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Abstract: This paper proposes a novel distributed secondary control of MGs for fast convergence
considering asynchronous sampling. With the employment of the algorithm, optimal power sharing
and voltage restoration are implemented simultaneously. First, the hierarchical control objectives
concerned with economic operation and voltage quality are introduced. Then, the execution process of
the fast convergence algorithm is described for weighted average state estimation, with the illustration
of corresponding features and the application in cooperative control. Further, the relevant stability
issue is discussed based on large-signal dynamic modeling and a sufficient stability condition is
derived based on the Lyapunov–Krasovskii theory. Our approach offers superior reliability, flexibility
and robustness because of the loose implementation in terms of its performance concern, which
is essential when the distributed consensus protocol is likely to yield toward deviation or even
instability under arbitrary sampling and delays. The effectiveness of the proposed methodology is
verified via simulations.

Keywords: arbitrary sampling; fast convergence; Lyapunov function; microgrid; secondary control

1. Introduction

With the increasing penetration of renewable energy resources, MGs have been mani-
fested as a promising integration of DGs, storages and loads within identifiable electrical
boundaries [1–3]. The appealing advantage of MG is that it can enter islanding mode in case
of spontaneous events, which facilities uninterrupted power supplies [4,5]. Endowed with
the superiorities of low complexity and high efficiency, the DC microgrid has a promising
future for extensive application, where a hierarchical control structure with droop control
installed in the primary control layer is commonly employed to ensure the stable and
efficient operation [6–8]. However, voltage deviations and inappropriate current sharing
caused by distinct output impedance are generally unavoidable in droop control.

Therefore, secondary control with the objective of system coordination is introduced
to compensate for the drawbacks in primary control. The centralized architecture was
adopted as an implementation pattern for cooperative control, where the collection and
calculation of global information is implemented utilizing a MGCC. However, the require-
ment of a complex communication network reduces its reliability [9,10]. Inspired by the
cooperative multi-agent technology, distributed secondary control has gained increasing
popularity, where each DG receives information from its neighbors via a sparse communi-
cation network [11]. The consensus protocol provides an effective approach for distributed
cooperative control based on the estimation and elimination of the disagreement across the
system, and has become a mainstream algorithm in current research [12–16]. Inspired by
the robust and optimal control theory, a new distributed control architecture was proposed
in [14], where cooperative control objectives can be realized in the presence of system
uncertainties. Based on the feedback linearization and Artstein transformation methods,
a novel distributed finite-time control scheme which is resilient to communication failures
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was proposed in [15]. With the assistance of a voltage sensitivity matrix in distributed
control, the power sharing performance was greatly improved, and transient states were
eliminated [16].

Essentially, the effectiveness of consensus-based cooperative control heavily depends
on the timely and accurate acquisition of both local and neighboring information, and
the update and sampling actions of individual DGs are assumed to be synchronous in
most of the existing literature. However, due to the absence of a global clock, the control
action of each DG will be triggered according to their local clocks, which would be diverse.
Hence, neighboring information from the current control instant could be unavailable and
the update action of each DG will be conducted based on the information received from
the latest sampling instants of their neighboring nodes. In this premise, asynchronization
manifested as sampling time offset occured [17–19], and this asynchronous issue would
lead to persistent information disorder, which in turn brings about convergence deviation
in consensus-based control on account of the erroneous estimation of the disagreement
value and could even lead to system divergency with the expansion of deviation [20–24].
The impact of this unfavorable factor mentioned above has been investigated in [17–22];
however, to the best of knowledge, this research addressed the stability issue based on
imposing restrictions on the upper bounds of sampling intervals and the approach to
alleviate the adverse consequences caused by asynchronous sampling is lacking research.

Motivated by the research gap mentioned above, this paper focuses on providing an
effective secondary control method to optimize the system performance in asynchronous
communication scenarios. The fast convergence algorithm is first applied in MG coopera-
tive control to implement the combination of secondary and tertiary control with a better
convergence performance. Further, the sufficient condition for the algorithm stability is
derived based on the Lyapunov function. The main contributions are listed below:

(1) The objectives of optimal load sharing and voltage restoration can be achieved si-
multaneously with a fast convergence rate due to indirect information acquisition
from nodes that are multiple hops away and the exclusion of repetitive information.
Further, the relevant stability issue is discussed.

(2) Compared with the consensus algorithm, the proposed algorithm shows a superior
robustness in cases of asynchronous execution.

(3) The optimal load sharing criteria is derived based on simplifying the problem into a
constrained extremum search of the objective function utilizing the Lagrange multi-
plier method.

The reminder of this paper is organized as follows: Section 2 introduces the hierarchi-
cal control and formulates the asynchronous problems. A novel secondary control scheme
is proposed in Section 3 with stability analysis elaborated in Section 4. Simulations are
provided in Section 5; conclusions are drawn in Section 6.

