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Asynchronous Distributed Power Control of
Multimicrogrid Systems

Zhaojian Wang , Laijun Chen , Feng Liu , Senior Member, IEEE, Peng Yi ,
Ming Cao , Senior Member, IEEE, Sicheng Deng, and Shengwei Mei , Fellow, IEEE

Abstract—Asynchrony widely exists in microgrids (MGs),
such as nonidentical sampling rates and communication
delays, which challenges the MG control. This article ad-
dresses the asynchronous distributed power control prob-
lem of hybrid microgrids, considering different kinds of
asynchrony, such as nonidentical sampling rates, and ran-
dom time delays. To this end, we first formulate the eco-
nomic dispatch problem of MGs, and devise a synchronous
algorithm. Then, we analyze the impact of asynchrony, and
propose an asynchronous iteration algorithm based on the
synchronous version. By introducing a random clock at
each iteration, different types of asynchrony are fitted into
a unified framework, where the asynchronous algorithm is
converted into a fixed-point iteration problem with a non-
expansive operator, leading to a convergence proof. We
further provide an upper bound estimation of the time de-
lay. Moreover, the real-time implementation of the proposed
algorithm in both ac and dc MGs is introduced. By mea-
suring the frequency/voltage, the controller is simplified
by reducing one order, and adapting to the fast varying
load demand. Finally, simulations on a benchmark MG, and
experiments are utilized to verify the effectiveness, and
advantages of the proposed algorithm.

Index Terms—Asynchronous control, distributed control,
multiagent system, multimicrogrid networks, time delay.
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I. INTRODUCTION

MULTIMICROGRID systems or microgrids (MGs) are
clusters of distributed generators (DGs), energy storage

systems and loads, which are generally categorized into three
types: 1) alternating current (ac); 2) Direct current (dc); and 3)
hybrid ac/dc MGs [1], [2]. A hybrid ac/dc MG has the advantage
of reducing processes of multiple inverse conversions in the
involved individual ac or dc grid [3]. Recently, the distributed
power control for MGs has attracted more attention due to
its fast response speed, privacy preservation, and lower risk
of single-point-of-failure [4]–[10]. In the implementation of
distributed control, communication plays a very crucial role.
In practice, the communication channel is never perfect noting
time delay, packet drops, congestion, and even failures [11]–
[13]. In addition, nonidentical sampling/computation rates of
different MGs also exist [14]. Then, asynchrony arises, which
has a detrimental impact on the controller response speed, MG
stability, and optimal operation [15]–[17]. This fact motivates
this work, aiming at providing new understandings and design
methods to facilitate the implementation of distributed control
in real-world MGs. This article tries to simplify, and to some
extent, unify the distributed control design resilient to different
kinds of asynchrony.

To address the asynchrony in distributed power control, some
methods are proposed in [18]–[25]. In [18] and [19], the energy
trading game is investigated using Bayesian game theory, where
the communication package loss is considered. In [21] and [22],
primal-dual gradient and consensus-based methods are utilized
to solve the optimal power flow problem, where asynchronous
iterations are considered. In [20], a distributed algorithm is pro-
posed to solve the optimal distributed energy resources (DERs)
coordination problem over lossy communication networks
with packet-dropping communication links, where diminishing
stepsizes are required to guarantee the convergence. In [23], a
consensus-based economic dispatch algorithm under constant
time delays is proposed. An explicit form of the upper bound for
the gain parameter is given to guarantee the convergence. In [24],
the consensus method is used to achieve the proportional load
sharing in dc MGs, where the constant time delay is considered.
In [25], a subgradient-based distributed algorithm is proposed to
consider the network loss and communication delay in optimal
generation dispatch. The existing works are very inspiring,
which have addressed many issues in communication links.
However, there are still some problems not well investigated.
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In the aforementioned papers, constant time delays are required
in [23] and [24]. The convergence proof is not introduced
in [18] and [19], while [20] and [25] can only guarantee the
convergence with diminishing stepsizes. In [21] and [22], a
stricter requirement on the stepsize is required, which needs to
perform an extra line search at every iteration. In addition, the
load demand in these papers is usually assumed to be known
and not varying. However, the load is very difficult to measure
and is always time-varying when demand response and electric
vehicles are present. Moreover, the fast varying environment
requires the real-time implementation of the algorithm. This
somewhat makes existing methods difficult to apply.

The purpose of this article is to propose an asynchronous
algorithm for the economic dispatch of hybrid ac/dc MGs con-
sidering different kinds of asynchrony, such as different sam-
pling/computation rates and random time delays. Moreover, we
introduce the real-time implementation of the algorithm, where
the frequency/voltage is measured to adapt to the time-varying
load demand. In this way, the algorithm can be greatly simplified
and adapt to the fast varying load demand, which is verified by
both numerical simulations and experiments. The main contri-
butions of this article are as follows.

1) We develop an asynchronous distributed algorithm to
solve the economic dispatch problem of hybrid ac/dc
MGs. The proposed algorithm is capable of admitting
different kinds of asynchrony, such as nonidentical sam-
pling rates and random communication delays, which are
very common in the practical operation of MGs. This
is different from the literature [23], [24], which only
addresses constant time delays.

2) After introducing a virtual global clock for analysis
purposes, we prove the convergence of the distributed
algorithm by converting it into a fixed-point iteration
problem with a nonexpansive operator. It greatly simpli-
fies the convergence proof of asynchronous distributed
algorithms. Moreover, in this way, constant stepsizes can
be used under the convergence guarantee, which is much
easier to implement. This is different from [20]–[22] and
[25]. In [20] and [25], diminishing stepsizes are required,
while an extra line search needs to be performed at every
iteration in [21] and [22] to determine the stepsize. More-
over, we provide an upper bound of the communication
delay that guarantees the convergence. It is revealed that
the maximal delay is approximately proportional to the
square root of the number of MGs.

3) We propose a practical real-time implementation of the
algorithm by using the feedback of frequency/voltage
measurements from the power system. This brings two
advantages: 1) it simplifies the algorithm by reducing one
order and 2) it enables a faster response of the controller
to adapt to the fast varying load demand.

The rest of this article is organized as follows. Section II
formulates the power dispatch problem in hybrid MGs and pro-
poses the synchronous algorithm. In Section III, different types
of asynchrony are introduced and an asynchronous algorithm is
proposed. The optimality of its equilibrium point and conver-
gence are proved in Section IV. The real-time implementation

method in hybrid MGs is introduced in Section V. We confirm
the performance of the controller via numerical simulations on
a benchmark low-voltage MG system and experiments on a
dSPACE platform in Sections VI and VII, respectively. Section
VIII concludes this article.

II. SYNCHRONOUS DISTRIBUTED ALGORITHM

In this section, we first introduce notations and some prelimi-
naries. Then, we explain the economic dispatch problem in MGs
and propose a synchronous algorithm.

A. Notations and Preliminaries

Notations: A hybrid MG system is composed of a cluster
of ac and dc MGs connected by lines. Each MG is treated
as a bus with both generation and load. Denote ac MGs by
Nac = {1, 2, . . . , nac} and dc MGs by Ndc = {nac + 1, nac +
2, . . . , nac + ndc}. Then, the set of MG buses isN = Nac ∪ Ndc.
LetE ⊆ N ×N be the set of lines, where (i, k) ∈ E if MGs i and
k are connected directly. Then, the overall system is modeled as
a connected graph G := (N , E). Denote byNi,p := {k | (i, k) ∈
E} the set of neighbors of MG i over the physical graph. We also
define a communication graph for MGs. Denote byNi,c the set of
informational neighbors of MG i over the communication graph,
implying MGs i, j can communicate if and only if j ∈ Ni,c.
Denote by N2

i,c the set of two-hop neighbors of MG i over
the communication graph. The cardinality of Ni,c is denoted
by |Ni,c|. The communication graph is also assumed to be undi-
rected and connected, which could be different from the physical
graph. Correspondingly, Ni,p could also be different from Ni,c.
Denote by L the Laplacian matrix of the communication graph.

