vehicles
(EVs), heating, ventilation, and air conditioning (HVAC), and
washer/dryers, which can be flexibly scheduled in the IMG.

As in Fig. 1, the DNO can send commands to M-EMS and
MG-EMS through communication network links. The EMS in
the IMG is used to achieve the optimal energy distribution.
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Both complex power and information flow bidirectionally.
Moreover, the ESS charges when there is extra power and
discharges when the demand is larger than the distributed gen-
eration. The elastic load is also one of the effective ways to
consume excess energy to balance the supply and demand and
maximize the utilization of renewable resources. Furthermore,
reactive power resources, such as ESS, MGens, and static
var compensator (SVC), are regulated to mitigate the voltage
fluctuations at each node, which is caused by the intermit-
tent generation of renewable energy sources and random load
demand in the IMG [4]. On the basis of achieving stable oper-
ation of the system, the EMS aims to achieve the maximum
user satisfaction for electricity usage. The system can oper-
ate in an economic way, and the optimal output power of the
adjustable power generation can be achieved.

Let d denote the real power generation of the diesel gen-
erator, d ∈ D = {1, 2, . . . ,D}, and D be the set of all diesel
generators in the IMG. We define the set of active powers of
ESS as s ∈ S = {1, 2, . . . , S}, and the elastic load as e ∈ E =
{1, 2, . . . ,E}. The set of real power resources G is constituted
by D, S, and E . Actually, distributed energy scheduling is
related to the structural parameters in the IMG. In our model,
the set of buses is B, and i, j ∈ B = {1, 2, . . . ,B}. The notation
used in this article is summarized in Tables I and II.

B. Problem Formulation

1) Overall Power Scheduling Problem PROB-IMG: Jointly
considering the users’ satisfaction, diesel generators’ output
power, power generation cost, and IMG’s electrical character-
istics, we formulate the power scheduling problem PROB-IMG
as follows:

min :
T∑

t=1

{
[
Pl,t + Pe,t − (

ρd,tPd,t + ρs,tPs,t + ρr,tPr,t
)]2

+
M∑

m=1

[
Pm

l,t + Pm
e,t − (

ρd,tP
m
d,t + ρs,tP

m
s,t + ρr,tP

m
r,t

)]2

+
Dμ∑

d=1

η|Pd,t − Pd,t−1|

+
Dm∑

d=1

ηm|Pm
d,t − Pm

d,t−1|
}

(1)

s.t.:
D∑

d=1

(
αd,tP

2
d,t + βd,tPd,t + λd,t

)
≤ Cd,t. (2)

In (1), the first and second terms represent the dissatisfaction
of users in the main grid and MGs, respectively; and the third
and fourth terms denote the cost of variation in the output
of diesel generator. Constraint (2) is the upper bounds on the
costs of diesel generators at time t.

1) The power-flow constraints in the IMG are as follows:
{

Pg,i −∑
j [ei(ejGij − fjBij)+ fi(fjGij + ejBij)] = Pl,i

Qg,i −∑
j [fi(ejGij − fjBij)− ei(fjGij + ejBij)] = Ql,i

i, j ∈ B ∀t (3)

where ei and fi are the real and imaginary parts of the
voltage at bus i, respectively; Pl,i and Ql,i are the active

TABLE I
NOMENCLATURE

and reactive power demand at bus i, respectively; and
Gij and Bij are the conductance and susceptance between
nodes i and j, respectively. Constraint (3) aims to achieve
the balance of supply and demand in both real and reac-
tive powers, while this balance is related to the voltage
of each bus and the structure parameters in the IMG.

2) The limits of active and reactive power of the distributed
generators, and that of the ESS capacity is given as
follows:

⎧
⎪⎪⎨

⎪⎪⎩

Pmin
g,i ≤ Pg,i ≤ Pmax

g,i , i ∈ B ∀t
Qmin

g,i ≤ Qg,i ≤ Qmax
g,i , i ∈ B ∀t

SoCs,t = SoCs,t−1 − ηsPs,t, s ∈ S ∀t
SoCmin

s ≤ SoCs,t ≤ SoCmax
s , s ∈ S ∀t

(4)

Constraint (4) is used to ensure that all the genera-
tors are operated in the safe range, and all the batteries
are always operated within their capacity. This is very
important to achieve stable operation in the IMG.

3) In order to keep the voltage of each bus in the IMG
within the stable range, we enforce limits on the voltage
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TABLE II
NOMENCLATURE (CONT’D)

amplitude at each bus and the reference bus, as
⎧
⎨

⎩

(Vmin
i )2 ≤ (e2

i + f 2
i ) ≤ (Vmax

i )2, i ∈ B ∀t
e2

ref = e2
0 ∀t

f 2
ref = f 2

0 ∀t.
(5)

From (1)–(5), it can be seen that the overall objective is the
nonsmooth convex function, and constraint (3) is nonconvex,
which means PROB-IMG is nontrivial to solve. Furthermore,
PROB-IMG can be solved unless all information of the IMG
is known a priori for the entire time period T . Moreover, even
if all the necessary past and future information is known, it is
very difficult to deal with such a complex problem in practice.
Actually, in a centralized manner, it is computationally inten-
sive, time consuming, with a heavy communication burden,
and with poor privacy protection. Therefore, it is desirable to
manage the IMG in a distributed manner instead, with reduced

computation, lower communication overhead, better privacy,
and autonomous operation.