2. Problem Formulation
2.1. Control Objective

The hierarchical control structure for DC MG is presented in Figure 1, which is
equipped with two hierarchies to implement different control objectives.

Generally, droop control is utilized to generate the reference for the voltage and current
loops, which is formulated as

Vi = Vre f i − γiii, (1)

where ii can be measured using a low-pass filter with a cut-off frequency ωc:

.
ii = −ωcii + ωcioi, (2)
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Figure 1. Hierarchical control structure. 

Generally, droop control is utilized to generate the reference for the voltage and cur-
rent loops, which is formulated as 

i refi i iV V iγ= − , (1)

where ii can be measured using a low-pass filter with a cut-off frequency ωc: 

i c i c oii i iω ω= − + ,  (2)

On account of the diverse output resistances, the current sharing under droop control 
would be unsatisfactory. Generally, the desired allocation criteria for output currents can 
be expressed as γ1i1 = γ2i2 =…= γnin, i.e., DGs are supposed to share the load currents in-
versely proportional to the droop coefficient. However, taking the economic issue as a 
primary consideration, the optimal load sharing criteria is derived and applied in this pa-
per. The typical cost function of each distributed generation can be modeled as 

2( )i i i i i i iC i i iα β ρ= + + ,  (3)

Further, a constrained optimization problem can be formulated as an objective func-
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ducing a multiplier η: 
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Employing the first-order derivative approach, the equation follows that 
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Accordingly, the incremental cost can be defined as ηi(ii) = 2αiii + βi and the economic 
optimization condition (6) yields from (5): 
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Figure 1. Hierarchical control structure.

On account of the diverse output resistances, the current sharing under droop control
would be unsatisfactory. Generally, the desired allocation criteria for output currents can
be expressed as γ1i1 = γ2i2 = . . . = γnin, i.e., DGs are supposed to share the load currents
inversely proportional to the droop coefficient. However, taking the economic issue as
a primary consideration, the optimal load sharing criteria is derived and applied in this
paper. The typical cost function of each distributed generation can be modeled as

Ci(ii) = αii2i + βiii + ρi, (3)

Further, a constrained optimization problem can be formulated as an objective func-
tion: minC(ii) = ∑n

i=1 Ci(ii) with a network constraint on supply and demand balance:
∑n

i=1 ii = ∑nl
i=1 iLi = iD . The Lagrange multiplier method simplifies the aforementioned

problem to the extremum search of the following Lagrange function by virtue of introduc-
ing a multiplier η:

L =
n

∑
i=1

Ci(ii) + η(iD −
n

∑
i=1

ii), (4)

Employing the first-order derivative approach, the equation follows that

∂L
∂ii

= 2αiii + βi − ηi= 0, (5)

Accordingly, the incremental cost can be defined as ηi(ii) = 2αiii + βi and the economic
optimization condition (6) yields from (5):

η1(i1) = η2(i2) = · · · = ηn(in), (6)

i.e., the optimal operation can be achieved when the incremental costs of all DGs are
equal [25].

Considering the instinct tradeoff between power sharing and individual voltage
restoration, the average voltage across MG is expected to be regulated to the reference
so that all voltages can be maintained within an acceptable range; hence, an observer is
required for average voltage estimation without knowledge of global information.

Vi = Vi + ki3

∫ n

∑
j=1,j 6=i

aij(V j −Vi), (7)
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The secondary control selects input ui such that ηi→ηj, and Vi→Vref to guarantee
economic superiority and voltage restoration simultaneously.

2.2. Inconsistent Information Exchange in Consensus-Based Cooperative Control

For the sake of implementation, a discrete form of secondary control scheme is formu-
lated as

Vi(k) = Vre f i(k)− γiii(k) + ui(k)

uηi(k) = ki1Ti
n
∑

j=1,j 6=i
aij[ηj(k)− ηi(k)]

ui(k + 1)− ui(k) = uηi(k) + ki2Ti[Vre f −Vi(k)],

(8)

where aij = 1 suggests DGi receives information from DGj, otherwise aij = 0; the associated
Laplace matrix L can be defined as L = ∆ − Λ, where ∆ = diag(∆ii) with ∆ii = ∑j∈Niaii and
Λ = [aij].