Preliminaries: In this article, Rn (Rn
+) is the n-dimensional

(nonnegative) Euclidean space. For a column vector x ∈ Rn

(matrix A ∈ Rm×n), xT(AT) denotes its transpose. For vec-
tors x, y ∈ Rn, xTy = 〈x, y〉 denotes the inner product of x, y.
‖x‖ =

√
xTx denotes the Euclidean norm of x. For a positive

definite matrix G, denote the inner product 〈x, y〉G = 〈Gx, y〉.
Similarly, the G-matrix induced norm ‖x‖G =

√
〈Gx, x〉. Use

I to denote the identity matrix with proper dimensions. For a
matrix A = [aij ], aij stands for the entry in the ith row and
jth column of A. Use

∏n
i=1 Ωi to denote the Cartesian product

of the sets Ωi, i = 1, . . . , n. Given a collection of yi for i in a
certain set Y , y denotes the column vector y := (yi, i ∈ Y ) with
a proper dimension with yi as its components.

Define the projection of x onto a set Ω as

PΩ(x) = argmin
y∈Ω

‖x− y‖ . (1)

Use Id to denote the identity operator, i.e., Id(x) = x ∀x. Define
NΩ(x) = {v| 〈v, y − x〉 ≤ 0 ∀y ∈ Ω}. NΩ(x) also serves as an
operator, whose inputs are a nonempty closed convex setΩ and a
point x, and the output is the points v satisfying {v| 〈v, y − x〉 ≤
0 ∀y ∈ Ω}. We have PΩ(x) = (Id +NΩ)

−1(x) [26], [27, Ch.
23.1].

For a single-valued operator T : Ω ⊂ Rn → Rn, a point
x ∈ Ω is a fixed point ofT ifT (x) ≡ x. The set of fixed points of
T is denoted by Fix(T ).T is nonexpansive if ‖T (x)− T (y)‖ ≤
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‖x− y‖ ∀x, y ∈ Ω. For α ∈ (0, 1), T is called α-averaged if
there exists a nonexpansive operator R such that T = (1−
α)Id + αR. We use A(α) to denote the class of α-averaged
operators. For β ∈ R1

+, T is called β-cocoercive if βT ∈ A( 12 ).

B. Economic Dispatch Model

The power dispatch is to achieve the power balance in MGs
while minimizing the generation cost, which can be formulated
as the following optimization problem:

min
P g

i

∑
i∈N

fi(P
g
i ) (2a)

s.t.
∑
i∈N

P g
i =

∑
i∈N

P d
i (2b)

P g
i ≤ P g

i ≤ P
g
i (2c)

where P g
i is the power from the prime mover of MG i,1 P d

i is
load demand of MG i, and fi(P

g
i ) =

1
2ai(P

g
i )

2 + biP
g
i , with

ai > 0, bi > 0. The objective function (2a) is to minimize the
total generation cost of the MGs. P g

i , P
g
i are lower and upper

bounds of P g
i . Constraint (2b) is the power balance over MGs.

And (2c) is the generation limit of each MG.
For the optimization problem (2), we make the following

assumption.
Assumption 1: Slater’s condition [28, Ch. 5.2.3] of (2) holds,

i.e., problem (2) is feasible.

C. Synchronous Algorithm

In this section, we design a synchronous algorithm to solve
the problem (2). The Lagrangian of (2) is

L =
∑
i∈N

fi(P
g
i ) + μ

(∑
i∈N

P g
i −

∑
i∈N

P d
i

)

+
∑
i∈N

γ−
i (P

g
i − P g

i ) +
∑
i∈N

γ+
i (P g

i − P
g
i )

where μ, γ−
i , and γ+

i are Lagrangian multipliers. Here, μ is a
global variable, which will be estimated by individual MGs
locally.

Define the sets

Ωi :=
{
P g
i | P g

i ≤ P g
i ≤ P

g
i

}
, Ω =

N∏
i=1

Ωi. (3)

Then, we give the synchronous distributed algorithm for
power dispatch (SDPD). In this case, the update of MGi at iter-
ation k is given, which takes the form of Krasnosel’skiı̌–Mann
iteration [27, Ch. 5.2]

μ̃i,k = μi,k + σμ

(
−
∑

j∈Ni,c

(μi,k − μj,k)

+
∑

j∈Ni,c

(zi,k − zj,k) + P g
i,k − P d

i

)
(4a)

1If it is an synchronous generator, P g
i is the mechanical power. If it is an

inverter, P g
i is the power from the dc source.

z̃i,k = zi,k − σz

(
2
∑

j∈Ni,c

(μ̃i,k − μ̃j,k)

−
∑

j∈Ni,c

(μi,k − μj,k)

)
(4b)

P̃ g
i,k = PΩi

(
P g
i,k − σg

(
f

′

i(P
g
i,k) + 2μ̃i,k − μi,k

))
(4c)

μi,k+1 = μi,k + η (μ̃i,k − μi,k) (4d)

zi,k+1 = zi,k + η (z̃i,k − zi,k) (4e)

P g
i,k+1 = P g

i,k + η
(
P̃ g
i,k − P g

i,k

)
(4f)

where σμ, σz, σg, and η are positive constants, and σμ, σz,
andσg are supposed to be chosen such that Φ in (11) (given in
Section V-B) is positive definite. μ̃i andμi are variables of MG
i to estimate μ. μ in the Lagrangian is a global variable, which
needs to be estimated in a distributed way. Thus, we introduce
μ̃i andμi. Variables z̃i and zi are introduced to force μi, i ∈ N
to reach consensus.

In (4), the load demand P d
i is usually difficult to know. We

will provide a practical method to estimate P g
i − P d

i instead of
directly measuring P d

i in the implementation, as explained in
Section V. Later, in Section IV, we will show that the SDPD is
simply a special case of the asynchronous algorithm. Therefore,
its properties, such as the optimality of the equilibrium point and
the convergence, are an immediate consequence of the results
of the asynchronous algorithm, which are omitted here.

III. DISTRIBUTED ASYNCHRONOUS ALGORITHM

In SDPD, each MG gathers information, computes locally,
and conveys new information to its neighbors over the communi-
cation graph. In this process, asynchrony may arise in each step.
When gathering information, individual MGs may have different
sampling rates, which results in nonidentical computation rates
accordingly. In addition, other imperfect communication situa-
tions, such as time delay caused by congestion or even failure,
are very common in power systems, which essentially result
in asynchrony. In the synchronous computation, an MG has to
wait for the slowest neighbor to complete the computation by
inserting certain idle time. Communication delay or congestion
can further lengthen the waiting time. Thus, the slowest MG
and communication channel may cripple the system in the
synchronous execution. In contrast, the MGs with asynchronous
computation do not need to wait and compute continuously with
little idling. Even if some of its neighbors fail to update in time,
the MG can use the previously stored information. That means
the MG could execute an iteration without the latest information
from its neighbors.

