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Abstract: Enabling energy exchange among multiple dc microgrids (MGs) and adjusting the
current outputs of all converters proportional to their power capacities can significantly improve
power supply reliability as well as effectively avoid overloaded or uncertainty. By dividing
all converters within each dc MG cluster into the leader-converters and follower-converters
according to their physical cluster topology structure, the leader and follower control layers are
respectively formulated. Then a droop-based two-layer cooperative strategy is developed, under
which the weighted average voltage of all converters can be regulated to their rated references,
meanwhile, the accurate current sharing can be simultaneously realized not only within each dc
MG but also among multiple dc MG clusters. All controllers are fully distributed and can be
applied in all sparse two-layer cyber networks, control time constant related sufficient conditions
are also derived to ensure the whole system stability. The effectiveness of the results are verified
through different cases in MATLAB/SimPowerSystems.
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1. INTRODUCTION

Recent years have witnessed much attention to dc MGs
due to their increased efficiency in delivering power and
flexibility for the integration of power sources with dc
nature (e.g., photovoltaic and battery energy storage sys-
tems). As one of the major control objectives, proper volt-
age regulation while satisfying the proportional current
sharing among all converters, i.e., power allocation among
converters based on their current ratings, within each dc
MG is of paramount value [Yu (2016)].

Among all the vast hierarchical control approaches [Guer-
rero (2011)], droop control, as a local and communication-
free method, is widely adopted to realize the mentioned
two control objectives in a decentralized manner, although
it is inherently incapable of achieving accurate curren-
t sharing and voltage regulation simultaneously [Zhong
(2011), Huang (2015), Lai (2016)]. Thus distributed sec-
ondary controls generally need to be implemented to e-
liminate the previous control deviations, respectively due
to its better robustness against the single point failure
and control performance to invoke system sources than
the centralized and decentralized ones [Lu (2018)].

Recently, many distributed secondary control methods for
single dc MGs have been proposed, including the voltage
regulation [Farag (2012), Dam (2018)], current sharing
[Tucci (2018), Guo (2018), Cucuzzella (2018)], and the
stability analysis in the situation of communication delay
[Dong (2019)] and switching communication network [Lai
(2019)]. While a number of neighbouring single dc MGs
are prone to being connected in a certain region due to
the large-scale development of the dc MGs. Whenever

some dc MGs have an excess of power while others have
a need for power, it might be beneficial for these dc
MGs (and their consumers) to exchange energy with one
another instead of requesting it from the main grid. This
energy exchange between nearby dc MGs can not only
significantly reduce the amount of power that is wasted
during the transmission over the distribution lines, but
also enhance the autonomy of the MG system while
reducing the demand and reliance on the main grid.

It is thus of interest to devise a cooperative strategy to
enable such a local energy trade between dc MG clusters
that are in need of energy, nevertheless, controlling the
energy exchange among multiple dc MG clusters has not
received sufficient attention yet. So far the associated
cooperative approaches on multiple MG clusters include
the tie-line current and the loading data-based voltage
reference regulation methods for multiple dc MG clusters
[Shafiee (2014), Moayedi (2016)], the cooperative strategy
for grid-connected ac MGs [Maknouninejad (2012)], and
the droop-based power management and cluster-oriented
accurate power sharing strategies for multiple ac MG clus-
ters [Nutkani (2013), Lu (2018), Lai (2019)]. To this end,
multiple dc MG cluster-oriented cooperative strategies for
regulating the system voltage and the current sharing of
the electronically-interfaced converters are necessary for
reliable operation of multiple dc MG clusters.

Taking into account all the aforementioned problems, this
paper develops a droop-based two-layer cooperative s-
trategy, consisting of the leader-converter control (LCC)
scheme and the follower-converter control (FCC) scheme,
for multiple dc MG clusters. The converters near some crit-
ical points (e.g., the downstream point in a feeder or the
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sampling point of the underload transformer tap changer)
within each dc MG cluster are selected as the leader-
converters located in the upper control layer, whereas
others as the follower-converters located in the lower con-
trol layer. The FCC scheme enables all follower-converters
within each dc MG cluster to track the operation states
of their respective leader-converter, which are then driven
to the expected reference states by the LCC scheme. Then
all the state errors across the two-layer cyber network are
fed back to the primary control process so as to adjust all
converters’ voltage nominal set-points. The main contri-
butions are as follows.