The accuracy of the consensus-based control introduced above is greatly dependent
on the synchronicity of information interaction. However, as depicted in Figure 2, inher-
ent asynchronization is inevitable in the practical execution of distributed self-triggered
systems given the absence of a centralized synchronization clock and independent control
pattern of each DG, which is manifested as

.
xi(k) = εTi

n
∑

ρ=1,ρ 6=i
aρi[xρ(k− λij)− xi(k)]

.
xj(k) = εTj

n
∑

ρ=1,ρ 6=j
aρj[xρ(k− λij)− xj(k)],

(9)

in consensus protocol. Where ε represents the interaction strength between DGs.
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On account of the dependency of the consensus algorithm on information synchro-
nization, the system would ultimately converge to a consensus equilibrium deviated from
the accurate value as

∆cx = (u′ − u2)∆z, (10)

or even come to be unstable [26]. Where u1, u2 represents the left eigenvector correspond-
ing to the eigenvalue 1 of the matrix As (listed in the Appendix A) and the Laplacian
matrix, respectively;

u′ =
[
∑ u1(nk + 1), ∑ u1(nk + 2), . . . ∑ u1(nk + n)

]Tand ∆z = [∆z1, ∆z2, . . . , ∆zn]
T (11)

Essentially, the conventional consensus protocols assist in the achievement of sys-
tem cooperation based on disagreement estimation and elimination between local and
neighboring states and are valid only when the sampling intervals are restricted to be the
same.
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3. Fast Convergence Algorithm
3.1. Cooperative Control Using Fast Convergence Algorithm

Recalling the control objectives discussed in Section 2, the implementation of system
cooperation requires both consistent incremental costs and average voltage restoration.
If the unweighted average of incremental costs are defined as η, i.e., η = ∑n

i=1 ηi/n, then
the objective of identical incremental costs can be equivalently converted to achieving the
equilibrium where the incremental cost of each DG is equal to the average value η.

On this basis, in view of the challenges of asynchronous sampling and time delays
in the distributed consensus control, the fast convergence algorithm [27] is utilized in
secondary control. In the algorithm, the dynamic state yi and the weight wi are designated
as the inputs, where wi is set to 1 for each DG in the unweighted average estimation
required by cooperative control; two intermediate variables s̃i, x̃i denoting the sum of
the scales and scaled states, respectively, are introduced to assist the calculation of the
estimated average value x̂i, which comes to be the output, and two new variables si→j,
xi→j are defined to be the scale and scaled average state estimation transmitted from the
ith node to the jth node and will be initialized to si→j(0) = ωi and xi→j(0) = yi, respectively.
The iterative execution of the algorithm is presented in Algorithm 1.

Algorithm 1: Fast convergence algorithm

Input: yi and wi are designated as the inputs.
Output: The average estimation of yi denoted as x̃i is the output.
For the kth iteration of the ith DG, execute the following calculation:

s̃i(k + 1) = wi + ∑
j∈Ni

sj→i(k), (12a)

x̃i(k + 1) = wiyi + ∑
j∈Ni

sj→i(k)xj→i(k), (12b)

x̂i(k + 1) = x̃i(k+1)
s̃i(k+1) (12c)

Then, for each neighbor of the ith DG, calculate the following information:
si→j(k + 1) = s̃i(k + 1)− sj→i(k), (12d)

xi→j(k + 1) = x̃i(k+1)−sj→i(k)xj→i(k)
s̃i(k+1)−sj→i(k)

(12e)

and transmit them to the jth DG.

For the ith node, the detailed execution of average incremental cost or voltage estima-
tion conducted per iteration is illustrated as follows, which consists of three steps:

Step 1: Calculate the auxiliary variables s̃i, x̃i based on information sampled locally
and received from neighbors, which represents all information known by the ith node.

Step 2: Estimate the average value of the incremental cost ηi or voltage Vi using the
auxiliary variables derived in Step 1.

Step 3: For any j ∈ Ni, calculate the information to be transmitted from the ith DG to
the jth DG in preparation for the next iteration, which includes all information known by
the ith DG except for those acquired from the jth DG.

As can be deduced from the above steps, in the first iteration of each DGi, average
estimation is conducted based on the limited knowledge of the neighboring states and
the form of the proposed algorithm is consistent with the consensus algorithm, whereas
information of DGs that are one more hop away from DGi will be accessible in each of the
following iterations; thus, accurate average estimation can be implemented with states of
all DGs acquired within finite iterations. Subsequently, the average incremental cost or
voltage estimated by each DG will converge to the accurate unweighted average value
gradually, that is:

η̂i =
ηi
n

, V̂i =
Vi
n

(13)

Accordingly, the optimal current sharing controller can be designed as:

uηi(k) = ki1Ti[η̂i(k)− ηi(k)] (14)
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While as for the voltage regulation control, the dynamic consensus problem is involved
and the controller can be established based on the deviation between the average and
nominal value of output voltage; hence, the integrated control input can be ultimately
formulated as:

ui(k + 1)− ui(k) = uηi(k) + ki2Ti[Vre f − V̂i(k)] (15)

The concrete implementation structure of the cooperative control is depicted in
Figure 3.
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3.2. Remarks of Algorithm

Convergence: Benefiting from the efficient information transmission, the fast conver-
gence rate can be achieved using the proposed algorithm. Provided the ith node is reachable
to the jth node through (dij−1) intermediate nodes in the communication topology and the
farthest distance between two nodes is d = max(dij), then it can be concluded that global
information can be broadcast to each node after d iterations, implying the system will
converge asymptotically after at least d iterations. Compared with the limited knowledge
of neighboring information by each node in the consensus algorithm, the information
interaction efficiency is greatly improved. Additionally, information derived from one
node will not be sent back to it again from any neighbors, indicating the avoidance of
repetitive data transmission, which further contributes to the fast convergence performance
of the proposed algorithm.