In this section, we propose an asynchronous distributed algo-
rithm for power dispatch (ASDPD) based on SDPD. Different
from the iteration number k in (4), here each MG has its own
iteration number ki, implying that a local clock is used instead
of the global clock. At each iteration ki, MG i computes in the
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following way:2

μ̃i,ki
= μi,ki

+ σμ

(
−
∑

j∈Ni,c

(
μi,ki

− μ
j,ki−τ

ki
ij

)

+
∑

j∈Ni,c

(
zi,ki

− z
j,ki−τ

ki
ij

)
+ P g

i,ki
− P d

i

)
(5a)

z̃i,ki
= zi,ki

− σz

( ∑
j∈Ni,c

(
μi,ki

− μ
j,ki−τ

ki
ij

)

−
∑

j∈Ni,c∪N2
i,c

2σμ�ij

(
μi,ki

− μ
j,ki−τ

ki
ij

)

+
∑

j∈Ni,c∪N2
i,c

2σμ�ij

(
zi,ki

− z
j,ki−τ

ki
ij

)

+
∑

j∈Ni,c

2σμ

(
P g
i,ki

− P d
i

))
(5b)

P̃ g
i,ki

= PΩi

(
P g
i,ki

− σg

(
f

′

i(P
g
i,ki

) + 2μ̃i,ki
− μi,ki

))
(5c)

μi,ki+1 = μi,ki
+ η (μ̃i,ki

− μi,ki
) (5d)

zi,ki+1 = zi,ki
+ η (z̃i,ki

− zi,ki
) (5e)

P g
i,ki+1 = P g

i,ki
+ η

(
P̃ g
i,ki

− P g
i,ki

)
(5f)

where �ij is the ith row and jth column element of matrix L2 =

L× L, and �ij �= 0 holds only if j ∈ Ni,c ∪N2
i,c [29]. τki

ij is the
time difference between ki and time instant that MG i obtains the
latest information from MG j. For example, the current iteration
for MG i is ki = 10, but it received the latest information from
MG j at ki = 8. Then, τki

ij = 2 in this situation. Denote w =
(μ, z, P g).wi,ki

is the state of MG i at iteration ki, andw
j,ki−τ

ki
ij

is the latest information obtained from MG j.
Considering each MG has its local clock, we have the follow-

ing asynchronous algorithm.
Remark 1: In Algorithm 1, if MG i is activated, it will read the

latest information from its neighbors. Even if some neighbors
are not accessible in time due to the communication issue, it
can still execute the iteration by using the previous information
stored in its input cache. Despite asynchrony caused by different
reasons, MG i only concerns whether the latest information
comes, which implies that their effect can be characterized by
the time interval between two successive iterations. Thus, our
algorithm can admit different types of asynchrony.

Remark 2: Because the element �ij �= 0 holds only if j ∈
Ni,c ∪N2

i,c, the ASDPD is still distributed. Communications
with two-hop or multihop neighbors are also used in [29]–[31].
However, it may make the communication graph denser. In
Section V, we will show that the ASDPD can be greatly
simplified, which is implemented by local measurement and
neighboring communication.

2If we omit the time delay in (5), it is equivalent to (4). It can be obtained by
substituting µ̃i,k in (4b) with (4a).

Fig. 1. Local clocks versus global clock.

Algorithm 1: ASDPD.

Input: For MG i, the input is μi,0, zi,0 ∈ Rn, P g
i,0 ∈ Ωi.

Iteration at ki: Suppose MG i’s clock ticks at time ki,
then MG i is activated and updates its local variables as
follows:

Step 1: Reading phase
Get μ

j,ki−τ
ki
ij

, z
j,ki−τ

ki
ij

from its neighbors’ and

two-hop neighbors’ output cache, and store them to its
local storage.

Step 2: Computing phase
Calculate μ̃i,ki

, z̃i,ki
and P̃ g

i,ki
according to (5a), (5b)

and (5c) respectively.
Update μi,ki+1, zi,ki+1 and P g

i,ki+1 according to (5d),
(5e) and (5f) respectively.

Step 3: Writing phase
Write μi,ki+1, zi,ki+1 to its output cache and μi,ki+1,

zi,ki+1, P g
i,ki+1 to its local storage. Increase ki to ki + 1.

IV. OPTIMALITY AND CONVERGENCE ANALYSIS

In this section, we analyze the optimality of the equilibrium
point of dynamic system (5), as well as the convergence of Algo-
rithm 1. First, we need to introduce a sequence of global iteration
numbers that serves as a reference global clock to unify the local
iterations of individual MGs in a coherence manner [32]. To
prove the convergence, we convert the synchronous algorithm
to a fixed-point iteration with an averaged operator. Then, a
nonexpansive operator is constructed, leading to the convergence
results of the asynchronous algorithm. Finally, we provide an
upper bound on the time delay.

A. Global Clock

We arrange ki of all MGs in the order of time and use a new
number k to denote the kth iteration in the queue. This treatment
is shown in Fig. 1 by taking two MGs as an example. Suppose
that, at iterationk, the probability that MG i is activated to update
its local variables follows a uniform distribution. Hence, each
MG is activated with the same probability, which simplifies the
convergence proof.

Then, we rewrite the algorithm (5) under the global clock as
follows:

μ̃i,k = μi,k−τk
i
+ σμ

(
−
∑

j∈Ni,c

(
μi,k−τk

i
− μj,k−τk

j

)
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+
∑

j∈Ni,c

(
zi,k−τk

i
− zj,k−τk

j

)
+ P g

i,k−τk
i

− P d
i

)

(6a)

z̃i,k = zi,k−τk
i
− σz

( ∑
j∈Ni,c

(
μi,k−τk

i
− μj,k−τk

j

)

−
∑

j∈Ni,c∪N2
i,c

2σμ�ij

(
μi,k−τk

i
− μj,k−τk

j

)

+
∑

j∈Ni,c∪N2
i,c

2σμ�ij

(
zi,k−τk

i
− zj,k−τk

j

)

+
∑

j∈Ni,c

2σμ

(
P g

i,k−τk
i

− P d
i

))
(6b)

P̃ g
i,k = PΩi

(
P g

i,k−τk
i

− σg

(
f

′

i(P
g

i,k−τk
i

) + 2μ̃i,k − μi,k−τk
i

))
(6c)

μi,k+1 = μi,k−τk
i
+ η

(
μ̃i,k − μi,k−τk

i

)
(6d)

zi,k+1 = zi,k−τk
i
+ η

(
z̃i,k − zi,k−τk

i

)
(6e)

P g
i,k+1 = P g

i,k−τk
i

+ η
(
P̃ g
i,k − P g

i,k−τk
i

)
(6f)

where τki is the time difference between k and time spot that MG
i obtains the latest information. We also call τki the time delay if
there is no confusion. We knowwi,k−τk

i
= wi,k−τk

i +1 =, . . . ,=
wi,k.

Note that the global clock is only used for convergence
analysis, but not required in ASDPD.

B. Algorithm Reformulation

If the time delay is not considered, (6) is degenerated to (4).
In this sense, the SDPD is a special case of ASDPD, and we only
need to analyze the property of ASDPD. The compact form of
(6a)–(6f) without delay, i.e., (4a)–(4f), is

μ̃k = μk + σμ

(
−L · μk + L · zk + P g

k − P d
)

(7a)

z̃k = zk + σz (−2 L · μ̃k + L · μk) (7b)

P̃ g
k = PΩ (P g

k − σg (∇f(P g
k ) + 2μ̃k − μk)) (7c)

μk+1 = μk + η (μ̃k − μk) (7d)

zk+1 = zk + η (z̃k − zk) (7e)

P g
k+1 = P g

k + η
(
P̃ g
k − P g

k

)
(7f)

where ∇f(P g
k ) is the gradient of f(P g

k ). The subscript ki is
substituted by a global notation k.

Next, we show that (7a)–(7f) can be converted into a fixed-
point iteration problem with an averaged operator [26], [33].