(i) Different from most existing current sharing methods
[Tucci (2018), Guo (2018), Cucuzzella (2018)], this paper
designs the two-layer voltage estimators, through which
the voltage estimates of all follower-converters within each
MG cluster can be synchronized to that of their respective
leader-converters, simultaneously the voltage estimates of
all leader-converters can be driven to the rated voltage
reference. Then all converters’ voltages can be finally
converged to an acceptable range, which in turn leads to
the realization of accurate current sharing not only within
each MG cluster but also among multiple MG clusters.

(ii) The proposed strategy enables the energy exchange
among multiple MG clusters, generally occurred in the
tertiary control process, to be completed only through sec-
ondary control by directly feeding back the current sharing
mismatches across the leader and follower control layers
into the primary control. The associated time consumption
of energy exchange can be significantly reduced, which
becomes much apparent for MG clusters containing a
large amount of heterogenous converters [Apostolopoulou
(2014)]. Thus, the results are different from most works on
islanded dc MGs [Farag (2012), Dam (2018)] and dc MG
clusters [Shafiee (2014), Moayedi (2016)].

(iii) Different from the existing results [Huang (2015),
Nasirian (2016), Dong (2019)], by using the tools of
algebraic graph theory and special matrix theory, the
whole system stability can be guaranteed as long as the
control time constant of the follower-converters is less than
that of the leader-converters. It reflects the fact that the
energy flow within each MG cluster change faster than that
among multiple MG clusters, which further indicates that
the established sparse two-layer cyber network well fits the
physical cluster topology structure of the multiple dc MGs.
Besides the faster convergence performance compared to
existing single-layer networks [Lai (2016), Lu (2018)], the
proposed strategy enables the distributed power transfer
among MG clusters to avoid overloaded or uncertainty.

The remaining part is organized as follows. Sec. II formu-
lates the two-layer cyber network, and the main cooper-
ative strategy and the stability analysis are presented in
Sec. III, which will be verified by simulations given in Sec.
IV. Sec. V finally concludes this paper.

Throughout this paper let IN be the N × N identity
matrix, ⊗ be the Kronecker Product, 1N = (1, · · · , 1)T ,
IM = {1, · · · ,M}, Ink

= {1, · · · , nk}. For symmetric
matrix A, denote λmax(A), λmin(A), and λ2(A), respec-
tively, the maximum, minimum, and the second minimum
eigenvalues of A.

2. TWO-LAYER CYBER NETWORK

Consider a multiple dc MG cluster system containingM dc
MG clusters labeled MG1, · · · ,MGM . All converters within
the kth MG cluster, MGk, are divided into one leader-
converter labeled (k, 0) and nk follower-converters labeled
(k, 1), · · · , (k, nk).

All follower-converters from MGk, constitute the kth lower
control layer, which are permitted to exchange information
within MGk across the kth lower cyber network, Gk. The
associated interconnection topology is described by the
digraph Gk(Vk, Ek, Ak) with the follower-converter node
set Vk = {Vk,1, · · · ,Vk,nk

}, cyber link set Ek ⊆ Vk × Vk,
and the adjacency matrix Ak = (akij)(nk)×(nk) (akii = 0

and akij ≥ 0), where akij > 0 if and only if the edge
(Vk,i,Vk,j) ∈ Ek. The neighbor set of CVk,i is given by
Nk,i = {Vk,j ∈ Vk : (Vk,i,Vk,j) ∈ Ek}. The leader-
adjacency matrix Bk = diag{ak10, · · · , aknk0

} is used to
describe the interconnection topology between the leader-
converter CVk,0 and nk follower-converter CVk,i (i ∈ Ink

),
where aki0 > 0 if CVk,i is connected to CVk,0 through the
cyber link (Vk,i,Vk,0), otherwise aki0 = 0.

All leader-converters constitute the upper control layer,
which are allowed to exchange information among multiple
MG clusters through the upper cyber network G̃. The
associated interconnection topology is described by the
digraph G̃(Ṽ, Ẽ , Ã) with the leader-converter node set Ṽ =

{V1,0, · · · ,VM,0}, communication link set Ẽ ⊆ Ṽ × Ṽ, and
adjacency matrix Ã = (ãkℓ)M×M . The neighbor set of

CVk,0 is Ñk = {Ṽℓ ∈ Ṽ : (Ṽk, Ṽℓ) ∈ Ẽ}. Moreover, to
regulate the voltage of each CVk,0 after the current sharing
within MGk is achieved, we then introduce the leader-
adjacency matrix B̃ = diag{ã10, · · · , ãM0} with ãk0 > 0
(k ∈ IM ) if the rated voltage reference, vrated, is available
to the leader-converter CVk,0, otherwise ãk0 = 0.