Asynchronous implementation: Another attractive feature of the algorithm is its adap-
tation to asynchronous sampling situations. In this case, initial information yi, wi of each
node i will be transmitted to its neighbors at its local control instant, with the time index of
the ith DG denoted as ki incremented. Then, local average estimation and calculation of
si→j(ki), xi→j(ki) will be conducted once information from all the neighbors of the ith DG
has been received. During the process, the correctness of data is guaranteed. In contrast
to the strict requirement for the accurate measurement of disagreement between local
and neighboring states from the same timeslot in consensus algorithm, the convergence
of the proposed algorithm relies on the accessibility of global information, which can be
implemented ultimately through the aforementioned asynchronous execution, only taking
a longer period.
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4. Stability Analysis

In this section, the sufficient stability condition for the proposed control scheme is
derived based on the large-signal dynamic model.

The large-signal dynamic model for the system is first established, which consists of
an inverter, network and loads.

Considering that the voltage and current loop possesses much faster dynamics com-
pared with the power loop, the inverter can be modeled as follows, while ignoring the
dynamics of the double-loop:

Vi(k) = Vre f i − γiii(k) + ui(k), (16)

ui(k + 1)− ui(k) = ki1Ti[η̂i(k)− ηi(k)] + ki2Ti[Vre f − V̂i(k)], (17)

where the estimated average states can be obtained based on the control scheme proposed
in Section 3. A:

S̃v(k + 1) = 1 + ASv(k), (18)

X̃v(k + 1) = V(k + 1) + A·[
P

∑
k=1

Ik·(Xv(k)·Sv(k)
T)·Ik]·E, (19)

Sv(k + 1) = BS̃v(k+1)− CXv(k), (20)

Xv(k + 1) = [
P

∑
k=1

Ik·(Xv(k + 1)·ET)·Ik]

−1

·[B·Xv(k + 1)− C·(
P

∑
k=1

Ik·(Xv(k)·Sv(k)
T)·Ik)·E], (21)

V̂(k + 1) = [
P

∑
k=1

Ik·(S̃v(k + 1)·ET)·Ik]

−1

·X̃v(k + 1), (22)

V(k + 1) = V(k) +
R
α
[η(k)− η(k + 1)] + k1T[η(k)− η(k)] + k2T[Vre f − V̂(k)], (23)

S̃η(k + 1) = 1 + ASη(k), (24)

X̃η(k + 1) = η(k + 1) + A·[
P

∑
k=1

Ik·(Xη(k)·Sη(k)
T)·Ik]·E, (25)

Sη(k + 1) = BS̃η(k+1)− CSη(k), (26)

Xη(k + 1) = [
P

∑
k=1

Ik·(Xη(k + 1)·ET)·Ik]

−1

·[B·Xη(k + 1)− C·(
P

∑
k=1

Ik·(Xη(k)·Sη(k)
T)·Ik)·E], (27)

η̂(k + 1) = [
P

∑
k=1

Ik·(S̃η(k + 1)·ET)·Ik]

−1

·X̃η(k + 1), (28)

where S̃, X̃ are vectors composed of the intermediate state variables of all DGs, while S,
X are vectors regarding the scale and scaled average value, with the subscript η and v
corresponding to the load sharing control and voltage restoration control, respectively;
η̂ = [η̂1, η̂2, · · · η̂n]

T , V̂ = [V̂1, V̂2, · · · V̂n]
T , η = [η1, η2, . . . , ηn]T, V = [V1, V2, . . . , Vn]T are

the estimated and actual average voltage and incremental cost vectors and A, B, C, E, Ik are
matrices listed in the Appendix A; 1 = [1,1, . . . ,1]T.

Accordingly, η can be calculated by:

ηi(k + 1) = αii(k + 1) + β (29)
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Supposing n DGs are connected through the network displayed in Figure 4, the output
current can be then expressed as:

i = Y(V −Vb), (30)

where i = [i1, i2, . . . , in]T, V = [V1, V2, . . . , Vn]T, and Vb = [Vb1, Vb2, . . . , Vbn]T denotes the
bus voltage; and Y = diag(yi), where yi is the output admittance of the ith DG.
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Based on the node voltage equation, it yields

ysiVbi = yline(i−1)Vb(i−1) + ylineiVb(i+1) + yiVi, (31)

where ysi = ylinei + yline(i−1) + yi + yloadi with ylinei and yloadi representing the line and load
admittances, respectively.

