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Abstract—For microgrids (MGs) owned by different utilities, it is
always desirable that the steady state impact of load or generation
changes in one MG, does not affect the generation cost in another
MG. To ensure this, the power flow through the tie-line is typically
regulated at a pre-scheduled value thereby enforcing the individual
MGs to manage their respective load at steady state. To this end,
this article presents a distributed control scheme to regulate tie-
line power flow between two autonomous dc MG clusters. In this
article, a unifying hierarchical control scheme based on distributed
communication is proposed where the tie-line power flow control
based on a pinning control strategy is unified with the distributed
optimization and average voltage regulation control loops. The
distributed optimization utilizes economic dispatch to minimize
the operating costs of the DG, while the average voltage control
regulates the MGs average voltage at its nominal value. With the
application of this approach, the responsibility of tie-line regulation
is distributed in an economic manner without degrading the voltage
quality in the system. Time-domain simulations, real-time simula-
tion using Ethernet-based transmission control protocol/internet
protocol (TCP/IP) communication, and experimental results are
presented to validate the performance of proposed distributed
control under normal and faulty system conditions.

Index Terms—DC microgrid (MG) clusters, distributed control,
hierarchical control, pinning control, power flow control, stability
analysis, voltage control.

I. INTRODUCTION

DC MICROGRIDS (MGs) are now gaining increased atten-
tion due to their several benefits over ac MGs. Conversion

losses are reduced as majority of renewable energy sources
(RES) like photovoltaics (PV) and alternative sources like fuel
cells and energy storage systems (ESS) inherently provide a dc
output. Moreover, control of dc MGs is much simpler than ac
MGs since the need for frequency control and synchronization
is eliminated [1]–[4].
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The operation and control of a MG is typically implemented
using a hierarchical control structure [5]. At the primary level,
droop control loop provides voltage reference to inner control
loops to achieve proportional power sharing among sources
within the MG. However, to achieve power sharing in systems
where line impedances are not negligible, higher value of droop
gain is needed. But, a higher droop gain results in large voltage
drifts which may be detrimental for overall system stability. The
aforementioned problem of voltage regulation can be tackled by
adopting adaptive droop control [6], [7]. Another possible way
to compensate voltage drifts is to use a secondary controller.
Several authors [8], [9] have proposed a secondary control
approach to ensure proper load sharing and improved voltage
regulation. Authors in [10] combined voltage regulator with an
optimizer to reduce overall generation cost.

Tertiary control is at the highest level of control hierarchy
and is responsible to manage the power flow to/from the MG
to an external power network which can be grid or another
MG [11]–[14]. A schedule for power exchange is decided be-
tween the system operators of the two networks based on which
tertiary controller adjusts voltage set points for the MG and com-
municates to the secondary and primary controllers. Islanded
MGs heavily reliant on RES are prone to severe disturbances
arising due to drastic changes in load or generation [15]. Such a
disturbance can over-stress other units which can result in system
failure. Since it is not always feasible and economically viable
to add storage or additional generation, a practical solution to
this issue is to establish a dc MG cluster by interconnecting
nearby MGs. Along with maximum utilization of resources dc
MG cluster enables neighboring MGs to support each other
(dynamically) during emergency conditions. However, it is to be
noted that interconnection of MGs requires a suitable tertiary or
secondary control strategy to manage power flow between them.
Conventionally, centralized control systems are used to imple-
ment tertiary control [16] where high bandwidth communication
links are set up between the centralized controller and agents.
However, these systems are exposed to single point-of-failure
which risks system stability and makes the system vulnerable
to cascaded failures and eventual collapse [15]. Some works
in the literature have considered distributed tertiary control as it
offers autonomous management along with improved reliability,
scalability, and a simpler communication network. Shaifee et al.
[5] presented a distributed power flow control scheme to handle
power sharing between interconnected MGs in a cluster. In this
article, authors have proposed adaptive droop control to balance
SOC of batteries in an MG and to use the average SOC of local
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MGs to define the tie-line power reference. However, only com-
mon dc bus topology for MGs was considered and impedances
for distribution lines within an MG were neglected. The authors
in [17] have presented an optimization and distributed control
strategy for interconnected autonomous ac MGs. The authors
claim to employ distributed control strategy for tie-line power
flow control. However, no information regarding the cyber net-
work that implements the distributed control is presented. A
decentralized control method for interconnected dc MG clusters
connected to a common dc bus is presented in [18]. Each
nanogrid cluster represents a community household equipped
with PV-battery system. Spatial distribution of households is
not considered in the above work, and hence, the proposed
control strategy is restricted to be applied for a common dc bus
architecture and may not be suitable for a multibus MG system
interconnected by multiple tie-lines. A power-line signaling
(PLS)-based distributed control is proposed for a common dc
bus architecture-based low voltage dc microgrid (LVDC) MG
in [19]. A distributed energy management strategy (DEMS)-
based on PLS is proposed for coordinated and simultaneous
management of multiple battery strings and renewable energy
sources. Though, the authors have extended the application of
DEMS to incorporate more number of renewable energy sources,
it is unclear whether the proposed control strategy can yield
similar results for control of multibus interconnected dc MG
clusters. The authors in [20], have proposed an isolated interlink-
ing bidirectional converters to connect multiple dc MG clusters.
While the control of power flow among MGs is flexible with
this approach, it demands an additional investment. Moreover,
a common dc bus topology is considered and spatial distribu-
tion of resources and their heterogeneity have been neglected.
A coordinated power control strategy for multiple ac and dc
subgrids is presented in [21]. The coordinated strategy utilizes
voltage- and frequency-based droop control to assist the subgrids
(ac or dc) under dynamic conditions. This article is also based
on a common dc bus topology and did not exercise any tie-line
power flow strategy among the MGs. In [22], authors introduced
a cooperative two level distributed tertiary control strategy where
local controller balances all the source currents within an MG;
global controller adjusts voltage set points based on loading mis-
match in neighboring MGs. This article completely neglected the
heterogeneity of energy sources and only considered a rectified
ac source interfaced using a buck converter. Whereas, typical
dc MGs are composed of various types of sources such as PV,
diesel generator (DG), fuel cells, and microturbines along with
ESS such as batteries and supercapacitors.