Assume the two-layer cyber network satisfies the connec-
tivity condition. Further suppose all {Gk}Mk=1 and G̃ are
detailed-balanced with positive vectors ςk and ς̃, respec-
tively. Thus, diag(ςk)Lk+Bk and diag(ς̃)L̃+B̃ are positive

definite with Laplacian matrices Lk and L̃ corresponding
to Ak and Ã, respectively.

3. DROOP-BASED TWO-LAYER COOPERATIVE
STRATEGY

The proposed strategy includes the following primary con-
trol process, follower-converter control scheme, and leader-
converter control scheme, which follows the corresponding
stability analysis.

For the kth MG cluster, droop control is locally employed
to realize the current sharing among all converters within
MGk. Then the output voltage of the ith converter in
MGk, CVk,i, follows the droop principle,

vk,i = vnomk,i − gk,iik,i, (1)

with the voltage nominal set-point vnomk,i , the droop gain
gk,i, and the output current ik,i of CVk,i.

Since each dc MG consists of power converters connected
through different line impedances, tuning of the voltage
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controller provides a simple and intuitive tradeoff between
the conflicting goals of voltage regulation and current
sharing. To ensure accurate current sharing, the FCC
scheme should synchronize the weighted average voltage
of all follower-converters to that of their respective leader-
converters, and the LCC scheme then drives the weighted
average voltage of all leader-converters to the rated voltage
reference. Accordingly, the objectives are to regulate vnomk,i

in (1) such that for all i ∈ Ink
and k ̸= ℓ ∈ IM ,

lim
t→∞

∣∣∣∑nk

i=1 µk,ivk,i(t)−
∑M

k=1 µ̃kvk,0(t)
∣∣∣ = 0,

lim
t→∞

∣∣∣ik,i(t)/imax
k,i − ik,0(t)/i

max
k,0

∣∣∣=0,
(2)

lim
t→∞

∣∣∣∑M
k=1 µ̃kvk,0(t)− vrated

∣∣∣ = 0,

lim
t→∞

∣∣∣ik,0(t)/imax
k,0 − iℓ,0(t)/i

max
ℓ,0

∣∣∣=0,
(3)

where µk = (µk,1, · · · , µk,nk
)T ∈ Rnk , µ̃ = (µ̃1, · · · , µ̃M )T ∈

RM are the normalized positive left eigenvectors for the
zero eigenvalues of the semi-positive matrices diag(ςk)Lk

and diag(ς̃)L̃ (associated with Gk and G̃); imax
k,i and imax

k,0

are the maximum current outputs of CVk,i and CVk,0,
respectively. Note that µk = (1/nk, · · · , 1/nk)

T and µ̃ =

( 1
M , ..., 1

M ) if Gk and G̃ are detail-balanced with ςk and ς̃.

3.1 Two-Layer Voltage Estimators

Due to the conflict between precise voltage regulation
and accurate current sharing in dc MGs, we adopt a
compromise method to regulate the weighted average
voltage of all converters to an acceptable range. To this
end, we first design the two-layer voltage estimators as:

v̂k,i(t)=vk,i(t)+
∫ t

t0

∑
j∈Nk,i

ςk,ia
k
ij

[
v̂k,j(s)−v̂k,i(s)

]
ds,

ṽk,0=vk,0+
∫ t

t0

∑
ℓ∈Ñk

ς̃kãkℓ[ṽℓ,0(s)−ṽk,0(s)]ds,
(4)

where v̂k,i and ṽk,0 are the estimates of the measured
voltage vk,i and vk,0, associated with the follower-converter
CVk,i and leader-converter CVk,0 with i ∈ Ink

and
k ∈ IM . Based on (4), any voltage deviations across Gk

and G̃ can be directly estimated in a distributed way,
which makes the global voltage information (involving
centralized control) is unnecessary for each converter.

3.2 Follower-Converter Control Scheme

Since all follower-converters within MGk can communicate
with their neighbors through a sparse lower layer network,
Gk, the pinning-based voltage and current controllers can
be designed as

τ ˙̂vk,i =
∑

j∈Nk,i
akij [v̂k,j − v̂k,i] + aki0[ṽk,0 − v̂k,i],

τ i̇k,i =
∑

j∈Nk,i
akij [gk,jik,j − gk,iik,i]/gk,i

+aki0[gk,0ik,0 − gk,iik,i]/gk,i,

(5)

for i ∈ Ink
. CVk,i can access the synchronization states of

its leader-converter, ṽk,0 and ik,0, if and only when aki0 > 0.
The time constant τ , representing the response speed of
the follower-converter control layer, will be determined
later. Based on (5), the weighted average voltage and
current output ratios of all follower-converters, v̂k,i and
ik,i/i

max
k,i , can be synchronized to that of their respective

leader-converters, ṽk,0 and ik,0/i
max
k,0 .