Therefore, the relationship between output current and voltage can be established as:

i = Y′V, (32)

where Y′ is the admittance matrix as shown in the Appendix A.
Combing (2) and (16)~(32), the large-signal dynamic model of overall system can be

arranged in a compact form
z(k + 1) = f (z(k)), (33)

where z = [S̃v, X̃v, V̂, V, S̃η , X̃η , η̂, η]T.
Then, we will give the sufficient convergence condition for the system in (33).

Theorem 1. The system will convergence asymptotically as long as the following inequality holds:

J′(z0)·J′(z0)T < 0 (34)

where J′(z0) = (J(z0) − I)/T with I representing the identity matrix and J representing the Jacobi
matrix of f(z), which can be derived as

J =
∂ f (z)
∂zT =

[
J1 J2 J3 J4 J5 J6 J7 J8

]T (35)

with J1 = [B·A-C 0 0 0 0 0 0 0]; J2 = [J21 J22 0 0 0 0 0 0] + H1J4; J3 = [J31 J32 0 0 0 0 0 0] + H2J4;
J4 = [0 0 -k2T·I I-ωcγY′ 0 0 k1T·I H3-k1T·I]; J5 = [0 0 0 B·A-C 0 0 0 0]; J6 = [0 0 0 0 J61 J62 0 0] + H4J8;
J7 = [0 0 0 0 J71 J72 0 0] + H5J8 and J8 = [0 0 0 -ωcTαY′ 0 0 0 (1-ωcT)I], where γ = diag(γi)
and α = diag(αi), J21, J22, J31, J32, J61, J62, J71, J72, H1, H2, H3, H4, H5 are matrices given in the
Appendix A.
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Proof. First, (33) can be rewritten as:

z(k + 1)− z(k)
T

=
f (z(k))− z(k)

T
(36)

Accordingly, its continuous counterpart can be derived as

.
z =

f (z)− z
T

(37)

Consider the Lyapunov function V(z)=
.

V(z) =
.
zT .

z and the derivative of V(z) can be
expressed as

.
V(z) =

( .
f (z)− .

z
T

)T

· .z + .
zT ·

 .
f

T
(z)− .

z
T

 (38)

According to the derivation rule of complex functions, the following equation holds
for the time derivative of f (z):

.
f (z) =

∂ f (z)
∂zT ·

∂z
∂t

= J· .z (39)

Substituting (39) to (38), the derivative of V(z) can be rearranged to the form as (40):

.
V(z) =

[(
J − I

T

)
· .z
]T

.
z +

.
zT
[(

J − I
T

)
· .z
]
=

.
zT
[

J′T ·J′
] .
z (40)

Given the condition that J′ is negative definite, it can be deduced from (40) that
.

V(z) is negative definite, leading to the conclusion that the system will come to be stable
asymptotically. �

5. Simulation Results

Case studies are carried out to verify the effectiveness of the proposed secondary
control using the test MG as shown in Figure 5, where five DGs with identical rating and
three loads are connected to the voltage bus. The system and control parameters are listed
in Table 1.
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Table 1. Network and control parameters.

Parameter Value Parameter Value

MG voltage 800 V Generation Cost Coefficient

DG power ratings α1/α2/α3/α4/α5 0.08/0.08/0.08/0.06/0.06

P1, P2, P3, P4, P5 30 kW β1/β2/β3/β4/β5 1.42/1.42/1.42/0.96/0.96

Voltage droop coefficient Connection and load parameter

γ1, γ2, γ3, γ4, γ5 0.8 V/A R1/R2/R3 0.15 Ω/0.30 Ω/0.40 Ω

Control parameters R4/R5 0.25 Ω/ 0.20 Ω

ki1/ki2/ki3 6/10/3 rload1/rload2/rload3 25 Ω/20 Ω/30 Ω

5.1. Conventional Performance

The performance of the proposed scheme is compared with the consensus protocol
under a unified sampling period T = 0.01 s. The MG is initially controlled by droop control,
and the cooperative secondary control is activated at t = 3 s, with an additional load (10 kW)
attached to the bus at t = 7 s. The corresponding active powers, output voltages and
incremental costs are shown in Figure 6b. For comparison with the distributed consensus
control, the MG is operated with the same controller gains and communication topology,
with the results shown in Figure 6a. As shown in both Figure 6a,b, the inappropriate power
sharing and voltage deviation emerge initially due to droop characteristics. After the
activation of secondary control, expected load sharing and voltage restoration are achieved
and can be maintained in spite of the increase or decrease in the load. Nevertheless, the
transient process in Figure 6a takes a much longer time than Figure 6b. With a further
enlargement of the sampling period to 0.05 s, the system installed with consensus-based
cooperative controller fails to remain stable, due to the growing oscillation in the curves in
Figure 7a. By contrast, the active powers and voltages in Figure 7b show a slight fluctuation
and comes to be stable rapidly, which indicates that the proposed algorithm has a superior
robustness to sampling periods.
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using different algorithms. (a) Consensus algorithm. (b) Fast convergence algorithm.