From (1)–(5), we find that the objective function and
the constraints are decomposable. Thus, we decompose the
problem into the main grid and the MG operation problems,
which are called PROB-I and PROB-II, respectively. In PROB-
I, the objective is to maximize the users’ satisfaction and
optimize the operation of the diesel generators in the main
grid. The cost of the main grid is mainly from the diesel gen-
erators, and we assume such cost is bounded [3]. Each MG has
a similar objective function. The specific mathematical models
for problems PROB-I and PROB-II are given in the following.

2) PROB-I for the Main Grid: The objective function in
the main grid is given by

min
T∑

t=1

⎧
⎨

⎩

[
Pμl,t + Pμe,t − (ρ

μ
d,tP

μ
d,t + ρ

μ
s,tP

μ
s,t + ρ

μ
r,tP

μ
r,t)
]2

+
Dμ∑

d=1

η|Pμd,t − Pμd,t−1|
⎫
⎬

⎭. (6)

The operational cost in the main grid is given by

Dμ∑

d=1

(α
μ
d,t(P

μ
d,t)

2 + β
μ
d,tP

μ
d,t + λ

μ
d,t) ≤ Cμd,t, d ∈ Dμ ∀t. (7)

For stable operation of the main grid, the upper and lower
limits of the adjustable power generation units should be sat-
isfied as in constraint (4), and the node voltage relationship in
the main power grid should be satisfied as in constraint (5).
For balancing supply and demand, constraint (3) should be
satisfied for i ∈ Bμ. However, at the nodes connected to the
main grid and the MGs, a part of the bus is located in the set
of MGs, i.e., j ∈ Bm. The power-flow constraints of the buses
connecting to the MGs are given by

{
Pμg,i −∑

j [ei(ejGij − fjBij)+ fi(fjGij + ejBij)] = Pμl,i
Qμg,i −∑

j [fi(ejGij − fjBij)− ei(fjGij + ejBij)] = Qμl,i
i ∈ Bμ, j ∈ Bμ ∪ Mm ∀t. (8)

3) PROB-II for Each MG m: Note that some MGs are con-
nected in the IMG. The MGs may be owned and operated by
different entities, so their objectives and operation conditions
should be mutually independent. The objective of an MG m
is given by

min :
T∑

t=1

{
[
Pm

l,t + Pm
e,t − (ρm

d,tP
m
d,t + ρm

s,tP
m
s,t + ρm

r,tP
m
r,t)
]2

+
Dm∑

d=1

ηm|Pm
d,t − Pm

d,t−1|
}

(9)

s.t.:
Dm∑

d=1

(αd,t(P
m
d,t)

2 + βd,tP
m
d,t + λd,t) ≤ Cm

d,t. (10)

In each MG, the upper and lower boundaries of the adjustable
power generators meet constraint (4), and the real and imag-
inary part of voltage satisfies (5), for d ∈ Dm, s ∈ Sm, and
i, j ∈ Bm. In the radical IMG, every MG connects to the main
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grid directly, there is no connection in MGs, however, in IMG
with a daisy chain or mesh topology, e.g., in daisy-chain IMG,
adjacent MGs are connected to each other; and in the mesh
IMG, any two MGs can be connected to each other, there
are interconnections among the MGs [8]. Thus, it is neces-
sary to consider the power flow among the interconnected
MGs. The power-flow constraints on buses interconnecting
with neighboring MGs are given by

{
Pm

g,i −∑
j [ei(ejGij − fjBij)+ fi(fjGij + ejBij)] = Pm

l,i
Qm

g,i −∑
j [fi(ejGij − fjBij)− ei(fjGij + ejBij)] = Qm

l,i

i ∈ Mm, j ∈ Mm ∪ Mm′ ∀t. (11)

From the above formulation, it can be seen that the voltages
in the main grid and the MGs are coupled as in (8). Furthermore,
for the interconnected MGs, in addition to coupled nodal voltage
in (8), there is also a voltage coupling relationship as in (11).
So we next decouple these complex problems for developing
distributed solutions in Sections III-A and III-B.

C. Problem Decomposition Based on Time Windows

1) Assumptions on Predictions: In the IMG, renewable
resources are used widely, which, however, are weather depen-
dent. Moreover, the load demand is always varying over
time. So it can be seen from (6)–(11) that using the fore-
cast information may lead to inaccurate energy scheduling,
due to the inevitable forecasting error no matter which fore-
casting method is used [24]. Therefore, some assumptions on
renewable power generation and user load demand should be
made before solving the optimization problem. These assump-
tions on predictions serve as the middle ground between the
worse-case and the stochastic perspective [18].

Specifically, the relationship between the actual value and
the predicted value of renewable power Pr,t and load demand
Pl,t are established as follows:

{
Pl,t = P̂l,t +∑t

z=1 fl(t − z)el(z)
Pr,t = P̂r,t +∑t

z=1 fr(t − z)er(z)
(12)

where P̂l,t and P̂r,t are the predictions of Pl,t and Pr,t,
respectively, made at time z < t. The prediction error is∑t

z=1 f (t−z)e(z), which is modeled as a weighted linear com-
bination of the previous-step error terms [i.e., e(z)]. Here, the
error terms are independent and identically distributed (i.i.d.)
with mean zero and positive-definite covariance Re; and the
weight function f (·) satisfies f (0) = 1 and f (t) = 0 for
t < 0. Furthermore, the weight function decays with z, i.e.,
f (z) ∼ 1/zσ , where σ is the decay exponent. This way, the
prediction can be updated with time passes according to (12).
This assumption is quite close to the situation in practice.