3.3 Leader-Converter Control Scheme

Since all leader-converters from each MG cluster can
communicate with their neighbors through a sparse upper
layer network, G̃, the pinning-based voltage and consensus-
based current controllers can be designed as{

T ˙̃vk,0=
∑

ℓ∈Ñk
ãkkℓ[ṽℓ,0−ṽk,0]+ãk0[v

rated−ṽk,0].

T i̇k,0=
∑

ℓ∈Ñk
ãkℓ[gℓ,0iℓ,0−gk,0ik,0]/gk,0,

(6)

where MGk can access vrated if and only when ãk0 > 0, and
T > 0 is the time constant of the leader-converter control
layer. Based on (6), the weighted average voltage of all
leader-converters, ṽk,0, can be synchronized to the rated
reference, vrated, meanwhile their current output ratios will
be equal, i.e., ik,0/i

max
k,0 = iℓ,0/i

max
ℓ,0 for all k ̸= ℓ ∈ IM .

3.4 Stability Analysis

First we prove the stability of the proposed two-layer
voltage estimators (4). Denote v̂k = (v̂k,1, · · · , v̂k,nk

)T , and
ṽ = (ṽT1 , · · · , ṽTM )T . Differentiating both sides of (4) yields

˙̂vk(t) = v̇k(t)− diag(ςk)Lkv̂k(t),
˙̃v0(t) = v̇0(t)− diag(ς̃)L̃ṽ0(t),

(7)

which can be rewritten in the frequency domain

V̂k(s) = s(sInk
+ diag(ςk)Lk)

−1Vk(s),

Ṽ0(s) = s(sIM + diag(ς̃)L̃)−1V0(s),
(8)

where V̂k, Ṽ0, Vk, and V0, are the Laplace trans-
forms of v̂k, ṽ0, vk, and v0, respectively. If Gk and
G̃, are detail-balanced and connected, then diag(ςk)Lk

and diag(ς̃)L̃ are irreducible. By the Nyquist stability
criterion, the transfer functions s(sInk

+ diag(ςk)Lk)
−1

and s(sIM + diag(ς̃)L̃)−1 are stable [Olfati-Saber (2004)].

Moreover,
∑nk

i=1 µk,ivk,i(t) and
∑M

k=1 µ̃kvk,0(t) are invari-
ant quantities, respectively, for positive left eigenvectors
ςk and ς̃, this together with the final value theorem give:

limt→∞
∑nk

i=1 µk,ivk,i(t) = limt→∞ v̂k(t),

limt→∞
∑M

k=1 µ̃kvk,0(t) = limt→∞ ṽ0(t).
(9)

Hence we conclude that the voltage estimators (4) can
steer all converters’ voltage estimates to asymptotically
converge to the weighted average value of all converters’
actual voltage magnitudes.

Next we present the stability of the proposed two-layer co-
operative strategy with FCC scheme (5) and LCC scheme
(6). To facilitate the mathematical representation, we sup-
pose the number of follower-converters in each MG cluster
is equal to n, whereas the general case can be analyzed
similarly. Now let v̂ = (v̂T1 , · · · , v̂TM )T , ηk,i = gk,iik,i, ηk =
(ηk,1, · · · , ηk,n)T , η = (ηT1 , · · · , ηTM )T , ς = (ςT1 , · · · , ςTn )T ,
L = diag{L1, · · · , LM}, and B = diag(B1, · · · , BM ). More-
over, denote η0 = (η1,0, · · · , ηM,0)

T . Denote the error vari-
ables: v̄ = v̂− ṽ0(t)⊗1n, η̄ = η−η0⊗1n, v̄0 = v̂0−vrated⊗
1M , and η̄0 = η0− µ̃T η0(0), then the error dynamics of (5)
and (6) under estimators (4) can be derived as
τ ˙̄v = −(diag(ς)L+B)v̄+ τ

T [(diag(ς̃)L̃+B̃)v̄0]⊗ 1n,

T ˙̄v0 = −(diag(ς̃)L̃+ B̃)v̄0,

τ ˙̄η = −(diag(ς)L+B)η̄ + τ
T (L̃η̄0)⊗ 1n,

T ˙̄η0 = −diag(ς̃)L̃η̄0.