Equation (7a) is equivalent to

−L · μk − P d = −P g
k − L · zk + σ−1

μ (μ̃k − μk)

= −Lz̃k − P̃ g
k + σ−1

μ (μ̃k − μk)

+ L · (z̃k − zk) + P̃ g
k − P g

k . (8)

Similarly, (7b) is equal to

0 = L · μ̃k + L · (μ̃k − μk) + σ−1
z (z̃k − zk). (9)

From the fact that PΩ(x) = (Id +NΩ)
−1(x), (7c) can be

rewritten as P̃ g
k = (Id +NΩ)

−1 (P g
k − σg(∇f(P g

k ) + 2μ̃k −
μk)), or equivalently

−∇f(P g
k ) = 2μ̃k − μk +NΩ(P̃

g
k ) + σ−1

g (P̃ g
k − P g

k ). (10)

Then, (8)–(10) are rewritten as

−

⎡
⎣Lμk + P d

0
∇f(P g

k )

⎤
⎦ =

⎡
⎣ −P̃ g

k − Lz̃k
Lμ̃k

μ̃k +NΩ(P̃
g
k )

⎤
⎦+Φ

⎡
⎣ μ̃k − μk

z̃k − zk
P̃ g
k − P g

k

⎤
⎦
(11)

where

Φ =

⎡
⎣σ−1

μ I L I
L σ−1

z I 0
I 0 σ−1

g I

⎤
⎦ . (12)

Define the following two operators:

B :

⎡
⎣ μ

z
P g

⎤
⎦ �→

⎡
⎣Lμ+ P d

0
∇f(P g)

⎤
⎦ (13)

U :

⎡
⎣ μ

z
P g

⎤
⎦ �→

⎡
⎣ −P g − Lz

Lμ
μ+NΩ(P

g)

⎤
⎦ . (14)

Then, (11) is equivalent to

−B(wk) = U(w̃k) + Φ · (w̃k − wk). (15)

From [26, Lemma 5.6], we know that (Id + Φ−1U)−1 exists
and is single-valued. Denotewi = (μi, zi, P

g
i ),w = (wi), w̃i =

(μ̃i, z̃i, P̃
g
i ), w̃ = (w̃i). Then, (7a)–(7f) can be written as

w̃k = T (wk) (16)

wk+1 = wk + η(w̃k − wk) (17)

where operator T = (Id + Φ−1U)−1(Id− Φ−1B), and it is
straightforward to see that (7d)–(7f) are equivalent to (17).

Equations (16) and (17) can be further rewritten as

wk+1 = wk + η(T (wk)− wk). (18)

Denote amin = min{ai}, amax = max{ai} ∀i ∈ N , where ai
is defined as follows (2). Denote the maximal eigenvalues of L
by σmax.

We have the following result about T .
Lemma 1: Take

ζ = min

{
1

σ2
max

,
amin

a2max

}
, κ >

1

2ζ
,

and the stepsizes σμ, σz, σg such that Φ− κI is positive
semidefinite. Then, we have the following assertions under
Φ-induced norm.

1) T is an averaged operator, and T ∈ A( 2κζ
4κζ−1 ).
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2) There exists a nonexpansive operator R such that

T =

(
1− 2κζ

4κζ − 1

)
Id +

2κζ

4κζ − 1
R.

3) Operators T and R have the same fixed points, i.e.,
Fix(T ) = Fix(R).

Proof: For assertion 1), we know (Id + Φ−1U)−1 ∈ A( 12 )
and Id− Φ−1B ∈ A( 1

2κζ ) from [26, Lemma 5.6]. Then, fol-

lowing from [34, Proposition 2.4], we know T ∈ A( 2κζ
4κζ−1 ).

From assertion 1) and definition of averaged operators, there
exists a nonexpansive operator R such that

T =

(
1− 2κζ

4κζ − 1

)
Id +

2κζ

4κζ − 1
R. (19)

Then, we have the assertion 2).
Since T is 2κζ

4κζ−1 -averaged, T is also a nonexpansive op-
erator [27, Remark 4.24]. For any nonexpansive operator T ,
Fix(T ) �= ∅ [27, Th. 4.19]. Suppose x is a fixed point of T , and
we have

T (x) = x =

(
1− 2κζ

4κζ − 1

)
Id(x) +

2κζ

4κζ − 1
R(x).

Thus,

2κζ

4κζ − 1
Id(x) =

2κζ

4κζ − 1
R(x),

which is equivalent to x = R(x).
Similarly, suppose x is a fixed point of R, and we have

T (x) =

(
1− 2κζ

4κζ − 1

)
Id(x) +

2κζ

4κζ − 1
R(x) = x.

Thus, assertion 3) holds. �
So far, we convert the synchronous algorithm into a fixed-

point iteration problem with an averaged operator [see (18)].
Moreover, we also construct a nonexpansive operator R. It
enables us to prove the optimality and convergence of ASDPD,
as we will explain in the following sections.

C. Optimality of the Equilibrium Point

Considering dynamic system (5), we give the following defi-
nition of its equilibrium point.

Definition 1: A point w∗ = (w∗
i , i ∈ N ) = (μ∗

i , z
∗
i , P

g∗
i ) is

an equilibrium point of system (5) if limki→+∞ wki
= w∗

i holds
for all i.

Then, we have the following result.
Theorem 2: Suppose Assumption 1 holds. The component

P g∗, μ∗ of the equilibrium point w∗ is the primal-dual optimal
solution to (2).

Proof: By (5a)–(5f) and Definition 1, we have

0 = −L · μ∗ + L · z∗ + P g∗ − P d (20a)

0 = L · μ∗ (20b)

−∇f(P g∗) = NΩ(P
g∗) + μ∗. (20c)

Then, we have

0 =
∑
i∈N

P g∗
i −

∑
i∈N

P d
i (21a)

μ∗
i = μ∗

j = μ∗
0, i, j ∈ N (21b)

−∇f(P g∗) = NΩ(P
g∗) + μ∗ (21c)

where μ∗
0 is a constant. By [35, Th. 3.25], we know (21) is

exactly the KKT condition of the problem (2). In addition,
(2) is a convex optimization problem and Slater’s condition
holds. �

D. Convergence Analysis of Asynchronous Algorithm

In this section, we investigate the convergence of ASDPD. The
basic idea is to treat ASDPD as a randomized block-coordinate
fixed-point iteration problem with delayed information. And
then, the results in [36] can be applied.

Define vectors φi ∈ R3n, i ∈ N . The jth entry of φi is de-
noted by [φi]j . Define [φi]j = 1 if the jth coordinate of w is
also a coordinate of wi, and [φi]j = 0, otherwise. Denote by
ϕ a random variable (vector) taking values in φi, i ∈ N . Then,
Prob(ϕ = φi) = 1/n also follows a uniform distribution. Let
ϕk be the value of ϕ at the kth iteration. Then, a randomized
block-coordinate fixed-point iteration for (17) is given by

wk+1 = wk + ηϕk ◦ (T (wk)− wk) (22)

where ◦ is the Hadamard product. Here, we assume that only
one MG is activated at each iteration without loss of generality.3

Since (22) is delay free, we further modify it for considering
delayed information, which is

wk+1 = wk + ηϕk ◦ (T (ŵk)− wk) (23)

where ŵk is the delayed information at iteration k. Note that,
here, k represents the global clock defined in Section V. We will
show that Algorithm 1 can be written as (23) if ŵk is properly
defined. Suppose MG i is activated at iteration k, then ŵk is
defined as follows. For MG i and j ∈ Ni,c, replace μi,k, zi,k,
and P g

i,k with μi,k−τk
i

, zi,k−τk
i

and P g

i,k−τk
i

. Similarly, replace
μj,k, zj,k with μj,k−τk

j
and zj,k−τk

j
. With the random variable

ϕ, variables of inactivated MGs are same with the previous
iterations. Then, we have (23).

Next, we make the following assumption.
Assumption 2: The time interval between two consecutive

iterations is bounded by χ, i.e., τki ≤ χ ∀i, k.
Assumption 2 implies that the time delay is bounded. This

usually holds in the real system if the communication does not
fail permanently. With the assumption, we have the convergence
result.

Theorem 3: Suppose Assumptions 1 and 2 hold. Take

ζ = min

{
1

σ2
max

,
amin

a2max

}
, κ >

1

2ζ
,

and the stepsizes σμ, σz, andσg such that Φ− κI is positive
semidefinite. Choose

0 < η <
1

1 + 2χ/
√
n

4κζ − 1

2κζ
.