2) Averaging Fixed Horizon Control Algorithm: In order
to reduce the impact of prediction error on power distribution,
we focus on the online optimal scheduling. The objectives,
which are described in Section II-B, consist of two parts: the
first part is in the 2-norm form and the second part is in the
1-norm form. So the IMG optimal scheduling problem is a
typical online LASSO problem. In [18], AFHC is applied to
solve the problem in an online manner, and the online optimal
scheduling can asymptotically converge to the offline optimal

solution. In this article, the AFHC is adopted to achieve
optimal power scheduling in the IMG. We will derive the
conditions for the proposed algorithm to achieve the offline
optimal in Section III-C. Actually, AFHC is the algorithm that
averages the choices made by fixed horizon control (FHC), and
AFHC with prediction window size w+1 averages the actions
of w + 1 FHC algorithms. The specific AFHC adopted in this
article is given in the following.

The objective in the main grid is similar to that in the MGs.
We use AFHC to solve the online LASSO problem, taking the
problem of main grid as an example. Let the active power be
Pμt = [Pμd,t,Pμs,t,Pμe,t]

T and the window size of the AFHC be
w + 1. Every set in each window ι is defined as

	ι = {i : i ≡ ι (mod (w + 1))} ∩ [−w,T], ι = 0, 1, . . . ,w.

To simplify notation, we define

ĥt(P
μ
t ) =

(
Pμl,t + Pμe,t − (ρ

μ
d,tP

μ
d,t + ρ

μ
s,tP

μ
s,t + ρ

μ
r,tP

μ
r,t)
)2

so the optimization problem in the ιth window becomes

min
τ+w∑

t=τ

⎛

⎝ĥt
(
Pμt
)+

Dμ∑

d=1

η|Pμd,t − Pμd,t−1|
⎞

⎠ (13)

s.t.: (2)−(5), τ ∈ 	ι.
Let {(P(ι)FHC)

μ}z+w
t=z represent the solution to (13), and

(P(ι)FHC,t)
μ = 0 when t ≤ 0. Then for w + 1 versions of FHC,

AFHC can be obtained by averaging the solutions of w + 1
FHC algorithms, i.e.,

min PμAFHC,t = 1

w + 1

w∑

ι=0

(
P(ι)FHC

)μ
. (14)

3) Problem Decomposition in the Main Grid and Each
MG: Based on the above analysis, the offline optimal
problem Prob-I (6) and Prob-II (9) can be decomposed
into online energy scheduling problems according to AFHC,
i.e., (6) and (9) will be replaced by the process of solving a
series of small-scale optimization problems, which can effec-
tively reduce the computational complexity and adapt to the
time-varying environment.

Then online energy scheduling for the main grid is

min
τ+w∑

t=τ

⎧
⎨

⎩

[
Pμl,t + Pμe,t −

(
ρ
μ
d,tP

μ
d,t + ρ

μ
s,tP

μ
s,t + ρ

μ
r,tP

μ
r,t

)]2

+
Dμ∑

d=1

η|Pμd,t − Pμd,t−1|
⎫
⎬

⎭ (15)

s.t.: (3), (4), (5), (7), (8)

i ∈ Bμ, j ∈ Bμ ∪ Mm ∀t.

The online energy scheduling for MG m is

min
τ+w∑

t=τ

{
[
Pm

l,t + Pm
e,t − (

ρm
d,tP

m
d,t + ρm

s,tP
m
s,t + ρm

r,tP
m
r,t

)]2

+
Dm∑

d=1

ηm|Pm
d,t − Pm

d,t−1|
}

(16)
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s.t.: (3), (4), (5), (10), (11)

i ∈ Bm, j ∈ Mm ∪ Mm′ ∀t ∀m.

III. DISTRIBUTED ONLINE SOLUTIONS

Through the analysis of the mathematical model in
Section II, it can be seen that the system is coupled by the
nodal voltages between the main grid and the MGs, and among
the interconnected MGs, as shown in (8) and (11), which poses
a great challenge to distributed optimization of energy schedul-
ing. To address this challenge, we propose the HODA based
on ADMM to achieve distributed energy management. We will
show that our hierarchical online algorithm is asymptotically
convergent to the optimal offline solution, and has a sublin-
ear regret and a constant (bounded) competitive ratio, i.e., the
online solution is equivalent to the offline solution in expec-
tation. We will derive the conditions for the proposed online
algorithm to attain these excellent properties in Section III-C.

A. Decoupling Algorithm

Before implementing the distributed optimization, we first
define the auxiliary variables to transform the nonconvex
constraints into convex ones [22], i.e.,

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ξg,iPg,i

−∑
j

[
ei
(
ejGij − fjBij

)+ fi
(
fjGij + ejBij

)] = Pl,i

γg,iQg,i

−∑
j

[
fi
(
ejGij − fjBij

)− ei
(
fjGij + ejBij

)] = Ql,i

(17)

where ξg,i and γg,i are the auxiliary variables, which satisfy
ξ2

g,i = 1 and γ 2
g,i = 1. Then, (17) is a convex constraint.