From the above discussions, it is evident that previous stud-
ies have developed strategies such as SOC equalization and
balancing of source currents for tertiary control in a dc MG
cluster. However, the results presented in the abovementioned
works, may be suboptimal since these studies do not consider
optimal resource management of the controllable sources. An-
other drawback in the above approaches is that they do not
consider that MGs participating in a cluster may belong to
different entities. Consequently, any load/generation changes in
one MG should not affect the generation cost in the other MG.
Therefore, this article focuses on achieving optimal generation
among sources within a MG by using distributed economic

dispatch approach. Moreover, a pinning-based distributed tie-
line controller is proposed in order to regulate tie-line power
as per mutually agreed power exchange schedule. Since the
information of power deviation from its scheduled value is only
available local to the boundary bus, the distributed pining control
strategy can be applied, where a sparse communication network
can be utilized to diffuse the real-time information exchange
among the participating generators in the system. This way the
responsibility of tie-line regulation exercised by the MG can be
distributed in an economic manner without degrading the voltage
quality in the system. A brief survey related to the distributed
consensus of multiagent systems can be found in [23].

An important consideration in this article is that the tie-line
schedule is selected such that the MG exporting power has suffi-
cient reserve during the considered time interval (can be 15 min
or hours) while the MG importing power has relatively large
load to cater within its system. Since, operating conditions in
any MG may change drastically due to intermittencies involved,
the tie-line schedule can therefore be changed after every 15 min
intervals to adapt to the current operating scenario of the MGs.

The main contributions of this article can be summarized as
follows.

1) To the best of authors knowledge, no prior work exists
in the literature where a tie-line power flow control is
presented for a multibus independently owned dc MGs
with heterogeneous mix of sources.

2) A unified control strategy based on distributed commu-
nication is proposed to integrate the tie-line control with
distributed economic dispatch and average voltage regu-
lation.

3) The proposed philosophy not only considers the con-
straints of the heterogeneous power sources but also
provides a methodology to achieve proper and feasible
integration of different distributed control philosophies
such as pinning control, distributed economic dispatch,
and distributed voltage regulation.

4) Implementation of the proposed unified distributed tie-line
power flow control on a real communication platform us-
ing Ethernet-based transmission control protocol/internet
protocol (TCP/IP) communication.

5) Application of the proposed control philosophy for a
multi-MG scenario is also demonstrated.

The remainder of the article is organized into ten sections.
Section II presents the study system overview. The proposed
unified hierarchical control is described in Section III. Section IV
presents the results of small signal stability analysis. Section V
presents the dynamic modeling and steady state analysis of the
proposed hierarchical control. Simulation results under normal
and faulty conditions are presented in Section VI. Analysis
and performance of the system using real-time simulation and
on multi-MG scenario are presented in Sections VII and VIII,
respectively. The experimental validation of the proposed dis-
tributed control is presented in Section IX. Finally, Section X
concludes this article.

II. SYSTEM DESCRIPTION

The study system considered in this article is composed of
two independently owned autonomous dc MGs shown in Fig. 1.
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Fig. 1. Single-line diagram representation and associated cyber graphs of two independently owned dc MG clusters (MGA and MGB) interconnected by a
tie-line.

These MGs MGA and MGB are interconnected to each other
via tie-line. For a reliable autonomous operation, considering
variable generation from PV, it is always desirable to install
energy storage units in the system. Therefore, a battery energy
storage system (BESS) is equipped at bus 2 of both the MGs. The
nominal voltage of both MGs is 380 V. The loads connected at
each bus of MGs are of constant power type, implemented using
a buck dc–dc converter tightly regulating its output voltage at
120 V. Along with the BESS, three different types of sources
are considered in this article namely the DG, fuel-cell, and PV
plants. The total maximum generation capacities from these
sources are 36 and 20 kW in MGA and MGB , respectively, with
BESS capacities in the range of 220 V, 100 Ah in both the MGs.
Maximum base load to be served in both MGs are 25 and 16 kW,
respectively. Fig. 1 also shows the communication (cyber) graph
for the implementation of distributed control.

III. PROPOSED HIERARCHICAL CONTROL SCHEME FOR

TIE-LINE POWER CONTROL

This section describes the proposed distributed control phi-
losophy for tie-line regulation at a pre-specified level as per
agreed schedule between the MGs. In an autonomous MG
operation, it is desirable to have more than one unit operating
in the voltage regulation mode (VRM, incorporating droop
control) for smooth transition and better stability during grid and
off-grid transitions [24]. However, due to heterogeneous nature
of the distributed sources, the various operational constraints
associated with them must also be taken into consideration.
For example, the DG controller must incorporate the minimum
loading limit of DG, to avoid carbon accumulation associated
with low-level loading [25]. Similarly, while utilizing BESS in
VRM, the SoC should also be taken into consideration to avoid
deep discharge of the battery stack. While both DG and BESS

Fig. 2. Proposed distributed control schematic for an ith generator operating
in VRM where i ∈ (DG and BESS).

are capable to handle the transients of the load, the fuel-cell unit
cannot and hence, must not be subjected to load transients, as it
may affect the life of fuel stack [26]. Therefore, in this article, the
fuel cell unit is operated in the current control (CC) mode. The
applied reference current to the fuel cell is passed through a first
order delay with a time constantTf in order to restrict the sudden
change in command. Figs. 2 and 3 are the proposed control
schematic corresponding to DG-BESS control and fuel-cell unit,
respectively. Iset

0 indicated in Fig. 3 corresponds to initial set
current in Amps; Imax

i is the maximum rated current of the FC
unit; while dmax and dmin, respectively, represents the maximum
and minimum duty ratio limit of the converter.