(10)
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Define the Lyapunov candidates V = 1
2 ς

T ς with ς =

[v̄T , (v̄0 ⊗ 1n)
T , η̄T , (η̄0 ⊗ 1n)

T ] and differentiate along the
trajectory of system (10), we have

V̇
∣∣∣
(10)

≤−[ 2τ λmin(diag(ς)L+B)− γ](v̄T v̄ + η̄T η̄)

− 2
T λmin(diag(ς̃)L̃+ B̃)v̄T0 v̄0

+ 1
γT 2λmax([diag(ς̃)L̃+ B̃]2)v̄T0 v̄0

−[ 2T λ2(diag(ς̃)L̃)− 1
γT 2λmax([diag(ς̃)L̃]

2)]η̄T0 η̄0,

(11)

where γ is an arbitrary positive constant. Hence, a suffi-
cient condition for V̇ (t)|(10)< 0 is

τ
T < min

{
4λmin(diag(ς)L+B)λ2(L̃)

λmax([diag(ς̃)L̃]
2
)

,

4λmin(diag(ς)L+B)λmin(diag(ς̃)L̃+B̃)

λmax([diag(ς̃)L̃+B̃]
2
)

}
∆
= ϑ.

(12)

Note that once gk,iik,i → gk,0ik,0 for all i ∈ Ink
and

k ∈ IM , the current sharing objectives in (2) and (3) can
be realized. Now we can obtain the following conclusion.

Conclusion : Suppose the two-layer cyber networks,
{Gk}Mk=1 and G̃, are detail-balanced and connected. If the
control time constants satisfy condition (12), then the
voltage regulation and current sharing objectives (2) and
(3) can be achieved provided that each MG cluster selects
at least one leader-converter to realize the information
exchange among all MG clusters and at least one selected
leader-converter can access the rated voltage references.
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Fig. 2. Single line diagram of a multiple dc MG cluster sys-
tem and the corresponding two-layer cyber network.

Now the proposed droop-based two-layer cooperative s-
trategy, which is supported by a two-layer cyber net-
work structure, can be drawn in Fig. 1. As seen, the
LCC scheme is responsible for information exchange of

Table 1. Parameters for the test dc MG clusters

CV1,1&2,2(i
max
k,i = 2A) CV1,2&2,1&2,3(i

max
k,i = 4A)

VDC = 180V, gk,i = 6 VDC = 150V, gk,i = 3

Load1,1&1,2 Load2,1 Load2,2&3,3&4 Load5
0.35 kW 0.5 kW 0.4 kW 0.6 kW

Line1 Line2 Line3 TieLine12
0.64Ω 0.51Ω 0.64Ω 1.15Ω

1.32 µH 1.05 µH 1.32 µH 2.37 µH

all leader-converters from different MG clusters, to syn-
chronize their weighted average voltage to vrated as well as
enable current sharing among multiple MG clusters. The
operation states of each leader-converter, CVk,0 (k ∈ IM ),
can be accessed by its follower-converters, CVk,i (i ∈ Ink

),
within the kth MG cluster in a distributed way. Based
on this, the FCC scheme is responsible for information
exchange of all follower-converters within each MGk, to
drive their weighted average voltage and current output
ratios to that of their respective leader-converters, CVk,0.
Then, all the nominal set-points, vnomk,i (i ∈ Ink

∪ {0}),
generated through Gk and G̃), will be locally transmitted
to the voltage control loop of each converter’s primary
control stage. By employing the proportional-integral (PI)
voltage and current controllers, the voltage loop provides
reference values, irefk,i, for the current loop, which finally
calculates the current errors to regulate the duty cycle of
the converter outputs by pulse width modulator (PWM)
mode. Since the evolutions of FCC and LCC schemes may
involve different time constants, τ and T , as shown in (5)
and (6), they should be selected to satisfy the derived
control condition (12), which will be verified in the next
simulation section.

4. SIMULATION RESULTS

The effectiveness of the droop-based two-layer cooperative
strategy is verified by simulating a multiple dc MG cluster
system in MATLAB/SimPowerSystems. Fig. 2 shows the
basic cyber-physical network topology structure of the
system that includes two dc MG clusters, respectively,
consisting of 2 and 3 converters and some local loads. MGs
are connected through resistive-inductive lines. The lines
between converters are modeled as series RL branches.
The specifications of the converters, lines, and loads are
summarized in Table I.