In order to make the main grid and each MG operate inde-
pendently, it is necessary to decouple the coupled voltage
relationship in constraints (8) and (11). If the coupled nodal
voltage, such as ej and fj, j ∈ Bμ∪Mm, can be known before-
hand, then the energy management in the main grid and the
MGs can be optimized independently. Similarly, if the cou-
pled voltages among the interconnected MGs, such as ej and
fj, j ∈ Mm ∪ Mm′ , can be obtained in advance, then the
EMS in the MGs can also operate autonomously. Motivated
by this idea, the slack variables for the coupled voltages are
introduced [16]. Then, the coupled power flow between the
main grid and the MGs is transformed. For example, (8) is
equivalent to

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ξ
μ
g,iP

μ
g,i − (

e2
i + f 2

i

)
Gii

−∑
j

[
ei

(
ei

jGij − f i
j Bij

)
+ fi

(
f i
j Gij + ei

jBij

)]
= Pμl,i

γ
μ
g,iQ

μ
g,i + (

e2
i + f 2

i

)
Bii

−∑
j

[
fi
(

ei
jGij − f i

j Bij

)
− ei

(
f i
j Gij + ei

jBij

)]
= Qμl,i

i ∈ Bμ, j ∈ μ(i) ∀t (18)⎧
⎪⎨

⎪⎩

(
ξ
μ
g,i

)2 = 1
(
γ
μ
g,i

)2 = 1
i ∈ Bμ ∀t (19)

where ei
j and f i

j are the proposed slack variables, which repre-
sent the real and imaginary voltages of j “observed” at node i,

respectively; and μ(i) is the set of nodes connected to i,
but does not include i. So the new relationship between the
connected nodes i and j becomes

{
ej = ei

j

fj = f i
j

i ∈ Bμ, j ∈ μ(i) ∀t. (20)

Similarly, the coupled nodes in the MGs can be transformed.
The reformulated PROB-I, called PROB-I-R is given by

Fμ
.= (15) (21)

s.t.: (4), (5), (7), (18)−(20)

i ∈ Bμ, j ∈ μ(i) ∀t

where Fμ is the main grid cost in one window. The reformu-
lated PROB-IIm, called PROB-II-Rm, is given by

Fm
.= (16) (22)

s.t.: (4), (5), (10) (23)

ξm
g,iP

m
g,i −

(
e2

i + f 2
i

)
Gii − (24)

∑

j∈m(i)

[
ei

(
ei

jGij − f i
j Bij

)
+ fi

(
f i
j Gij + ei

jBij

)]
= Pm

l,i

γm
g,iQ

m
g,i +

(
e2

i + f 2
i

)
Bii − (25)

∑

j∈m(i)

[
fi
(

ei
jGij − f i

j Bij

)
− ei

(
f i
j Gij + ei

jBij

)]
= Qm

l,i

(
ξm

g,i

)2 = 1 (26)
(
γm

g,i

)2 = 1 (27)

ej = ei
j (28)

fj = f i
j (29)

i ∈ Bm, j ∈ m(i) ∀t ∀m.

For the coupled main grid and the MGs, we have m(i) ⊂
Bμ. For the interconnected MGs, there is another coupling
voltage constraint for MG m and MG M′. Specifically, for
MG m, we have m(i) ⊂ (Bμ ∪ Bm′).

This way, the problems in the main grid and MGs
become optimal problems with equality coupling relationship,
i.e., (20), (28), and (29). In each EMS, this coupled constraint
can be tackled more easily as explained in the remainder of
this section. Thus, the main grid and the MGs can operate in
an autonomous and distributed manner. The specific method
to achieve this goal will be discussed in Section III-B.

B. Hierarchical Algorithm Based on ADMM

According to the above discussions, it can be seen that the
optimal energy scheduling problems in the main grid and MGs
are both online LASSO problems with linear coupled equality
constraints, and the objective functions in the IMG are decom-
posable as discussed in Section II. This mathematical problem
can be solved well using the ADMM algorithm.

As discussed in Section II-B, there is 1-norm in the objec-
tive functions. So before presenting the proposed algorithm,
we first adopt a soft-thresholding operator to rewrite the
nondifferentiable objective function. In one rolling window,

Authorized licensed use limited to: Auburn University. Downloaded on April 17,2020 at 23:58:52 UTC from IEEE Xplore.  Restrictions apply. 



2744 IEEE INTERNET OF THINGS JOURNAL, VOL. 7, NO. 4, APRIL 2020

the objective functions in (15) and (16) can be written,
respectively, as

min ‖Pμnet − HμPμM‖2
2 + ημ‖UμPμsub‖1 (30)

min ‖Pm
net − HmPm

MG‖2
2 + ηm‖UmPm

sub‖1 (31)

m = 1, 2, . . . ,M

where

Pμnet =
[(

Pμl,τ − ρμr,τPμr,τ
)
, . . . ,

(
Pμl,τ+w − ρ

μ
r,τ+wPμr,τ+w

)]T

PμM =
[(

Pμd,τ ,Pμs,τ ,Pμe,τ
)
, . . . ,

(
Pμd,τ+w,Pμs,τ+w,Pμe,τ+w

)]T

and PμM,τ denotes the controllable generator in the main grid
at time τ . Here, the elastic load is treated as a negative
generator, i.e.,

Hμ =
[(
ρ
μ
d,τ , ρ

μ
s,τ ,−1, 0, . . . , 0

)
; · · · ;

(
0, . . . , 0, ρμd,τ+w, ρ

μ
s,τ+w,−1

)]T

UμPμsub =
[(

xμ,τ , xμ,τ+1, . . . , xμ,τ+w
)T

− (
xμ,τ−1, xμ,τ , 0, 0, . . . , 0

)T]
.

Correspondingly, Pm
net, xm, Hm, and Umum in MG m can be

obtained in the same way. Then, the method in [19] is used
to solve this problem.