The control schematics present the overview of the proposed
hierarchical control as applied to the respective source converter.
Fig. 2 shows the operation of the converter in the VRM mode.
The primary level controller receives the input voltage reference
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Fig. 3. Proposed distributed control schematic for the fuel-cell unit operating
in the CC mode.

Fig. 4. Primary loop with inner voltage and CC block diagrams for: (a) DG,
and (b) BESS.

from the interconnected secondary and tertiary level controllers
and generates pulsewidth modulated (PWM) pulses to the source
converter. This loop is the fastest to respond among others, where
it is equipped with a droop-based proportional control which
modifies the received voltage reference (V ∗

oi), in a direction
so as to share the change in load during transient conditions.
V nom
oi is the nominal voltage of the MG; V ref

oi is the net reference
commanded to the average voltage regulator (AVR) loop; and
δtie
i , δavr

i , and δer
i are the voltage correction terms generated

by tie-line controller, AVR and the ER, respectively. This is
illustrated in detail in Fig. 4(a) and (b) which show the other
intermediary stages of control such as the outer-voltage loop
and the inner-current loop followed by the proportional droop
control.

A. Unifying Optimization With Real-Time Voltage and
Tie-Line Power Control

The preceding section explained the hierarchical framework
of the control scheme wherein the interconnections and control
flow among the distributed controllers was briefed. This section
describes the implementation of distributed control strategy

which utilizes a sparse communication network for various
information exchange among the controlling nodes. The cyber
graph of both MGA and MGB are illustrated in Fig. 1. Consensus
among agents in a networked control system is a well-established
area of research, where a group of nodes/agents communi-
cate over a sparse communication network in order to reach
a consensus. A simple consensus algorithm for a continuous
time integrator agents can be expressed as a distributed linear
consensus protocol [23] on a graph given as

ẋi(t) =
∑

j∈Ni

aij(xj(t)− xi(t)). (1)

The outcome of the consensus protocol (29) can simply be the
average of initial values, (1/n)

∑n
i=1 xi(0), where n is the total

number of communicating nodes, xi(0) is the initial value, aij is
an element in the adjacency matrix, A = [aij ] representing the
associated weight for information exchanged between nodes i
and j, and Ni is the set of neighbor nodes for the ith node. The
basics of consensus in graphs is extensively covered in [23] and,
hence, not covered in this article.

B. Average Voltage Regulator

The application of the dynamic consensus algorithm (DCA)
for average voltage regulation is covered in [27], applied in order
to regulate the network’s average voltage at its rated value. The
DCA protocol is employed by all the nodes and is expressed as

Ṽav,i = Voi +

∫ t

0

∑

j∈Ni

yij(Ṽav,j − Ṽav,i)dτ (2)

where, Ṽav,i is the estimated average value of node i, Ṽav,j is the
estimated average value of neighboring node j, Voi is the current
voltage sample of node i, and yij is the weight between node i
and j. Equation (2) can also be written as

dγi
dt

=
∑

j∈Ni

yij(Ṽav,j − Ṽav,i) (3)

Ṽav,i = Voi + γi (4)

Fig. 5 shows the implementation of DCA. It can be seen that the
output of DCA for an ith node is the estimated average value of
the network, which is then compared with the reference voltage
as set by the tie-line controller. The corresponding error is then
processed by a proportional integral control which generates the
voltage adjustment term δavr

i , as shown in the Fig. 5.

C. Economic Regulator

The ER is a part of secondary control which aims at minimiz-
ing the generation costs in the MG. In the traditional ac system,
this problem is formulated as a classical economic dispatch
problem (EDP), wherein the cost functions of the dispatchable
generators are approximated as a quadratic one [28] given as

fi(Pi) = aiP
2
i + biPi + ci (5)

where fi is the cost of generation for an ith generator which
is a function of its output power Pi, and ai, bi and ci are the
coefficients of the cost function. The EDP is then solved by



11254 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 10, OCTOBER 2020

Fig. 5. Detailed control schematic of the distributed controllers highlighting
the interconnections among them.

minimizing the sum of cost functions of all the dispatchable
sources while satisfying generation-demand balance. Since, the
cost function is a quadratic one, the solution is a stationary point
where the partial derivatives of the cost function are zero. Then
for the ith source, its incremental cost will be given as

λi = 2aiPi + bi. (6)

The implementation of the above EDP in a distributed fashion,
then requires a synchronization among the nodes/agents to reach
to a consensus on λ. In this article, for simplicity, it is assumed
that the output power of the generators are within their limits.
In case, a generator violates the upper limit, its output power is
fixed at the maximum level and it does not participate any further
in the EDP. Interested readers can refer to [10] for further details.
The solution to the EDP depends upon the condition when the
equality constraint is satisfied, i.e, the load-generation balance
is satisfied. In a dc MG, the implication of load-generation
mismatch is rise or fall in the dc MG voltages. Hence, if the
average voltage is regulated at a reference value and is stable,
then the equality constraint of the EDP is automatically met
at steady state. Therefore, the AVR simultaneously generates
a voltage adjustment term δavr

i in conjunction with the voltage
adjustment term δer

i generated by the ER, to drive the system to an
economical point while satisfying the load-generation balance.