5.2. Arbitrary Sampling

The asynchronous consensus concern that is inherent in distributed control is inves-
tigated in this case. Due to the absence of a centralized clock, uncertainties inevitably
occur and are assumed to be within ±10%Ti on the basis of the individual sampling pe-
riods T1 = 0.05 s, T2 = 0.01 s, T3 = 0.02 s, T4 = 0.06 s, T5 = 0.07 s, with associated arbitrary
sampling intervals shown in Figure 8 [28]. Simulation results in this case are displayed
in Figure 9, from which it can be observed that the system under the consensus protocol
is obviously unstable and the system with the proposed control remains stable due to
decaying oscillations. Therefore, the proposed control scheme demonstrates excellent
robustness to arbitrary sampling compared with the conventional consensus algorithm
because of its inherent asynchronous implementation, elaborated in Section 3. On the other
hand, considering the maximum allowable sampling interval T = 0.05 s in the synchronous
case, the communication cost can be reduced drastically by 28.57% from the perspective
of DG5.
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5.3. Discussion

As can be deduced from Figure 6, economic load sharing and voltage restoration can be
achieved simultaneously with a faster convergence rate using the proposed control strategy,
indicating the proposed scheme is effective and has a loose constraint on communication
topology for better convergence performance. Moreover, based on comparison between
Figure 7a,b, it can obviously be seen that the proposed control strategy enjoys enhanced
stability in the case of large sampling intervals, which would contribute to lower controlling
cost. Ultimately, the better robustness to arbitrary sampling of the proposed scheme is
demonstrated by Figure 9. In conclusion, the secondary control method proposed in this
paper shows great superiority compared with conventional consensus-based secondary
control, and can be well integrated with the existing hierarchical control strategies [29–31].

6. Conclusions

In this paper, a novel algorithm which addresses the average consensus problem
with higher transmission efficiency is introduced and applied in cooperative control of
microgrids. Employing the approach of the Lyapunov function, the sufficient stability



Processes 2021, 9, 971 13 of 17

condition for the algorithm is derived. Comparative study has revealed the superiority of
the algorithm over the consensus algorithm in terms of convergence rate and its adaptability
to the arbitrary sampling case.
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Nomenclature

Vi output reference voltage
Vrefi nominal voltage
γi droop coefficient
ii output current
ioi instantaneous current
αi, βi, ρi related coefficients of the cost function
ηi incremental cost
Vi average voltage estimated by the ith DG
ui secondary control input
Ti local sampling interval of the ith DG
ki1, ki2, ki3 integral gains
iLi the ith load current
iD the total load demand
wi weight in the average calculation
yi dynamic state
η weighted average incremental cost
si→j scale
xi→j scaled average state estimation
s̃i sum of the scales
x̃i sum of the scaled states
x̂i estimated average value

Abbreviations

DG Distributed generations
MG Microgrids
MGCC Microgrid centralized controller

Appendix A

Suppose that pij is the total number of possible sampling instant offsets during infor-
mation transmission from the jth DG to ith DG.

As =

[
A1

In·rmax×n·rmax [0]n·rmax×n·h

]
n·(h+rmax)×n·(h+rmax)
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where

A1 =

 C′n×n·(h+rmax)
...

C′n×n·(h+rmax)


n·h×n·(h+rmax)

,

I is the identity matrix and

C′ =
[
[0]n×n·(h−1) Hn×n Wn×n·rmax

]
n×n·(h+rmax)

with

Hn×n =


1− εT1

εT1
p12

· · · εT1
p1n

εT2
p21

1− εT2 · · · εT2
p2n

...
...

. . .
...

εTn
pn1

εTn
pn2

· · · 1− εTn


n×n

;

W(i, n·(m− 1) + j) =

{
εTi
pij

i f∃k ∈ [1, pij], rij,k = m

0 otherwise

The vectors of state variables can be expressed as:

s̃v = [s̃v1, s̃v2, · · · , s̃vn]
T , x̃v = [x̃v1, x̃v2, · · · , x̃vn]

T , s̃η =
[
s̃η1, s̃η2, · · · , s̃ηn

]T , x̃η =
[
x̃η1, x̃η2, · · · , x̃ηn

]T ,
η̂ = [η̂1, η̂2, · · · , η̂n]

T , V̂ =
[
V̂1, V̂2, · · · , V̂n

]T , η = [η1, η2, . . . , ηn]T , V = [V1, V2, . . . , Vn]T ,
Sv =

[
sv1→q1(1), . . . , sv1→q1(p1), sv2→q2(1), . . . , sv2→q2(p2), . . . , svn→qn(1), . . . , svn→qn(pn)

]
T ,

xv =
[

xv1→q1(1), . . . , xv1→q1(p1), xv2→q2(1), . . . , xv2→q2(p2), . . . , xvn→qn(1), . . . , xvn→qn(pn)

]
T ,

sη =
[
sη1→q1(1), . . . , sη1→q1(p1), sη2→q2(1), . . . , sη2→q2(p2), . . . , sηn→qn(1), . . . , sηn→qn(pn)

]
T ,

xη =
[

xη1→q1(1), . . . , xη1→q1(p1), xη2→q2(1), . . . , xη2→q2(p2), . . . , xηn→qn(1), . . . , xηn→qn(pn)

]
T .