According to the analysis in Section III-A, we first formu-
late the augmented Lagrangian of PROB-I-R to decouple the
constraints in the main grid and MGs, given by

Lδμ
(
xμ, uμ, zμ, ϕμ

)

= ‖Pμnet − HμPμM‖2
2 + ημ‖UμPμsub‖1

+
∑

i∈Bμ

∑

j∈μ(i)

[(
ζ

j
i

)μ(
ei − ej

i

)
+
(
ψ

j
i

)μ(
fi − f j

i

)]

+ δμ

2

∑

i∈Bμ

∑

j∈μ(i)

[(
ei − ej

i

)2 +
(

fi − f j
i

)2
]

(32)

s.t.: (4), (5), (7), (18), (19)

i ∈ Bμ, j ∈ μ(i) ∀t

where ζμ and ψμ are the dual variables; δμ > 0
is the augmented Lagrangian parameter; xμ =
[PμM,t,Qμt , ei, fi, ξ

μ
g,i, γ

μ
g,i]; Qμt = [Qμd,t,Qμs,tQ

μ
e,t,Qμr,t];

uμ = Pμsub, and zμ = [ei
j, f i

j ], for all j ∈ μ(i); ζμ = {(ζ i
j )
μ};

ψμ = {(ψ i
j )
μ}, i ∈ Bμ, j ∈ μ(i); and ϕμ = [ζμ,ψμ].

The augmented Lagrangian of PROB-II-Rm is given by

Lδm
(
xm, zm, ϕm)

= ‖Pm
net − HmPm

MG‖2
2 + ηm‖UmPm

sub‖1

+
∑

i∈Bμ

∑

j∈Bm

[(
ζ

j
i

)m(
ei − ej

i

)
+
(
ψ

j
i

)m(
fi − f j

i

)]

+ δμ

2

∑

i∈Bμ

∑

j∈Bm

[(
ei − ej

i

)2 +
(

fi − f j
i

)2
]⎫⎬

⎭ (33)

s.t.: (23)−(27) ∀t ∀m.

Problems (32) and (33) can be solved iteratively by ADMM
for the radial IMG as follows:

{
(xμ)(k+1) := arg min Lδμ

(
xμ, (uμ)k, (zμ)k, (ϕμ)k

)

(xm)(k+1) := arg min Lδm
(
xm, (um)k(zm)k, (ϕm)k

) (34)

where xμ ∈ χμ, χμ is the set which is composed of
constraints (4), (5), (7), and (18); xm ∈ χm; xm =
[Pm

g,i,Pm
s,i,Pm

e,i,Qm
g,i,Qm

s,i,Qm
e,i,Qm

r,i, ei, fi, ξm
g,i, γ

m
g,i]; i ∈ Bm, for

all t; and χm is composed by (23)–(27)
⎧
⎨

⎩
(uμ)(k+1) := S(ημ,ζμ,ψμ)

(
(xμ)(k+1), uμ, (zμ)k, (ϕμ)k

)

(um)(k+1) := S(ηm,ζm,ψm)

(
(xm)(k+1), um, (zm)k, (ϕm)k

) (35)

here uμ and um are in the 1-norm term, and S(ημ,ζμ,ψμ) and
S(ηm,ζm,ψm) are the soft-thresholding operators, as discussed
in [19, Sec. 4.4.3]
⎧
⎪⎪⎨

⎪⎪⎩

(zμ)(k+1) := arg min Lδμ
(
(xμ)(k+1), (uμ)(k+1), zμ, (ϕμ)k

)

(zm)(k+1) := arg min Lδm

(
(xm)(k+1), (um)(k+1)

zm, (ϕm)k
)

(36)

where zμ ∈ φμ; φμ is the set satisfying (18); zm ∈ φm,
and (28) and (29) consist of φm, j ∈ m(i) ⊂ Bμ.

In order to simplify the linear equation con-
straints (20), (28), and (29), we rewrite the relationship
as Aμ(xμ) + Bμ(zμ) = 0 in the main grid, and
Am(xm)+ Bm(zm) = 0 in MG m. Then, the dual variables are
updated as follows:
⎧
⎨

⎩
(ϕμ)(k+1) := (ϕμ)k + δμ

(
Aμ(xμ)(k+1) + Bμ(zμ)(k+1)

)

(ϕm)(k+1) := (ϕm)k + δm
(

Am(xm)(k+1) + Bm(zm)(k+1)
)
.

(37)

For interconnected MGs, the coupled con-
straints (28) and (29) are not only related to the main
grid but also to all the MG m′s that are connected to MG
m. If the MG is only connected to adjacent MGs, we have
m′ ∈ {m−1,m+1}. If MG m is connected to any other MGs,
then the set is different, i.e., m′ ∈ {1, 2, . . . ,M|m′ = m}.
Correspondingly, the zm and ϕm in (36) and (37) will take
different forms for IMG with a different connection structure.

This way, (34)–(36) can be solved independently in the M-
EMS and MG-EMS, (37) can be solved in the DNO at the
top layer to obtain the updated dual variables. Then, the DNO
sends them to the M-EMS and MG-EMS in the second layer
to optimize the power scheduling. It can be seen that whether
the MG is connected to the main grid or connected to other
MGs, the proposed HODA scheme can be used to decou-
ple the problem and optimize its energy distribution, so each
MG and the main grid can both achieve autonomous energy
management.