3The global clock is virtual and only introduced to analyze the convergence.
When two MGs are activated at exactly the same time, it can be simply modeled
as two separate iterations. As long as we setwi,k−τk

i
= w

i,k+1−τk+1
i

∀i ∈ N ,

the convergence analysis can still apply.
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Then, with ASDPD, P g
k and μk converge to the primal-dual

optimal solution of problem (2) with probability 1.
Proof: Combining (19) and (23), we have

wk+1 = wk + ηϕk ◦
((

1− 2κζ

4κζ − 1

)
ŵk

− wk +
2κζ

4κζ − 1
R(ŵk)

)

= wk + ηϕk ◦
(
ŵk − wk

+
2κζ

4κζ − 1
(R(ŵk)− ŵk)

)
. (24)

With wi,k−τk
i
= wi,k−τk

i +1 =, . . . ,= wi,k, we have ϕk ◦
(ŵk − wk) = 0. Thus, (24) is equivalent to

wk+1 = wk +
2ηκζ

4κζ − 1
ϕk ◦ (R(ŵk)− ŵk) . (25)

Invoking [36], (25) with nonexpansive operator R is es-
sentially a kind of the ARock algorithms introduced in [36].
Hence, the convergence results given in that paper can directly
be applied. Indeed, [36, Lemma 13 and Th. 14] indicate that the
convergence of ARock is guaranteed by the following condition:

0 <
2ηκζ

4κζ − 1
<

1

1 + 2χ/
√
n
. (26)

Therefore, if η satisfies 0 < η < 1
1+2χ/

√
n

4κζ−1
2κζ , then wk con-

verges to a random variable that takes value in the fixed points
(denoted by w∗

k) of R with probability 1. Recalling Fix(T ) =
Fix(R) and Theorem 2, we know P g∗

k and μ∗
k, as components of

w∗
k, constitute the primal-dual optimal solution to the optimiza-

tion problem (2). �
Choose κ = 1

2ζ + ε, where ε > 0 but very small. Then, the
upper bound of η can be estimated by

1

1 + 2 χ√
n

4κζ − 1

2κζ
=

1

1 + 2 χ√
n

1 + 4ζε

1 + 2ζε
≈ 1

1 + 2 χ√
n

.

Thus, there is η < 1. Moreover, the upper bound of η will
decrease when the time delay increases, i.e., χ increases.

Given a fixed η and a very small ε > 0, we have

χ <
√
n(1− η)/2η. (27)

Thus, the upper bound of acceptable time delay is approxi-
mately proportional to the square root of the number of MGs,
which provides helpful insight for controller design. It should
be pointed out that the upper bound of time delay is only a
sufficient condition for the convergence, which is not necessary.
The conservativeness is inevitable, which is also verified in both
simulations and experiments.

Remark 3: From the convergence proof, the proposed al-
gorithm has two advantages compared with existing literature.
First, it is capable of simplifying, and to some extent, unifying
the distributed control design considering different kinds of
asynchrony, such as nonidentical sampling rates and random
communication delays, which are very common in the practical
operation of MGs. This is different from [23] and [24], which

only addresses constant time delays. Second, constant stepsizes
can be used. This is different from [20]–[22] and [25]. In [20]
and [25], diminishing stepsizes are required, while an extra line
search needs to be performed at every iteration in [21] and [22]
to determine the stepsize. The proposed method is much easier
to apply.

V. PRACTICAL IMPLEMENTATION

In this section, the practical implementation of the ASDPD in
both ac and dc MGs is presented. First, we shortly explain our
motivation. Then, variables z̃ and z in ASDPD are eliminated
by using the frequency/voltage measurements from the physical
multimicrogrids, leading to the real-time control framework.
Finally, the optimality of the practical algorithm is proved.

A. Motivation and Main Idea

The algorithm ASDPD solves the economic dispatch problem
(2) taking into account different kinds of asynchrony. However, it
suffers from two limitations in practice. First, the rapid variation
of renewable generations and load demand requires that the
controller can response fast in real time. Second, the accurate
value of load demand P d

i is difficult to know in advance. These
issues motivate us to combine the computation of economic
dispatch with the real-time operation of MGs.

Recalling (4) and (20a), the terms
∑

j∈Ni,c

(zi,k − zj,k) in (4a)

are utilized to balance the difference between P g
i,k and P d

i .
Denote δij := zi − zj , and the last three terms of (4a) are

P g
i,k − P d

i +
∑

j∈Ni,c

δij,k.

From (20a), we know

0 = P g∗
i − P d

i −
∑

j∈Ni,c

δ∗ij,k.

This motivates us to use the line power measurements from the
physical system to replace δij by noting that the similar power
balance equations hold at each bus 0 = P̂ g∗

i − P d
i −

∑
j∈Ni,p

P ∗
ij ,

where P̂ g∗
i is the actual power generation of MG i in the steady

state.4 Thus, both
∑

j∈Ni,c

δ∗ij,k and
∑

j∈Ni,p

P ∗
ij stand for the power

difference at bus i, and δij has the same role as line power Pij .
This is a very important observation as Pij are automatically
given by the physical dynamics of the power systems. Hence,
we only need to directly measure them in real time to avoid
complicated computation of z̃ and z. Particularly, one can take
P g
i,k − P d

i +
∑

j∈Ni,c

(zi,k − zj,k) as a whole and estimate it using

the measurements from the MGs, as we explain later.

4For same P d
i , P̂ g∗

i is the same as the computed value P g∗
i due to the small

power loss. However, if the power loss is omitted, the two terms are essentially
the same.
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Fig. 2. Simplified model of a dc MG.

B. Real-Time ASDPD

1) AC MGs: In ac MGs, the frequency dynamics of bus i is

Miω̇i = P g
i − P d

i −Diωi −
∑

j∈Ni,p

Pij , i ∈ Nac (28)

where Mi > 0 and Di > 0 are constants, and Pij is the line
power from bus i to bus j. This model is suitable for both
synchronous generators and inverters [37]–[39]. Equation (28)
can be rewritten as

P g
i − P d

i −
∑

j∈Ni,p

Pij = Miω̇i +Diωi, i ∈ Nac. (29)

Thus, Miω̇i +Diωi can be used to estimate P g
i,k − P d

i +∑
j∈Ni,c

(zi,k − zj,k) in (4a) and its delayed form in (5a). By this

control structure, asynchronous Algorithm 1 is integrated into
the real-time control in ac MGs.

2) DC MGs: In dc MGs, dc capacitors are used to maintain
the voltage stability of dc buses [40]. Then, the model of dc MGs
can be simplified (see Fig. 2). The voltage dynamics on dc bus
i is

V dc
i CiV̇

dc
i = P g

i − P d
i −

∑
j∈Ni,p

Pij , i ∈ Ndc (30)

where Ci is the capacitor connected to the dc bus; V dc
i is the

voltage of the dc bus. Thus,V dc
i CiV̇

dc
i can be used to estimate the

P g
i,k − P d

i +
∑

j∈Ni,c

(zi,k − zj,k) in the dc MG. In this situation,

we only need to measure the voltage, which is much easier
to implement. Then, the asynchronous algorithm ASDPD is
integrated to the real-time control in dc MGs.

Then, the distributed asynchronous algorithm takes the fol-
lowing form:

μ̃i,ki
= μi,ki

+ σμ

(
−
∑

j∈Ni,c

(
μi,ki

− μ
j,ki−τ

ki
ij

)

+Miω̇i +Diωi

)
, i ∈ Nac (31a)

μ̃i,ki
= μi,ki

+ σμ

(
−
∑

j∈Ni,c

(
μi,ki

− μ
j,ki−τ

ki
ij

)

+ V dc
i CiV̇

dc
i

)
, i ∈ Ndc (31b)

P̃ g
i,ki

= PΩi

(
P g
i,ki

− σg

(
f

′

i(P
g
i,ki

) + 2μ̃i,ki
− μi,ki

))
(31c)

μi,ki+1 = μi,ki
+ η (μ̃i,ki

− μi,ki
) (31d)

P g
i,ki+1 = P g

i,ki
+ η

(
P̃ g
i,ki

− P g
i,ki

)
. (31e)

In the algorithm (31), only μ needs to be transmitted between
neighbors. Moreover, the variables z̃, z are not necessary, which
simplifies the controller greatly. Based on (31), we have the fol-
lowing real-time asynchronous distributed algorithm for power
dispatch (RTASDPD).