Define the set of neighbors of the ith DG as Ni = {qi(1), qi(2), . . . , qi(pi)} and the degree
of the ith DG can be expressed as pi = ∑jaij The coefficient matrices of the algorithm can be
expressed as:

A(i, j) =

 1 i f j =
m−1
∑

k=1
pk + l, where qm(l) = i

0 otherwise
; B(i, j) =

 1 i f
j−1
∑

k=1
pk < i ≤

j
∑

k=1
pk

0 otherwise

C(i, j) =


1

i f i =
m1−1

∑
k=1

pk + l1, j =
m2−1

∑
k=1

pk + l2,

where m2 = qm1(l1), m1 = qm2(l2)
0 otherwise

; Ik(i, j) =
{

1 i f i = j = k
0 otherwise

The matrices in Jacobi matrix can be derived as:

H1(i, j) =

 1
1+∑ ijs′v

i f
j−1
∑

k=1
pk < i ≤

j
∑

k=1
pk

0 otherwise

∑ ijs′v =
P

∑
h=1

σihsv(h); ∑ ijsv·xv
′ =

P

∑
h=1

σihsv(h)xv(h); σih =


1

i f i =
m1−1

∑
k=1

pk + l1 where qm1(l1) = m2;

h =
δ−1
∑

k=1
pk + l2, qδ(l2) = m1 and δ 6= m2

0 otherwise
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J31(i, j) =


xv(j)(1+∑ isv)−(V(i)+∑ isv ·xv)

(1+∑ isv)
2

i f j =
m−1
∑

k=1
pk + l

where qm(l) = i
0 otherwise

J32(i, j) =

 sv(j)
1+∑ isv

i f j =
m−1
∑

k=1
pk + l where qm(l) = i

0 otherwise
; H2(i, j) =

{
1

1+∑ isv
i f j = i

0 otherwise
;

∑ isv =
P

∑
h=1

µihsv(h); ∑ isv·xv =
P

∑
h=1

µihsv(h)xv(h); µih =

 1 i f h =
δ−1
∑

k=1
pk + l and qδ(l) = i

0 otherwise

H3 =


γ1
α1

ωcT 0 · · · 0

0 γ2
α2

ωcT
. . .

...
...

. . . . . . 0
0 · · · 0 γn

αn
ωcT

; H4(i, j) =

 1
1+∑ ijs′η

i f
j−1
∑

k=1
pk < i ≤

j
∑

k=1
pk

0 otherwise

∑ ijs′η =
P

∑
h=1

σihsη(h); ∑ ijsη ·xη
′ =

P

∑
h=1

σihsη(h)xη(h); J71(i, j) =


xη(j)(1+∑ isη)−(η(i)+∑ isη ·xη)

(1+∑ isη)
2

i f j =
m−1
∑

k=1
pk + l

where qm(l) = i
0 otherwise

H5(i, j) =

{
1

1+∑ isη
i f j = i

0 otherwise
; ∑ isη

=
P

∑
h=1

µihsη(h); ∑ isη
·xη =

P

∑
h=1

µihsη(h)xη(h)

J72(i, j) =


sη(j)

1+∑ isη
i f j =

m−1
∑

k=1
pk + l where qm(l) = i

0 otherwise

J21(i, j) =


xv(j)(1+∑ ijs′v)−(V(m1)+∑ ijsv ·x′v)

(1+∑ ijs′v)
2 i f i =

m1−1
∑

k=1
pk + l1, j =

m3−1
∑

k=1
pk + l3, where m2 = qm1(l1), m1 = qm3(l3), m3 ∈ Nm1\{m2}

0 otherwise

J22(i, j) =

 sv(j)
1+∑ ijs′v

i f i =
m1−1

∑
k=1

pk + l1, j =
m3−1

∑
k=1

pk + l3, where m2 = qm1(l1), m1 = qm3(l3), m3 ∈ Nm1\{m2}

0 otherwise

J61(i, j) =


x(j)(1+∑ ijs′η)−(η(m1)+∑ ijsη

·x′η)

(1+∑ ijs′η)
2 i f i =

m1−1
∑

k=1
pk + l1, j =

m3−1
∑

k=1
pk + l3, where m2 = qm1(l1), m1 = qm3(l3), m3 ∈ Nm1\{m2}

0 otherwise

J62(i, j) =


sη(j)