C. Online Optimization Indicator and Conditions

To ensure convergence for the online algorithm solution,
i.e., asymptotically to the offline optimal solution, the AFHC
method is employed to solve the hierarchical scheduling
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problem. In order to evaluate the performance of the online
algorithm, here we define the online optimization as

Con = (34)−(37) ∀t (38)

where Con denotes the online cost result. Correspondingly, the
static offline optimization is defined as

Coff = (1)

s.t. (2)−(5) ∀t (39)

where Coff is the offline optimization cost.
For the AHFC-based online optimization algorithm, if the

predicted renewable output power P̂r,t and load demand P̂l,t

satisfy assumption (12) in Section II-C and the predicted net
power P̂net,t satisfies condition (40), we have

inf
P̂net,t

⎧
⎨

⎩Ee

⎧
⎨

⎩

T∑

t=1

U∑

u=1

(
AA†

(
Pnet,t − 1

T

T∑

t=1

Pnet,t

))2
⎫
⎬

⎭

⎫
⎬

⎭

≥ εT (40)

where A = [ρd,t, ρs,t,−1]T ; A† is the Moore–Penrose pseu-
doinverse of A; ε is a constant when w, Re, η, and A are
known; and ε = f (Re,w). According to [18], AFHC is strictly
convergent, and it can achieve a sublinear regret and constant
competitive ratio, i.e., the following formulations hold true:

sup
P̂l,t,P̂r,t

{Ee[Con − Coff]} ≤ φ(T) (41)

sup
P̂l,t,P̂r,t

Ee[Con]

Ee[Coff]
≤ υ(T) (42)

where φ(T) will be 0 and υ(T) will be a constant.

D. Hierarchical Online Distributed Algorithms

In this section, we summarize the analysis in the previous
sections and present the proposed HODA scheme for the entire
IMG system. As discussed, HODA consists of two layers:
1) the top layer mainly on the exchange and update of dual
variables to ensure the convergence of ADMM and 2) the
lower layer focusing on distributed online energy distribution
in the main grid and the MGs independently. The proposed
scheme is presented in Algorithms 1 and 2.

The proposed HODA leverages ADMM to decouple the
coupled constraints in the main grid and MGs, and ADMM
is also employed to deal with the 1-norm term in the objec-
tive functions. According to [19, Sec. 3.2], ADMM ensures
the convergence of the two-layer decomposition. Therefore,
HODA is a convergent, distributed algorithm for IMG.

Furthermore, in Section III-C, we discuss the condition
of convergence for the online optimization and show the
bounds on the gap and ratio of the online and offline results
in (41) and (42). If the error of prediction is independent (i.e.,
the error is i.i.d. noise), the sliding window of size w can be
the entire time horizon T; otherwise, it is less than T and a
finite constant according to [18, Th. 5 and Corollary 6]. Thus,
in (41), the time-average loss of the online algorithm goes to
zero as T goes to infinity, when it satisfies the above condi-
tions. In (42), the algorithm’s competitive ratio (bound) goes to

Algorithm 1: Top Layer Algorithm
Step 1: Initialization: set window size w, MG number M,
time period T , the maximum number of iterations K, all
‘observed’ voltages {ei

j, f i
j } that are coupled in the IMG,

the dual variables {ϕμ, ϕm}, and the augmented
Lagrangian parameter {δμ, δm};
Step 2: Send the updated dual variables {(ϕμ)k, (ϕm)k}
to the M-EMS and each MG EMS in the lower layer to
execute Algorithm 2;
Step 3: Receive {(xμ)(k+1), (xm)(k+1), (uμ)(k+1),
(um)(k+1), (zμ)(k+1), (zm)(k+1)} from the M-EMS and
each MG EMS, respectively, and then update dual
variables {(ϕμ)(k+1), (ϕm)(k+1)} according to (37);
Step 4: Check whether ADMM satisfies its convergence
criteria [19]. If yes, send the updated dual variables to
Step 5 of Algorithm 2 for obtaining the optimal values
(xμ)∗ and (xm)∗; Otherwise, k := k + 1. If k ≤ K, jump
to Step 2; Otherwise, exit.

Algorithm 2: Lower Layer Algorithm
Step 1: 	ι = {i : i ≡ ι (mod (w + 1))} ∩ [−w,T],
ι = 0, 1, . . . ,w, and set t = 1 and ι = 0;
Step 2: For τ ∈ 	m, and then for
t = τ, τ + 1, . . . , τ + w, update the renewable power and
load demand in the Main Grid and MGs as in (12),
defined as {Pr,t}τ+w

t=τ and {Pl,t}τ+w
t=τ ;

Step 3: Receive (ϕμ)k and (ϕm)k from Algorithm 1, and
solve the power energy distribution problem given
in (34)–(36) in the Main Grid and each MG
independently;
Step 4: Send the updated dual variables (xμ)(k+1),
(xm)(k+1), (uμ)(k+1), (um)(k+1), (zμ)(k+1), and (zm)(k+1)

to the top layer for updating the dual variables;
Step 5: Receive the converged dual variables from Step 4
of Algorithm 1, and optimize (34) in the Main Grid and
MG EMSs independently;
Step 6: Obtain solution {(P(ι)FHC,t)

μ}τ+w
t=τ in the Main Grid

and {(P(ι)FHC,t)
m}τ+w

t=τ in MG m, and compute

PμAFHC,t = 1

w + 1

w∑

ι=0

(
P(ι)FHC,t

)μ
(43)

Pm
AFHC,t = 1

w + 1

w∑

ι=0

(
P(ι)FHC,t

)m; (44)

Step 7: Set ι = ι+ 1 and t = t + 1;
Step 8: If ι ≥ w, reset ι = 0. If t ≤ T , reset k = 0, send k
to Step 2 of Algorithm 1, and go to Step 2 of
Algorithm 1; Otherwise, exit.