The cost functions and incremental costs of DG and FC are
formulated as follows:

FDG = aDGP
2
DG + bDGPDG + cDG (7)

λDG = 2aDGPDG + bDG (8)

FFC = aFCP
2
FC + bFCPFC + cFC (9)

λFC = 2aFCPFC + bFC (10)

where FDG and PDG are the cost function and output power
of DG, respectively, while FFC and PFC are the cost function
and output power of fuel-cell unit, respectively. The a, b, and c
parameters with subscripts DG and FC are the associated cost-
coefficients corresponding to DG and FC, respectively. λDG and
λFC are the incremental cost of DG and FC, respectively. For
the BESS, a general cost function [29] is modified to be made
compatible with the cost function of DG and FC. It is quadratic
and takes into account the SoC of battery given as

FB = aB (PB + 6Pmax
B (1− SoC)))2

+ bB (PB + 6Pmax
B (1− SoC)) + cB (11)

λB = aB (2PB − 6Pmax
B (SoC − 1)) + bB (12)

where FB is the designed fuel cost function for the BES which
is a function of BESS operating power PBES (in kW) and SoC.
Pmax
B is the allowable maximum power of BESS (in kW). λB

is the incremental cost of BESS, and aB , bB and cB are the
coefficients of the cost function.

The implementation of distributed economic dispatch as an
ER is shown in Fig. 5. As shown, the ith ER employs a local
voting protocol, to generate a neighborhood error term. This
error term is then processed by a proportional-integral (PI)
controller which generates a voltage adjustment term δeri , as
shown in the Fig. 5

dζer
i

dt
=

∑

j∈Ni

zij(λj − λi) (13)

δer
i = Ker

p

⎛

⎝
∑

j∈Ni

zij(λj − λi)

⎞

⎠+Ker
i ζ

er
i (14)

where λi and λj are the incremental costs of ith and jth unit,
respectively, zi,j is the communication weight, ζer

i is a state
variable of the ER corresponding to the integral term, and Ker

p

and Ker
i are the proportional and integral gains, respectively.

D. Tie-Line Controller

The distributed pinning control strategy presented in [30],
is applied in this article to regulate the power flow in the tie-
line. The pinning strategy is a special case of centralized control
where instead of communicating the information to all the nodes
in the network, only few nodes are selected or pinned to diffuse
the information among rest of the nodes. This reduces the cost
of transmission and improves the reliability of the system. The
nodes are generally classified as pinning node/leader node and
pinned nodes. The objective of applying pinning strategy for
tie-line control is to make the various sources in the network,
participate in regulating the tie-line power at a desired level. It is
similar to the automatic generation control, where the raw area
control error is transmitted to various participating units for load
frequency and tie-line power control. In our case, the boundary
bus is chosen as a leader node which is responsible for locally
measuring the tie-line power and based on the error processed
by a PI controller, it generates a voltage adjustment term (ΔV0)
to be pinned to neighboring nodes at buses 3 and 4, as shown
in the study system. These nodes are therefore termed as pinned
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nodes whose dynamic can be represented as [30]

dθi
dt

=
∑

j∈N ,j �=0

xi,j(ΔVj −ΔVi) + xi0(ΔV0 −ΔVi) (15)

ΔVi = βiθi (16)

where

ΔV0 = KPtie
p (P ref

tie − Ptie) +

∫
KPtie

i (P ref
tie − Ptie)dt. (17)

The term ΔVi, is then added with nominal voltage of the system
(V nom

o ) to generate the reference average voltage (V ref
oi ) which

is then compared with estimated average voltage of the ith
converter to generate an error which is processed by the AVR,
as shown in the Fig. 5. This can be expressed as

V ref
oi = V nom

o +ΔVi (18)

dζavr
i

dt
= V ref

oi − Ṽav,i (19)

δavr
i = Kavr

p (V ref
oi − Ṽav,i) +Kavr

i ζavr
i (20)

where ζavr
i is a state variable of the AVR corresponding to the

integral term, and Kavr
p and Kavr

i are the corresponding pro-
portional and integral gains, respectively. Finally, the reference
voltage to primary control level can be obtained as

V ∗
oi = V ref

oi + δavr
i + δer

i . (21)

IV. SMALL SIGNAL STABILITY ANALYSIS

The objective of this section is to investigate the small signal
behaviour of the studied system shown in Fig. 1. Specifically
the impact of variations in communication weights and tie-line
controller gain on the small-signal stability is studied. Detailed
modeling of the various subsystems is carried out in order to
study the interaction among different components of the system.
The study system can be broadly classified as converter and
its control, communication system, and network. The following
subsection presents the modeling approach for a converter, i in
VRM.