1+∑ ijs′η
i f i =

m1−1
∑

k=1
pk + l1, j =

m3−1
∑

k=1
pk + l3, where m2 = qm1(l1), m1 = qm3(l3), m3 ∈ Nm1\{m2}

0 otherwise
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microgrid secondary control considering a communication time delay. IEEE Trans. Ind. Electron. 2016, 63, 6257–6269. [CrossRef]

23. Duan, J.; Chow, M. Robust consensus-based distributed energy management for microgrids with packet losses tolerance. IEEE
Trans. Smart Grid 2020, 11, 281–290. [CrossRef]

24. Atay, F.M. Consensus in networks under transmission delays and the normalized Laplacian. IFAC Proc. Vol. 2010, 43, 277–282.
[CrossRef]

25. Lai, J.; Lu, X.; Yu, X.; Monti, A.; Zhou, H. Distributed voltage regulation for cyber-physical microgrids with coupling delays and
slow switching topologies. IEEE Trans. Syst. Man Cybern. Syst. 2020, 50, 100–110. [CrossRef]

26. Du, Y.; Tu, H.; Yu, H.; Lukic, S. Accurate consensus-based distributed averaging with variable time delay in support of distributed
secondary control algorithms. IEEE Trans. Smart Grid 2020, 11, 2918–2928. [CrossRef]

27. Xie, K.; Cai, Q.; Zhang, Z.; Fu, M. Distributed algorithms for average consensus of input data with fast convergence. IEEE Trans.
Syst. Man Cybern. Syst. 2021, 51, 2653–2664. [CrossRef]

28. Guo, G.; Ding, L.; Han, Q.L. A distributed event-triggered transmission strategy for sampled-data consensus of multi-agent
systems. Automatica 2014, 50, 1489–1496. [CrossRef]

http://doi.org/10.1109/TCST.2015.2420622
http://doi.org/10.1109/TCST.2016.2583378
http://doi.org/10.1109/TIE.2014.2367456
http://doi.org/10.1109/TSG.2019.2937366
http://doi.org/10.1109/JSYST.2011.2162924
http://doi.org/10.1109/TSG.2016.2524688
http://doi.org/10.1109/TPEL.2014.2324579
http://doi.org/10.1109/TSG.2019.2910190
http://doi.org/10.1109/TSTE.2014.2313765
http://doi.org/10.1109/TSG.2014.2357179
http://doi.org/10.1109/TPEL.2020.2972321
http://doi.org/10.1049/iet-rpg.2019.0983
http://doi.org/10.1109/TIE.2019.2907507
http://doi.org/10.1109/TIE.2018.2840506
http://doi.org/10.1109/TSG.2018.2808467
http://doi.org/10.1109/TSG.2018.2835811
http://doi.org/10.1109/TCSI.2015.2451792
http://doi.org/10.1109/TCSI.2018.2833166
http://doi.org/10.1109/TSG.2017.2788042
http://doi.org/10.1109/TPWRS.2017.2782243
http://doi.org/10.1109/TIE.2016.2581155
http://doi.org/10.1109/TSG.2019.2921231
http://doi.org/10.3182/20100607-3-CZ-4010.00050
http://doi.org/10.1109/TSMC.2019.2924612
http://doi.org/10.1109/TSG.2020.2975752
http://doi.org/10.1109/TSMC.2019.2914385
http://doi.org/10.1016/j.automatica.2014.03.017


Processes 2021, 9, 971 17 of 17

29. Baghaee, H.R.; Mirsalim, M.; Gharehpetian, G.B. Real-time verification of new controller to improve small/large-signal stability
and fault ride-through capability of multi-DER microgrids. IET Gener. Transm. Distrib. 2016, 10, 3068–3084. [CrossRef]

30. Baghaee, H.R.; Mirsalim, M.; Gharehpetian, G.B.; Talebi, H.A. Unbalanced harmonic power sharing and voltage compensation of
microgrids using radial basis function neural network-based harmonic power-flow calculations for distributed and decentralised
control structures. IET Gener. Transm. Distrib. 2018, 12, 1518–1530. [CrossRef]

31. Baghaee, H.R.; Mirsalim, M.; Gharehpetian, G.B. Power calculation using RBF neural networks to improve power sharing of
hierarchical control scheme in multi-DER microgrids. IEEE J. Emerg. Sel. Top. Power Electron. 2016, 4, 1217–1225. [CrossRef]

http://doi.org/10.1049/iet-gtd.2016.0315
http://doi.org/10.1049/iet-gtd.2016.1277
http://doi.org/10.1109/JESTPE.2016.2581762

	Introduction 
	Problem Formulation 
	Control Objective 
	Inconsistent Information Exchange in Consensus-Based Cooperative Control 

	Fast Convergence Algorithm 
	Cooperative Control Using Fast Convergence Algorithm 
	Remarks of Algorithm 

	Stability Analysis 
	Simulation Results 
	Conventional Performance 
	Arbitrary Sampling 
	Discussion 

	Conclusions 
	
	References