The desired rated voltage reference, vrated, is set as 250V.
Meanwhile, as seen in Fig. 2, we set CV1,2 and CV2,2 as
the leader-converters from MG1 and MG2, respectively,
and the adjacency matrices of the two-layer cyber network
can be written as A1 = [0], A2 = [0, 1; 1, 0], Ã = A2, and
the leader-adjacency matrices are B1 = diag{1}, B2 =

diag{1, 0}, and B̃ = B2. Obviously, ς = (1, 1, 1, 1, 1)T and
ς̃ = (1, 1)T . Then µ1 = (1), µ2 = (1/2, 1/2)T , and µ̃ = µ2.
By simple calculation, we obtain that λmin(diag(ς)L +

B) = 0.2679, λ2(diag(ς̃)L̃) = 2, λmax([diag(ς̃)L̃]
2) = 4,

λmin(diag(ς̃)L̃+B̃) = 0.3820, and λmax([diag(ς̃)L̃+B̃]2) =
6.8541. Thus the upper bound of τ/T can be calculated
as ϑ = min{0.5359, 0.0597} = 0.0597. Next set the time
constants as τ = 0.01 and T = 0.2 to satisfy (12). The
following simulation scenario proceeds as follows: 1) Stage
1: at t = 0s, MG1 and MG2 are in islanded mode with all
loads except Load4&5. 2) Stage 2: at t = 0.5s, MG1 and
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Fig. 3. Control performance of the proposed cooperative
strategy: (a)-(c) voltage response, current outputs,
and voltage estimates of all converters; (d) current
output ratios of all converters; and (e)-(f) current
outputs and ratios of the two MG clusters.

MG2 are connected. 3) Stage 3: at t = 1s, Load4&5 are
added. 4) Stage 4: at t = 1.5s, Load4&5 are removed. 5)
Stage 5: at t = 2s, MG1 and MG2 are disconnected.

4.1 Control performance of the proposed strategy

The results in the proposed two-layer cooperative strategy
are given in Fig. 3. As seen in Fig. 3(a), in each stage
all converters’ voltages can be regulated to an acceptable
range, with their weighted average value converging to
the rated references rapidly as shown in Fig. 3(c). The
current outputs of all converters, drawn in Fig. 3(b), finally
converge to two steady states since they have two different
droop coefficients as set in Table I. The current output
ratios of all converters are depicted in Fig. 3(d), which
indicates that the current sharing objective among all con-
verters within each MG clusters can be realized. Moreover,
Figs. 3(e) and 3(f) draw all MG clusters’ current outputs
and output ratios evolution, which further verifies the
realization of current sharing among multiple MG clusters.
Thus the proposed strategy is effective for load change and
also robust against MG plug and play operation.

Fig. 4. Control performance of the existing cooperative
strategies: (a)-(c) voltage response, current outputs,
and voltage estimates of all converters.

4.2 Comparison with existing cooperative strategies

The comparison with the existing single-layer cooperative
strategies is presented here [Lai (2016), Lu (2018)], the
associated results are shown in Fig. 4. By comparing Figs.
3 and 4 as t ∈ [0, 0.5) ∪ [2, 2.5), it can be found that there
is almost no difference for these two control strategies
when each dc MG cluster is operated in islanded mode
due to the same cyber network structure during this time
period. However, when MG1 and MG2 are connected as
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t ∈ [0.5, 2), the better control performance of the proposed
two-layer cooperative strategy shown in Fig. 3 becomes
apparent than that shown in Fig. 4, especially for the
load change period as t ∈ [1.5, 2). By analysis, since
the proposed strategy ensures the energy exchange among
multiple MG clusters to be completed by directly feeding
back the current sharing mismatches across the leader and
follower control layers into the primary control stage, the
corresponding time consumption can be then significantly
reduced. It further indicates that the established sparse
two-layer cyber network well fits the physical cluster
topology structure of the multiple dc MG cluster.

5. CONCLUSION

A droop-based two-layer cooperative strategy has been
established for multiple dc MG clusters, under which all
converters’ voltages can be regulated to an acceptable
range and the accurate current sharing within each MG
cluster and among multiple MG clusters can also be simul-
taneously achieved, as long as the control time constants
of the established two-layer cyber network match the asso-
ciated physical cluster topology structure of the multiple
dc MG cluster. All the proposed fully distributed control
schemes can be implemented in any sparse cyber networks.
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