A. Modeling of ith Converter and Control in VRM

A boost converter is employed which interfaces the respective
source with the network. Its differential equations (DE), based
on the circuit averaging technique, can be given as

Li
diLi

dt
= V in

i − (1− di)Voi − iLiri (22)

Ci
dVoi

dt
= iLi(1− di)− P cpl

i

Voi
− iij∀j = 1 to n, j �= i (23)

where vini , Voi, and iLi are input voltage, output voltage, and
input inductor current, respectively. Ci, Li, and ri are the output
capacitance, input inductance and resistance, respectively. di is
the duty ratio, P cpl

i is the input power of the connected constant
power load (CPL) at the operating point, iij is the network
current, and n is the number of branches interconnected with
ith bus. The primary level and hierarchical level differential can

Fig. 6. Eigenvalues of the complete system.

be expressed as

dφvi

dt
= V ∗

oi −Rdĩoi − Voi (24)

dφci

dt
= i∗Li − iLi (25)

dĩoi
dt

= wc(1− di)iLi − wcĩoi (26)

Lij
iij
dt

= Voi − Voj − iijrij (27)

where φvi is the primary level voltage controller, Rd is the
droop coefficient, ĩoi is the low pass filtered output current, φci

is the inner current controller, i∗Li is the reference current for
the inner current loop, wc is the cutoff frequency of the low
pass filter, and Lij and rij are the network line inductance and
resistance, respectively, between the ith and jth bus. Equations
(23)–(27) along with (4), (14), (16), and (20) constitute the
model of ith converter operating in VRM. Proceeding in a
similar way for other converters in both MGs, results in a total
of 84 DE. These DE are linearized around an operating point
obtained from simulation. The operating point constitutes a
snapshot when tie-power export from MGA to MGB is regulated
at 4 kW. Finally, the closed-loop state space model is ob-
tained by eliminating the intermediary and auxiliary variables as
follows:

Δ̇x = Asys(84×84)
Δx. (28)

The results of the small signal model is presented in Fig. 6,
which shows the graphical representation of all the eigenvalues
while Table I shows the tabular presentation of critical modes
along with information of the states participating in them. The
participating states in various modes are obtained through a
participation matrix. It can be seen that all the states are neg-
ative and appearing in the left half plane, validating a stable
operating point. Moreover, conclusions drawn from the partic-
ipation analysis reveal that most of the low frequency modes
are controller modes. It can also be noticed that ER loop (ζer)
participates exclusively in all the low frequency modes along



11256 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 10, OCTOBER 2020

TABLE I
CRITICAL EIGENVALUES AND DOMINANT STATE VARIABLES

Fig. 7. Responses of eigenvalue trajectories for: (a) variation in communica-
tion weight, zij of MGA from 0.5 to 20; (b) variation in communication weight,
zij of MGB from 1 to 20; (c) variation in communication weight, xij of the
tie-line controller from 1 to 20; and (d) variation in integral gain of the tie-line
leader node from 0.0021 to 0.05.

with the primary level voltage controller (φv). Therefore, the
effect of variations in communication weights of ER and tie-line
controller is investigated below. The eigenvalue trajectories of
various modes are presented in Fig. 7. From the participation
analysis presented in Table I, we can notice that states of ER
in MGA, i.e., ζer

i from (14), participate in low frequency modes
such as λ7,8, λ9,10, λ11,12, and λ13,14. Since, the communication
weight, zij , links the various converters in system, its effect
on these modes trajectory is shown in Fig. 7(a). It can be seen
that, by increasing the gain zij from 0.5 to 20, the eigenvalues
λ7,8 show most sensitivity among the others. It can be seen

Fig. 8. Responses of eigenvalue trajectories for: (a) variation in in tie-line
resistance and inductance from 0.9879 to 0.0329Ω and 1.5 to 50µH, (b) variation
in network resistance and inductance in MGA from three times the base value
to one percent of the base value. (c) Response of low-frequency critical modes
with increasing communication delay from 0.01 s to 1.2 ms.

that with increasing zij , the damping of λ7,8 increases as it
moves further deep in the left-half of s-plane. This is due to the
increase in convergence speed of consensus as communication
weight increases for the ER loop. Similarly, increasing other
communication weights exhibits similar responses shown in
Fig. 7(b) and (c). Since, the control of tie-line power flow is
placed at the top most level of control hierarchy, the control
gains have to be selected carefully such that it exhibits an optimal
transient response, i.e., neither too fast nor too slow. The time
domain response of this control is dependent on the leader node’s
integral gain. The effect of this integral gain is highlighted in
Fig. 7(d), where the eigenvalue, λ15,16 crosses the origin and
moves into right half as the gain increases from 0.0021 to 0.05.
Hence, this results in a clear tradeoff between speed of response
and stability. A small value can lead to a slow time response
while a large value can lead to instability. Therefore, the integral
gain of 0.0021 is selected as an optimal one.

Fig. 8(a) shows the eigenvalue trajectory response to variation
in tie-line parameters, while Fig. 8(b) shows the effect due to
variation in network parameters of MGA. It can be inferred from
both the responses that stability of the system is weakened as the
resistance and inductance values are decreased. Particularly, as
the resistance decreases, the damping in the network also reduces
which evidently leads to reduction in the stability margin of the
system.
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Fig. 8(c) shows the eigenvalue trajectory response of the small
signal system when communication time delay in channel 2–3
of the tie-line cyber graph is increased from 0.01 to 1.5 s. It
can be seen from the figure that as the time-delay increases,
the low frequency modes of the small signal system drifts to
the right side of the s-plane. At a critical time-delay of 1.1 s,
the low frequency modes corresponding to λ15,16 and λ11,12

touches the imaginary axis. Hence, it can be concluded from
the analysis, that the stability of the system can be maintained
up to a theoretical maximum communication delay of 1.1 s. The
small signal modeling considering the communication delay is
presented in the Appendix.

V. DYNAMIC MODELING AND STEADY STATE ANALYSIS OF

DISTRIBUTED CONTROLLERS

This section presents the dynamic modeling of the distributed
consensus algorithms followed by steady state analysis to prove
the existence of an equilibrium point satisfying the different
objectives of hierarchical control.