Algorithm 2: RTASDPD.

Input: For MG i, the input is μi,0 ∈ Rn, P g
i,0 ∈ Ωi.

Iteration at ki: Suppose MG i’s clock ticks at time ki, then
MG i is activated and updates its local variables as
follows:

Step 1: Reading phase
Get μ

j,ki−τ
ki
ij

from its neighbors’ output cache. For an ac

MG i, measure the frequency ωi. For a dc MG i, measure
the voltage Vi.

Step 2: Computing phase
For i ∈ Nac, calculate μ̃i,ki

and P̃ g
i,ki

according to (31a)
and (31c) respectively. For i ∈ Ndc, calculate μ̃i,ki

and
P̃ g
i,ki

according to (31b) and (31c) respectively.
Update μi,ki+1 and P g

i,ki+1 according to (31d) and (31e)
respectively.

Step 3: Writing phase
Write μi,ki+1 to its output cache and μi,ki+1, P g

i,ki+1 to
its local storage. Increase ki to ki + 1.

In the implementation, the algorithm RTASDPD takes input
from the continuous-time dynamics of the physical system.
Specifically, The continuous-time variables (ω̇i, ωi, V̇ dc

i , V dc
i )

are obtained from measurements of the physical system. In
practice, they also need to be discretized in the digital controller
implementation. Here, in (31a) and (31b), we intentionally use
some continuous-time notations to indicate that they are from
the continuous-time physical system.

C. Control Diagram

The control diagram of the ac MG is shown in Fig. 3, which is
composed of four levels: the electric network; the primary power
control; the asynchronous power control; and the distributed
communication. In the electric network level, the current and
voltage are measured as the input of the primary power control
level, where the red circle implies the current measurement
and red panel is the voltage measurement. The primary power
control level includes three loops, i.e., the current loop, the
voltage loop, and the power loop. In the power loop, droop
control is utilized for both active and reactive power control,
where the measured active power and frequency are sent to the
asynchronous power control level. By obtaining ωi and μj,k−τk

j
,

RTASDPD is implemented. From (31a) and (31d), μi,k+1 is
obtained and written to its output cache, which is also sent to
its neighbors via the communication network. From (31c) and
(31e), P g

i,k+1 is obtained, which is sent to the primary power
control level as the active power reference. The error between

Authorized licensed use limited to: University of Groningen. Downloaded on January 04,2021 at 13:45:42 UTC from IEEE Xplore.  Restrictions apply. 



1968 IEEE TRANSACTIONS ON CONTROL OF NETWORK SYSTEMS, VOL. 7, NO. 4, DECEMBER 2020

Fig. 3. Control diagram of the proposed method.

P g
i,k+1, and the measured active powerPi is added to the primary

power control via integral.
The control diagram of dc MGs is similar to that in Fig. 3,

where the main difference is that the dc-bus voltage V dc
i is

measured. The details are omitted here. The implementation of
the RTASDPD is straightforward, which only needs to measure
active power and frequency/voltage from the system. Then, the
power reference is obtained and sent to the primary control.

In the implementation, the result of each iteration is sent to the
inverter as a power reference. Thus, only the latest information
needs to be used to carry out the next iteration. This implies that
the computation burden and storage requirement is very small.

D. Optimality of the Implementation

Considering the dynamic system (28), (30), and (31), its
equilibrium point is assumed to exist and the system has one
unified frequency. Because there is only a unique frequency in
the steady state, this is a quite standard assumption in power
systems [41]. Then, we give the following definition of the
equilibrium point.

Definition 2: A point ŵ∗ = (ŵ∗
i , i ∈ N ) = (μ̂∗

i , P̂
g∗
i ,

ω̂∗
i , V̂

dc∗
i , P ∗

ij) is an equilibrium point of system (31) with
(28) and (30) if limki→+∞ ŵki

= ŵ∗
i and limki→+∞ ω̂ki

=
limkj→+∞ ω̂kj

= ω̂∗ hold for all i, j ∈ N .

Then, we have that the component (P̂ g∗, μ̂∗) of the equilib-
rium point ŵ∗ is the primal-dual optimal solution to (2) in the
steady state if the power loss is not considered.

In the steady state, we have ω̂∗
i = ω̂∗

j = ω̂∗, ∀i, j ∈ N , and
dV dc

i

dt = 0 ∀i ∈ Ndc. From (31) and Definition 2, we have

0 =
∑

j∈Ni,c

(
μ̂∗
i − μ̂∗

j

)
+Diω̂

∗, i ∈ Nac (32a)

0 =
∑

j∈Ni,c

(
μ̂∗
i − μ̂∗

j

)
, i ∈ Ndc (32b)

P̂ g∗
i = PΩi

(
P̂ g∗
i − σg

(
f

′

i(P̂
g∗
i ) + μ̂∗

i

))
. (32c)

From (32a) and (32b), we have

r1μ̂
∗ +D1ω̂

∗ = 0 (33a)

...

r|Nac|μ̂
∗ +D|Nac|ω̂

∗ = 0 (33b)

r|Nac|+1μ̂
∗ = 0 (33c)

...

r|N |μ̂
∗ = 0 (33d)

where ri is the ith row of Laplacian matrix L, and r1 + r2 +
· · ·+ r|N | = 0. Thus, we have

ω̂∗
∑
i∈Nac

Di = 0. (33e)

This implies that ω̂∗ = 0 due to Di > 0. Then, we have

μ̂∗
i = μ̂∗

j = μ̂∗ (33f)

where μ∗ is a constant. Summing (28) and (30) for all i ∈ N ,
we have ∑

i∈N
P̂ g∗
i =

∑
i∈N

P d
i +

∑
i∈N

∑
j∈Ni,p

P ∗
ij . (33g)

If the power loss is neglected, we have 0 =
∑

i∈N
∑

j∈Ni,p
P ∗
ij .

Similar to Theorem 2, (32c), (33f), and (33g) are the KKT
condition of the problem (2). This verifies the optimality of
(P̂ g∗, μ̂∗).

Remark 4: The RTASDPD has three main advantages as
follows.

1) Only the frequency in ac MGs and voltage in dc MGs
need to be measured, which avoids the measurement of
load demandP d

i . As we know, the load demand is usually
difficult to measure while the measurement of frequency
and voltage is much easier. In addition, Algorithm 2 is
combined with the real time control of MGs, it can adapt
to the rapid variation of renewable generations and load
demand.

2) We simplify the communication graph, where only the
neighboring communication is needed. Moreover, we also
simplify the controller structure. The auxiliary variables
z̃ and z are eliminated, making the controller easier to
implement.

Remark 5: From Fig. 3, the algorithm RTASDPD is coupled
with the nonlinear physical dynamics (both ac and dc systems)
and the primary control due to the feedback of measurement
from the physical power system. It theoretically results in a
hybrid dynamical system with both differential and difference
equations. In this context, it appears to be difficult to rigor-
ously prove the convergence. Hence, we alternatively verify
the convergence by both numerical and physical experiments
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Fig. 4. Schematic diagram of a typical 43-bus MG system.

Fig. 5. Communication graph of the system.

in various scenarios in Sections VI and VII, respectively. The
experimental results empirically demonstrate the RTASDPD
works very well. The rigorous stability proof will be our
future work.

VI. NUMERICAL SIMULATION RESULTS

A. System Configuration

To verify the performance of the proposed method, a 44-bus
hybrid ac/dc system shown in Fig. 4 is used for the numerical
simulation, which is a modified benchmark of low-voltage MG
systems [42], [43]. The system includes three feeders with six
dispatchable MGs, where MG2 and MG5 are dc MGs while
the others are ac MGs. Breaker 1 is open, which implies that
the system operates in an islanded mode. All simulations are
implemented in the professional power system simulation soft-
ware PSCAD. The stepsize is set as η = 0.016, and the number
of MGs n = 6. Then, the upper bound of time delay can be
computed by (27), which is χ < 75.32. Since the time period
for each step is 150 μs in PSCAD, the maximal time delay is
75.32 × 150 μs = 11.3 ms.