1 in expectation. This means the HODA algorithm solution for
online energy scheduling in the IMG converges asymptotically
to the offline optimal solution.

Finally, we examine the complexity of the proposed algo-
rithms. Problem (34) is a nonlinear convex problem, which
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Fig. 2. Configuration of the real-world IMG system deployed in the Hekou
town, Nantong City, Jiangsu Province, China.

can be solved with the Davidon–Fletcher–Powell (DFP) algo-
rithm. The complexity of DFP is O(n2) according to [25].
Problem (35) is solved by the soft-thresholding operator
directly, with a constant time complexity. Finally, problem (36)
is a linear programming (LP) problem, which can be solved
by an LP solver with complexity O(n log(n)) [26]. According
to Algorithm 1, there will be at most k iterations. Combining
Algorithms 1 and 2, we can see that the time complexity of
the entire algorithm is k(O(n2) + O(n log(n))), for k < K,
where K is a constant in computation. So the time complexity
of the proposed HODA is O(n2).

IV. SIMULATION STUDY

The performance of the proposed HODA is evaluated in this
section by applying it to a real IMG system. We first present
the specific parameter settings and configuration of the real
IMG system in Section IV-A. The performance of the optimal
online distributed scheduling for IMG with different topologies
is presented in Section IV-B. Finally, Section IV-C examines
the convergence performance of HODA.

A. Configuration and Parameter Setting of the Real-World
IMG System

For performance evaluation, we consider a real-world IMG
system deployed in the Hekou town, Nantong City, Jiangsu
Province, China (the GPS coordinates are 32.49◦N and
120.83◦E). The IMG system consists of the main grid and
four MGs, each having PVs, WTs, diesel generators, battery
ESS, fixed load demands, and elastic loads, as shown in Fig. 2.
The IMG has a typical link topology according to the method
in [15] and [27]. It is an IEEE-33-based power system. For the
link connection structure, each MG connects to the main grid,
and there is also an electrical connection between these MGs,
as shown in Fig. 1. In Section IV-B, we also test the proposed
algorithms with an IMG with a mesh topology, which is con-
structed by adding a connection between nodes {22, 33} in
Fig. 2.

Fig. 3. Renewable power and load demand profiles of the IMG shown in
Fig. 2.

TABLE III
NUMBER OF VARIABLES, CUP TIME IN HODA AND OEM

The renewable power profiles in the main grid and each
MG are shown in Fig. 3. We consider both PV or WT in each
MG and the main grid. We also consider both fixed and elastic
loads in the system. Fig. 3 shows the fixed load demand, which
is mainly from the factory in town. The elastic load is mainly
from the air conditioners and pumping systems.

For online optimization of power scheduling, the operation
can be performed every 2 h, 1 h, 0.5 h, or 15 min. The actual
timescale of operation is varied according to users’ power
demand. In this article, the parameter for HODA is set to
30 min, as one window size. For the proposed online algo-
rithm, during simulation, we run the proposed online algorithm
for one day, and set the time interval in the model to 5 min.
Therefore, there are T = 288 time intervals in total.

All the simulations are executed in MATLAB to verify the
proposed HODA performance. HODA only takes no more than
2 s to solve the optimal energy scheduling problem in the
main grid or each MG. We compare the number of variables
and CUP time of HODA and the online energy management
(OEM) scheme in [4], as shown in Table III. There are in total
106 variables in HODA, and the most variables in M-EMS are
32. So the autonomous energy management in IMG executes
much faster. HODA is more suitable for online optimization
and real-time control of the power system.

B. Performance Evaluation

In order to testify the performance of the proposed HODA,
it is applied to the linked IMG as shown in Fig. 2. In the
IMG, controllable power includes diesel generator’s output and
battery charging/discharging power in the main grid and every
MG. The elastic load comes from the main grid and MG 4
as shown in Fig. 2. The battery is in MG 1. Fig. 4 presents
the overall scheduling results of the IMG system, while Fig. 5
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Fig. 4. Renewable, controllable power, and load demand in the link IMG
achieved by HODA.

Fig. 5. Diesel generator’s power output in the link IMG achieved by HODA.

shows the distributed optimization on the diesel generator’s
output power. In the beginning of Fig. 4, the diesel generator,
battery, and WT provide power to satisfy the load demand,
and the elastic load is used to absorb the surplus energy to
guarantee a smooth output power from the diesel generator,
as shown in Fig. 5.

During mid-noon, from t = 112 to t = 178, renewable
power becomes obviously larger than the load demand (e.g.,
due to higher solar intensity), as shown in Fig. 4. The EMS in
MG 1 regulates the batteries to start charging, and the EMS
in the main grid and MG 4 control their elastic load to absorb
the excess energy, as shown in Figs. 6 and 7.

With the proposed HODA, the main grid and each MG
can have autonomous energy management and achieve optimal
energy scheduling. As shown in Fig. 5, the output of the diesel
generators is highly stable in the main grid and every MG.

From Fig. 5, it can be seen that Pd in the main grid, MG 1,
and MG 4 start to decrease gradually from time t = 72 to t =
108, since the PV power generation increases gradually during
this period. The diesel generator’s output powers in MG 1
and MG 4 become both 0 when the PV power is sufficient
for satisfying the load from t = 95 to t = 184. When the
PV power generation begins to decrease, Pd in the main grid

Fig. 6. Elastic load in the link IMG achieved by HODA.