The voltage shift due to ER in frequency domain can be
written as

δER = −GERLNΛ (29)

where, δER and Λ are the Laplace transforms of δer = [δer
1 · · ·

δer
N ] and λ = [λ1 · · · λN ], respectively; GER = diag{Ger

i (s)} ∈
RN×N is the PI controller matrix of the ER. The incremental cost
of the source ′i′ can be defined as

λi = bi + 2aipi (30)

λ = B + 2AP (31)

whereB = [b1 · · · bN ]T ∈ RN×1 andA = diag{ai}∈ RN×N. In
the frequency domain, (31) can be written as

Λ = B + 2AP (32)

where P and B = B/s are the Laplace transforms of B and P ,
respectively. Substituting (32) in (29), we get

δER = −GERLN (B + 2AP ). (33)

Now the voltage shift due to AVR can be written as

V̄av = s(sIN + cL)−1V0 = GestV0 (34)

where V̄av and V0 are the Laplace transforms of v̄av = [v̄av1 · · ·
v̄avN ]T and v0 = [v01 · · · v0˜N ]T ∈ RN×1, respectively. IN and
Gest are the identity matrix and the voltage estimator transfer
function, respectively. In frequency domain (34) can be written
as

δavr = Gavr(V REF
0 − V̄av) = Gavr(V ref

0 −GestV0) (35)

where δavr and V REF
0 are the Laplace transforms of δavr = [δavr

1 ·
· · δavr

N ]T and V ref
0 = [V ref

01 · · · V ref
0N ]T ∈ RN×1, respectively, and

Gavr = diag{Gavr
i (s)} ∈ RN×N is the AVR controller matrix.

The voltage shift due to the tie-line controller is added to the
system nominal voltage (V nom

0 ), which becomes the final voltage
reference to the AVR. Equation (16) can be written in frequency
domain as

δTIE = (X −DIN )ΔV (36)

where δtie and ΔV are the Laplace transforms of δtie = [δtie
1 · · ·

δtie
N ]T and ΔV = [ΔV1 · · ·ΔVN ]T ∈ RN×1, respectively. Then

V REF
0 = V nom

0 + δTIE (37)

V REF
0 = V nom

0 + (X −DIN )ΔV. (38)

Substituting (38) in (35), we get

δAVR = GAVR(V nom
0 + (X −DIN )ΔV −GestV0. (39)

The final voltage command (V ∗
0 ) can now be written

V ∗
0 = V nom

0 + (X −DIN )ΔV + δavr + δER. (40)

Equation (40) is the voltage command for generator operating in
VRM. Similarly, for the fuel-cell unit operating in the CC mode,
the current command can be written as

I∗0 = Iset
0 + δavr + δER. (41)

The overall system model can be obtained in matrix form as

V0 = GVR
cl V ∗

0 +GCC
cl I∗0. (42)

where V0 is the Laplace transform of the system bus voltages,
vo = [v01v02]

T ; GVR
cl and GCC

cl represents the closed-loop trans-
fer function matrices of converters in VRM and CC mode,
respectively. The system admittance matrix Y relates the source
currents to the bus voltages as

I0 = Y V0. (43)

The relation between vector of source output powers to vectors
of output voltage and currents cannot be directly found because
of the involved multiplication. However, small perturbation of
source power can be used to derive the relation as follows:

p̃0i = V̄0iĩ0i + ṽ0iĪ0i (44)

where V̄0i and Ī0i are the output voltage and current of source
i around the operating point, respectively, and ṽ0i and ĩ0i are
the perturbations, respectively. Assuming that the current per-
turbations to be larger than that of the voltage, (44) can be
approximately written as

p̃0i ≈ V̄0iĩ0i. (45)

The output voltage of source i at the operating point can be
considered as the nominal voltage of the MG, Vnom. Then (45)
can be written as

p̃0i = Vnomĩ0i. (46)

Using (36), (39), (40), and (46), we can write

V ∗
0 = V nom

0 + (X −DIN )ΔV +Gavr(V nom
0

+ (X −DIN )ΔV −GestV0)

−GERLN (B + 2AVnomI0) (47)

and

I∗0 = Iset
0 +Gavr(V nom

0 + (X −DIN )ΔV

−GestV0)−GERLN (B + 2AVnomI0). (48)
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We can define C � 2AVnom and using (43) we can write (47)
and (48) as

V ∗
0 = V nom

0 + (X −DIN )ΔV +Gavr(V nom
0

+ (X −DIN )ΔV −GestV0)−GERLN (B + CY V0)
(49)

I∗0 = Iset
0 +Gavr(V nom

0 + (X −DIN )ΔV

−GestV0)−GERLN (B + CY V0). (50)

Substituting (49) and (50) in (42), we get

V0 = GVR
cl [V nom

0 + (X −DIN )ΔV +Gavr(V nom
0

+ (X −DIN )ΔV −GestV0)−GERLN (B + CY V0)]

+GCC
cl [Iset

0 +Gavr(V nom
0 + (X −DIN )ΔV

−GestV0)−GERLN (B + CY V0)]. (51)

Rearranging for V0, we can obtain

V0 = [IN +GavrGVR
cl Gest +GVR

cl GERLNCY

+GCC
cl GavrGest]

−1 ×GVR
cl [V nom

0

+ (X −DIN )ΔV +Gavr] +GCC
cl [I

set
0

+Gavr(V nom
0 + (X −DIN )ΔV −GestV0)

−GERLNB(GCC
cl +GVR

cl )]. (52)

By applying the final value theorem to (52), the steady state bus
voltages can be obtained as

V ss
0 = lim

s→0
sV0 (53)

V ss
0 = lim

s→0
(sIN + sGavrGVR

cl Gest

+ sGVR
cl GERLNCY + sGCC

cl GavrGest]
−1

× sGVR
cl [V nom

0 + (X −DIN )ΔV +Gavr]

+ sGCC
cl [Iset

0 + sGavr(V nom
0 + (X −DIN )ΔV

−GestV0)−GERLNB(GCC
cl +GVR

cl )]. (54)

The controller matrices Gavr and GER are diagonal PI matri-
ces and can be written as Gavr = Gavr

P +Gavr
I s−1 and GER =

GER
P +GER

I s−1, where Gavr
P , Gavr

I , GER
P , and GER

I are constant
diagonal matrices carrying the proportional and integral gains
of the controllers. Further, the dc gains of GVR

cl = GCC
cl = 1N .