The simulation scenario is: 1) at t = 2 s, there is a 60-kW load
increase in the system; 2) at t = 8 s, there is a 30-kW load drop.
Then, each MG increases its generation to balance the power
and restore system frequency. Their initial generations are 58.93,
46.94, 66.43, 59.95, 52.06, and 55.09 kW. The communication
graph is undirected, which is shown in Fig. 5. Other parameters
are given in Table I.

B. Nonidentical Sampling Rates

Individual MGs may have different sampling rates (or control
period) in practice, which could cause asynchrony and compro-
mise the control performance. In this section, we consider the

TABLE I
SYSTEM PARAMETERS

Fig. 6. Dynamics of frequencies (left) and voltages (right). For a dc
MG, its frequency implies the frequency of the corresponding dc/ac
inverter.

Fig. 7. Dynamics of generations (left) and −µ (right).

impact of nonidentical sampling rates. The sampling rates of
MG1–MG6 are set as 10 000, 12 000, 14 000, 16 000, 18 000,
and 20 000 Hz, respectively. The dynamics of the frequencies
and voltages of MGs are shown in Fig. 6.

As the load change is located in MG2, the frequency nadir
of MG2 is the lowest (about 0.26 Hz). The system frequency
recovers in 4 s after the load change. When the load decreases,
the frequency experiences an overshoot of 0.1 Hz and recovers
in 2 s. Voltages on the dc buses of MG2 and MG5 have a
small drop when load increases. For DG2, the initial voltage
is 395.3 V. When load increases, the nadir is 382.3 V, about
3.28%. Then, it recovers to 393.6 V quickly, which reduces
0.43%. When the load drops at t = 8 s, the voltage increases.
The overshoot is 397.0 V, which raises 0.86%. Then, it stabilizes
at 394.5 V, rising 0.21%. The voltage of DG5 also has small
changes.

Dynamics of generations and −μ are given in Fig. 7. At the
end of stage one (from 2 to 8 s), generations of MGs are 79.32,
63.60, 90, 81.82, 70.47, and 75.08 kW, respectively. At the end
of stage two (from 8 to 14 s), their values are 69.50, 55.46,
79.20, 70.97, 61.86, and 65.04 kW, respectively. Generations are
identical to those obtained by solving the centralized optimiza-
tion problem (implemented by the Matlab convex optimization
toolbox (CVX)). This result verifies the optimality of the pro-
posed method. −μi stands for the marginal cost of MG i, whose
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Fig. 8. Frequencies and generations under different/varying time de-
lays.

dynamic is given on the right part of Fig. 7. The marginal cost of
different MGs converges to the same value when the system is
stabilized, which indicates that the system operates in an optimal
state.

C. Random Time Delays

In practice, time delay always exists in the communication,
which is usually varying up to channel situations. This implies
that the time delay is random and cannot be known in advance. In
this section, we examine the impact of time-varying time delays.
Initially, all the time delays in communication are set as 20 ms.
Then, we intentionally increase the time delays on the channels
of MG1–MG2 and MG5–MG6. Additionally, we have the time
delays on these two channels varying in ranges [100 ms, 200 ms],
[200 ms, 500 ms], [500 ms, 800 ms], and [800 ms, 1000 ms],
respectively, while the delays on other channels remain 20 ms.
The frequency and generation dynamics of MG1 under different
scenarios are shown in Fig. 8. It is observed that the convergence
becomes slower and frequency overshoot is bigger with the
increase of time delays. However, the steady-state generations
are still exactly identical to the optimal solution, which verifies
the effectiveness of our controller under varying time delays.
This also reveals that the computed upper bound of time delay
is conservative.

D. Comparison With Synchronous Algorithm

In this section, we compare the performances of the asyn-
chronous and synchronous algorithms under imperfect commu-
nication. In the asynchronous case, the sampling rates of MGs
are set to the same as that in Section VII-B, and the time delay
varies between [500, 800] ms. The dynamics of MG1 with two
algorithms are shown in Fig. 9. With the synchronous algo-
rithm SDPD, the system remains stable after load perturbations.
However, the frequency nadir and overshoot deteriorate, and
the convergence becomes slower. The generation takes more
time to reach the optimal solution, with an obvious fluctuation.
The reason is that MGs have to wait for the slowest one in
the synchronous case. This result confirms the advantage of the
asynchronous algorithm.

VII. EXPERIMENTAL RESULTS

In this section, the proposed method is further verified on the
experimental platform using the dSPACE RTI 1202 controller,

Fig. 9. Dynamics of frequencies and generations under synchronous
and asynchronous cases.

Fig. 10. Experiment platform based on the dSPACE RTI 1202 con-
troller.

Fig. 11. Topology of the experiment system.

which is shown in Fig. 10. The experimental platform consists
of three inverters, one dSPACE RTI controller, one regular
load, one switchable load, and one host computer. The rated
voltage is 220 V and the maximal capacity of each inverter is
1760 W. Each inverter represents a DG. The system topology
is shown in Fig. 11. The breaker B0 is open, which implies
that the system operates in an isolated mode. The regular load
is connected at the bus of DG1 and the switchable load is
at the bus of DG2. Three DGs are connected to the ac bus
through impedances. Due to the physical limit, we have no
dc network. The communication topology is DG1 ↔ DG2 ↔
DG3 ↔ DG1. Parameters in the objective functions of each
inverter are a1 = 0.075, a2 = 0.06, a3 = 0.1, and bi = 0. In the
experiment, we have η = 0.1, n = 3. Then, χ < 7.794. The
maximal sampling period is 1 ms. Then, the maximal time delay
is 7.794 ms.
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Fig. 12. Dynamics of frequencies (left) and generations (right) in the
experiments. The computed power value of DG i is P g

i,ki+1
. In the right

part, the black line is the dynamics of P g
i,ki+1

, and the dotted lines are
real power of corresponding DGs.

Fig. 13. Comparison between RTASDPD and SDPD under different
time delays and sampling rates. When considering different time delays,
we test 10 ms and 20 ms delays, respectively. When considering dif-
ferent sampling rates, we decrease its value of DG3 from 5000 mHz to
2500 Hz and 1000 Hz, respectively. The dotted lines are results using
RTASDPD, and solid lines are results using SDPD.

The experimental scenario is: 1) at t = 20 s, the switchable
load is connected and 2) at t = 60 s, the switchable load is
disconnected. Then, each DG regulates its generation to balance
the power and restore the system frequency. The sampling rate
of the system is 5000 Hz. We set a 2-ms baseline delay for each
communication link. The frequency and generation dynamics
are given in Fig. 12. It is shown that the frequency nadir is 49.8 Hz
and recovers in 5 s after the load increase. From the right part
of Fig. 12, the actual power of each DG varies slightly around
its computed value. The computed power is P g

1 = 363.4 kW,
P g
2 = 454.3 kW, and P g

3 = 272.6 kW after the load increase,
which is optimal. This shows that the proposed method works
as predicted in the experiment.

The value of −μ obtained by asynchronous and synchronous
algorithms is given in Fig. 13. The left part shows the results
under different time delays, such as 10 ms and 20 ms. With the
increase of time delay, the convergence speed of each algorithm
reduces. However, the RTASDPD always converges faster than
SDPD under the same time delay. From the right part of Fig. 13,
we know that −μ converges in 20 s using RTASDPD after
the load change when the sampling rate of DG3 decreases to
2500 Hz. On the contrary, it does not converge even in 40 s in the
synchronous mode. In addition, when sampling rates decrease,
the convergence rate reduces for both cases. This shows that
the proposed controller converges faster when different kinds of
asynchrony exist.