Fig. 7. Charge/discharge power of the batteries in the link IMG achieved by
HODA.

and MG 4 starts to increase. While the diesel generator in
MG 1 is restarted when t = 272, because the batteries stop to
discharge. Furthermore, when the load demand is larger than
the diesel and PV power generation in MG4, the batteries in
MG 1 offer energy to ensure that Pd increases smoothly, as
the brown line in Fig. 5 shows. Pd in MG 2 is always 0 for
renewable energy generated in this MG can always meet the
load demand, and the excess energy is mainly sold to MG 4.
Pd in MG 3 is 0 from t = 1 to t = 202, since the WT
power is sufficient. When the WT power is not able to meet
the load demand, the diesel generator in MG 3 is started to
increase power generation smoothly. Since in the IMG, the
diesel generator in the main grid is the slack generator, and
the load demand in the main grid is larger than the MGs, the
diesel generator in the main grid is always on and provides
the reference voltage for the system, as shown in Fig. 5.

In addition to enabling autonomous energy management in
linked IMG, we also apply the proposed HODA scheme to
IMG with the radial and mesh topologies. The diesel genera-
tors’ power outputs achieved by HODA for the three IMG are
shown in Fig. 8. It can be seen that the total diesel generators’
power is less in the IMG with a mesh topology; because of the
electrical connection between the MGs, the MGs with a mesh
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Fig. 8. Diesels power generation in three IMG with different topologies as
achieved by HODA.

topology can make better use of the renewable energy. When
the WT power is larger than the load in MG 2 and MG 3 at
the beginning, these two MGs can sell the surplus energy to
MG 4 and MG 1. Consequently, the Pd’s in MG 4 and MG 1
are less than that in the radial and link IMG, respectively. It
can also be seen that the Pd power is the largest in the radial
IMG, for there is only energy purchase allowed from the main
grid, but no energy trading can be done among the MGs. Thus,
the renewable resources are not fully utilized.

The above simulation results clearly show that the proposed
HODA scheme has the excellent distributed energy manage-
ment performance for IMG with any topologies. Furthermore,
the figures show excellent performance on maximizing the
users’ satisfaction and utilization of renewable resources.
Figs. 5 and 8 demonstrate the effectiveness of the proposed
scheme for minimizing the variation in the output power of
diesel generators in every system.

C. Convergence of HODA

In order to verify the convergence performance of the
proposed HODA, we compare our online algorithm with the
rolling horizon control (RHC) method, which is very popu-
lar in online scheduling in the smart grid and MGs [28], [29].
First, we formulate the optimal offline problem that minimizes
the objective function Coff over the entire time horizon T .
Then the same online energy scheduling problem is solved by
AFHC and RHC, respectively, and the results are plotted in
Figs. 9 and 10. As in (42), we find that the online solutions
solved by AFHC and RHC are both convergent. The online
scheduling competitive ratio traces (as compared to the offline
optimal solution) are shown in Fig. 9. It is obvious that the
competitive ratio is

lim
T→∞ υ(T) → 1. (45)

This means that the results solved by AFHC and RHC
both converge to the offline optimal solution if the time is
sufficiently long.

Fig. 10 shows the expected difference between the online
results solved by AFHC and FHC and the offline optimal result

Fig. 9. Expected competitive ratios achieved by the two online algorithms
(AFHC and RHC) in online and offline cases.

Fig. 10. Expected regret in online and offline cases.

(i.e., the optimality gap). The simulation results show that the
expectation of the AFHC optimality gap is

lim
T→∞φ(T) → 0. (46)

This is mainly due to the assumption on our prediction model
in (12), which can capture the important features of real pre-
dictors. And the online problem (14) averages the solutions of
(w + 1) FHC algorithms, so the error in prediction is offset
in the calculation. When (13) is solved by RHC, the errors in
prediction are not mitigated, and the error gradually accumu-
lates over time, resulting in an increasingly optimality larger
gap, as the brown line in Fig. 10 shows.

From Figs. 9 and 10, the outstanding convergence
performance of the proposed HODA scheme is primarily due
to the assumption on our prediction model in (12), which can
capture the essential features of real predictors. Furthermore,
when we attempt to look ahead further into the future, the
quality of prediction will become lower, which is closer
to the actual forecasting. As described in (14), the online
optimal results not only take into account future predictions
but also effectively use the historical values, which bring them
closer to the offline optimal value. Furthermore, in our model,
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predictions are refined over time and they are sufficiently
flexible to mitigate the forecast error on time series.

V. CONCLUSION

In this article, an optimal online algorithm, called HODA,
was proposed to solve the power distribution and decoupling
problems in the IMG. Our problem formulation both maxi-
mized users’ satisfaction and minimized the variation in diesel
generator generation. The formulated problem was an online
LASSO problem with coupled constraints. In order to achieve
distributed energy management, ADMM was introduced to
decouple this complexity problem and achieve hierarchical
energy optimization. To verify the effectiveness of HODA, we
applied it to a real-world IMG. The results showed that HODA
could effectively decouple and optimize the power scheduling
in IMG. Furthermore, we showed that HODA asymptoti-
cally converged to the offline optimal solution. In addition,
the proposed HODA algorithm could effectively achieve the
goals of smoothing the output of diesel power generation and
optimizing the distribution of energy.
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