In addition, the limit lims→0 Gest = QN , where QN ∈ RN×N is
the averaging matrix, whose entries are all 1/N . Equation (54)
can now be simplified as

V ss
0 = (2 ∗Gavr

I QN +GER
I LNCY )−1

× 2 ∗Gavr
I (V nom

0 +(X−DIN )ΔV )−GERLNB (55)

(2 ∗Gavr
I QN +GER

I LNCY )V ss
0 = 2 ∗Gavr

I (V nom
0

+ (X −DIN )ΔV )−GERLNB. (56)

Given QN , D, and LN and since LN is balanced, we can
conclude that QNLN = 0 and QND = 0. Therefore, pre-
multiplying both sides of (56), we can obtain

QN (2 ∗Gavr
I QN )V ss

0 = QN ∗ 2 ∗Gavr
I (V nom

0

+ (X −DIN )ΔV ). (57)

In addition, according to the definition of the averaging matrix,
QNV ss

0 = 1〈V ss
0 〉, where the scalar 〈V ss

0 〉 is the average of the
elements of V ss

0 at steady state. Hence, (57) can be written as

QN2 ∗Gavr
I 〈V ss

0 〉 = QN2 ∗Gavr
I ∗ V ref

0 (58)

where V ref
0 is the net reference obtained from the addition of

V nom
0 and voltage shift term generated by the tie-line controller.

Now, since QN ∗ 2 ∗Gavr
I is a nonzero vector, we can conclude

that 〈V ss
0 〉 = V ref

0 . In other words, the average of the output
voltages is equal to the net reference set by hierarchical control.
This concludes the equilibrium analysis of the proposed unified
distributed consensus algorithm.

VI. SIMULATION RESULTS AND DISCUSSION

Two 380-V nonidentical dc MGs, shown in Fig. 1, were
developed in MATLAB/Simulink to evaluate the performance
of the proposed tie-line controller. The MGs are composed of
PV, battery banks, DG sets and loads, distributed at different
buses of each MG. To interface these sources with the MG
network, power electronic converters are used. For instance,
PV is interfaced using a boost converter operating in maximum
power point tracking (MPPT) mode. Further, battery banks
are connected through synchronous buck converters to enable
bidirectional power flow whereas DGs are connected using a
voltage source converter. Additionally, CPLs are considered in
this article. Electrical specifications of the two MG system and
converters’ parameters and cost-function coefficients are given
in Table II. Three different case studies have been presented
to evaluate the performance of the proposed control scheme as
described below:

A. Case-1: Controller Performance Under Normal Operation

In this case, the performance of the tie-line controller is
evaluated under normal operation. Initially, the tie-line controller
was disabled and the tie-line was unregulated while the AVR and
the ER loop were enabled, maintaining the average voltage and
optimal operation, respectively, in the MGs, as shown in Fig. 9.
Before the instant t= t1, the power flow Ptie was equal to 2 kW.
At t = t1, a step change in PV insolation was introduced in
MGA, causing a reduction in PV power output from 4.72 to
2.3 kW as shown in Fig. 9(b). In a dc network, changes in power
distribution causes changes in bus voltages. Hence, after t1, as
the power distribution in MGA changes, its boundary bus voltage
(V4) reduces, causing a reduction in power exported to MGB .
The power flow, Ptie was however minimal (0.14 kW) due to
AVR action in both MGs as the average voltages in both MGs
are nearly same at 380 V, as seen from Fig. 9(d). It is intuitive,
that without the AVR action, a relatively large voltage deviations
will occur in the network, which can cause larger deviations in
tie-line power flow from its scheduled value.
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TABLE II
SIMULATION PARAMETERS

Fig. 9. Simulation results of case-1. (a) Tie-line power. (b) MGA powers.
(c) MGB powers. (d) Average voltages of both MGs. (e) Incremental costs of
MGA. (f) Incremental costs of MGB .

At t= t2, tie-line controller was enabled and a tie-line power
reference of 4 kW was given to send power from MGA to
MGB . The power flow, Ptie slowly increases and with a slight
overshoot, it tracks the reference value in approximately 4 s, as
shown in Fig. 9(a). Since only MGA exercises tie-line control,
the average voltage of MGB remains unaltered while that of
MGA experiences a change of approximately 2.5 V, as shown in
Fig. 9(d) in order to push power through the tie-line. Moreover,
it can be noted that during both the events t1 and t2, the fuel
cell power changes slowly, while the transients were absorbed
by the remaining sources.

To further test the efficacy of the tie-line controller, a step
reduction in remote load was introduced in MGB at t = t3, as
shown in the power figures in Fig. 9(c). It can be seen that after a
transient, thePtie was settled at the reference value. An important
implication of this can be observed from Fig. 9(b) and (c) where
the load disturbance in MGB was not reflected in MGA in steady
state, due to the regulated tie-line. Further, in the performance
of ER, as illustrated in Fig. 9(e) and (f), the incremental costs in
both MGs (λA and λB) were equal despite various disturbances.