VIII. CONCLUSION

In this article, we have addressed the information asynchrony
issue in the distributed economic dispatch of hybrid MGs. By
introducing a random clock, different kinds of asynchrony were
fitted into a unified framework. Based on this, we devised an
asynchronous algorithm with proof of convergence. We also pro-
vided an upper bound on the time delay. Furthermore, the real-
time implementation method of the asynchronous distributed
power control is provided in hybrid ac and dc MGs. In the
implementation, by using the frequency/voltage measurement,
the controller is simplified by reducing one order and can adapt to
the fast varying load demand. Experiment results and numerical
simulations confirm the superior performance of the proposed
methodology.

This article constructs a framework to design a distributed
controller under imperfect communication, which provides
many insights to transform the solution algorithm to a fixed-point
iteration problem with a nonexpansive operator. Then, the con-
vergence proof can be easily obtained. Asynchrony widely exists
in the control of multiagent systems. The proposed methodology
can also be extended to other related problems, such as voltage
control in power systems and energy control in multienergy
systems. Our future work includes the rigorous stability proof of
RTASDPD and application extensions of the proposed method.
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[35] A. P. Ruszczyński and A. Ruszczynski, Nonlinear optimization, vol. 13.
Princeton, NJ, USA: Princeton Univ. Press, 2006.

[36] Z. Peng, Y. Xu, M. Yan, and W. Yin, “Arock: An algorithmic framework for
asynchronous parallel coordinate updates,” SIAM J. Sci. Comput., vol. 38,
no. 5, pp. A2851–A2879, 2016.

[37] C. De Persis and N. Monshizadeh, “A modular design of incremental
Lyapunov functions for microgrid control with power sharing,” in Proc.
Eur. Control Conf., 2016, pp. 1501–1506.

[38] Z. Wang, F. Liu, S. H. Low, C. Zhao, and S. Mei, “Distributed frequency
control with operational constraints, Part II: Network power balance,”
IEEE Trans. Smart Grid, vol. 10, no. 1, pp. 53–64, Jan. 2019.

[39] Z. Wang, F. Liu, J. Z. F. Pang, S. H. Low, and S. Mei, “Distributed optimal
frequency control considering a nonlinear network-preserving model,”
IEEE Trans. Power Syst., vol. 34, no. 1, pp. 76–86, Jan. 2019.

[40] Z. Wang, W. Wu, and B. Zhang, “A distributed control method with min-
imum generation cost for DC microgrids,” IEEE Trans. Energy Convers.,
vol. 31, no. 4, pp. 1462–1470, Dec. 2016.

[41] X. Wu, C. Shen, and R. Iravani, “A distributed, cooperative frequency and
voltage control for microgrids,” IEEE Trans. Smart Grid, vol. 9, no. 4,
pp. 2764–2776, Jul. 2018.

[42] S. Papathanassiou et al., “A benchmark low voltage microgrid network,”
in Proc. CIGRE Symp., Power Syst. Dispersed Gener., 2005, pp. 1–8.

[43] X. Wu and C. Shen, “Distributed optimal control for stability enhancement
of microgrids with multiple distributed generators,” IEEE Trans. Power
Syst., vol. 32, no. 5, pp. 4045–4059, Sep. 2017.

Zhaojian Wang received the B.Sc. degree in
electrical engineering from Tianjin University,
Tianjin, China, in 2013, and the Ph.D. degree in
electrical engineering from Tsinghua University,
Beijing, China, in 2018.

From 2016 to 2017, he was a Visiting Ph.D.
Student at the California Institute of Technology,
CA, USA. From 2018 to 2020, he was a Post-
doctoral Scholar with Tsinghua University. His
research interests include power system stabil-
ity analysis, distributed control, and microgrid
planning.

Laijun Chen received the B.S. and Ph.D. de-
grees in electrical engineering from Tsinghua
University, Beijing, China, in 2006 and 2011,
respectively.

He is currently an Associate Professor with
Tsinghua University. His research interests in-
clude power system analysis and control and
renewable energy integration.

Feng Liu (Senior Member, IEEE) received the
B.Sc. and Ph.D. degrees in electrical engineer-
ing from Tsinghua University, Beijing, China, in
1999 and 2004, respectively.

He is currently an Associate Professor
with Tsinghua University. From 2015 to 2016,
he was a Visiting Associate with the Cali-
fornia Institute of Technology, CA, USA. He
has authored/coauthored more than 200 peer-
reviewed technical papers and two books, and
holds more than 20 issued/pending patents. His

research interests include stability analysis, optimal control, robust dis-
patch, and game theory based decision making in energy and power
systems.

Dr. Liu is an Associate Editor of several international journals includ-
ing IEEE TRANSACTIONS ON SMART GRID and IEEE PES Letter. He was
a Guest Editor of the IEEE TRANSACTIONS ON ENERGY CONVERSION.

Authorized licensed use limited to: University of Groningen. Downloaded on January 04,2021 at 13:45:42 UTC from IEEE Xplore.  Restrictions apply. 

https://doi.org/10.1016/j.automatica.2019.108538


WANG et al.: ASYNCHRONOUS DISTRIBUTED POWER CONTROL OF MULTIMICROGRID SYSTEMS 1973

Peng Yi received the B.E. degree in automation
from the University of Science and Technology
of China, Hefei, China, in 2011, and the Ph.D.
degree in operations research and cybernetic
from the Academy of Mathematics and Systems
Science, Beijing, China, in 2016.

He was a Postdoctoral Fellow at the Uni-
versity of Toronto, Canada from 2016 to 2017.
He was a Postdoctoral Associate at Washington
University in St. Louis, USA from 2017 to 2019.
He is currently a Professor with the Department

of Control Science and Engineering, Tongji University, Shanghai, China.
His research interest include multiagent systems, distributed optimiza-
tion, game theory, and autonomous robotics.

Ming Cao (Senior Member, IEEE) received the
bachelor’s and master’s degrees from Tsinghua
University, Beijing, China, in 1999 and 2002,
respectively, and the Ph.D. degree from Yale
University, New Haven, CT, USA, in 2007, all in
electrical engineering.

Since 2016, he has been a Professor of sys-
tems and control with the Engineering and Tech-
nology Institute (ENTEG), University of Gronin-
gen, Groningen, The Netherlands, where he
started as an Assistant Professor in 2008. From

September 2007 to August 2008, he was a Postdoctoral Research As-
sociate with the Department of Mechanical and Aerospace Engineering,
Princeton University, Princeton, NJ, USA. He was a Research Intern
during the summer of 2006 with the Department of Mathematical Sci-
ences, IBM T. J. Watson Research Center, Yorktown Heights, NY, USA.
His main research interests include autonomous agents, multiagent
systems, and complex networks.

Prof. Cao is the 2017 and inaugural recipient of the Manfred Thoma
medal from the International Federation of Automatic Control (IFAC) and
the 2016 recipient of the European Control Award sponsored by the
European Control Association. He is a Senior Editor for Systems and
Control Letters, and an Associate Editor for the IEEE TRANSACTIONS ON
AUTOMATIC CONTROL. He is a Vice Chair of the IFAC Technical Commit-
tee on Large-Scale Systems. His research interests include autonomous
agents and multiagent systems, mobile sensor networks, and complex
networks.

Sicheng Deng received the B.E. degree in elec-
trical engineering from Tsinghua University, Bei-
jing, China, in 2018, where he is currently work-
ing toward the Ph.D. degree in electrical engi-
neering.

His research interests include control of dis-
tributed generations and microgrids.

Shengwei Mei (Fellow, IEEE) received the B.S.
degree in mathematics from Xinjiang Univer-
sity, Urumuqi, China, the M.S. degree in oper-
ations research from Tsinghua University, Bei-
jing, China, and the Ph.D. degree in auto-
matic control from the Chinese Academy of
Sciences, Beijing, in 1984, 1989, and 1996,
respectively.

He is currently a Professor with the Depart-
ment of Electrical Engineering, Tsinghua Uni-
versity. His research interests include power

system analysis and control, robust control, and complex systems.

Authorized licensed use limited to: University of Groningen. Downloaded on January 04,2021 at 13:45:42 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