B. Case-2: Effect of ER on the Tie-Line Controller

This case illustrates the effect of ER on the tie-line controller
and on the system responses. It also highlights the decoupling
among different controllers such as AVR, ER, and tie-line con-
troller, due to their different time-scale of operation. In this
case, initially the tie-line controller and AVR were enabled
and ER in both MGs were disabled. The tie-line power, Ptie

was regulated at 4 kW when at t = t1, the ER of MGA was
first enabled, as shown in Fig. 10(d). The incremental costs of
the different generators reach a consensus in about 1.5 s and
settle at a value of 11.6 $/kWh, as shown in Fig. 10(d). As a
consequence, the generators in MGA now share the total load in
an optimal manner. During this condition, the SoC was 85 %,
making the ESS cheaper. Therefore, the ESS picks larger share
of load among the generators, while both the DGs reduce their
share, as shown in the Fig. 10(b).

The same scenario was observed in MGB at t = t2, when its
ER was enabled. The ESS being cheaper, ramps up its output
while other DGs reduce their generation as their incremental
costs become equal at steady state, as shown in Fig. 10(c) and
(e). Further, the reduction in operating costs of both the MGs
as the respective ERs were enabled is illustrated in Fig. 10(f).
During both the events, it can be noted that the tie-line power was
maintained at its reference value, as a result of which, the power
distribution due to the action of ER in one MG does not affect
the power distribution in the other MG. From both the cases
presented, it can be validated that, despite various disturbances
in the individual MGs, the tie-line controller was able to regulate
the tie-line power at its scheduled value in a distributed manner.

C. Case-3: Case-1 and Case-2 Combined

In this case, the effect of simultaneous activation of tie-line
controller and the ER is investigated. The simulation responses
are shown in Fig. 11. At t = t1, the tie-line controller and the
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Fig. 10. Simulation results of case-2. (a) Tie-line power. (b) MGA powers. (c) MGB powers. (d) Incremental costs of MGA. (e) Incremental costs of MGB .
(f) Total operating costs of MGA and MGB .

Fig. 11. Simulation results of case-3 combining case-1 and case-2. (a) Tie-line
power. (b) MGA powers. (c) MGB powers. (d) Average voltages of both MGs.
(e) Incremental costs of MGA. (f) Incremental costs of MGB .

ER both are activated simultaneously. While times t2 and t3

correspond to PV power change and load power change in MGA

and MGB , respectively. Despite the various disturbances, the
tie-line power was regulated at the reference value of 4 kW.

D. Case-4: Performance of Distributed Controllers Under
Fault Conditions

This case highlights the MG operation under converter outage
in MGA. Initially, the tie-line power was maintained at 4 kW
with ER and AVR in both MGs enabled. At t = t1, due to some
internal fault or forced outage, the DG1 in MGA gets isolated
from the network. This is implemented by blocking the firing
pulses to the DG converter, thereby forcing its output power
to reduce to zero, as shown in Fig. 12(b). The corresponding

Fig. 12. Simulation results of case-4. (a) Tie-line power. (b) MGA powers.
(c) Incremental costs of MGA (left y-axis), Total operating costs of MGA

(right y-axis).

communication links were also disabled, as shown in Fig. 12(a).
The zero node shown in the cyber graph refers to the leader node
(pinning node) connected to the nearby pinned nodes 2 and 3.
Fig. 12(b) and (c) show the distribution of power, incremental
costs and total operating cost in MGA after t1. It can be seen that
post DG1 outage, other generators quickly picked up the load.
The transient power was picked by both the ESS and DG2 while
fuel-cell slowly ramps its output. At t = t2, the pulses were
de-blocked and the communications links were restored. It can
be seen that the system regains its initial state as the generator
power and its incremental cost settle to its previous value, as
shown in Fig. 12(b) and (c), respectively. Even though the net
generation remains same after the generator outage, the total
generation cost (shown in pink color) in Fig. 12(c) reduces due
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Fig. 13. Single line diagram representation of the studied three MG cluster
where PtieA,B indicates positive power flow from MGA to MGB , PtieB,C

indicates power flow from MGB to MGC , and PtieC,A indicates power flow
from MGC to MGA.

to the outage of the relatively expensive generator (DG1).This
validates the performance of the proposed distributed control
scheme, allowing the MG clusters to have plug and play opera-
tion as envisioned in a smart MG system.

VII. EXTENSION TO MULTI-MICROGRID SCENARIO

The schematic representation of the studied three MG system
is shown in Fig. 13. Each MG cluster has four bus interconnected
network. For brevity, only simulation responses of the tie-line
power flows, PV/load powers, and MG average voltages are
presented. The responses are presented in Fig. 16. In this case,
initially all the controllers were enabled and tie-line powers
PtieA,B = 5 kW, PtieB,C =2 kW, and PtieC,A = −0.5 kW were
maintained. At t = t1, the tie-line power reference of PtieA,B

is changed from 5 to 3 kW. The tie-line power settles to the
new value in about 3 s, as shown in Fig. 16(a). To further test
the performance of the proposed control strategy, step increase
in PV insolation in MGA was made at t = t2 causing its output
power to increase from 7.6 to 15.2 kW. It can be seen that despite
the disturbance, the tie-line power was effectively regulated at
the reference. Similarly, at t = t3, a step command of 4 kW
was given to the MGB tie-line controller. It can be seen that
the corresponding tie-line power PtieB,C ramped up slowly and
settled at the reference value in about 3 s. At t = t4, a step
reduction in remote load power in MGB was made causing
its output power to drop from 15.2 to 4.2 kW, as shown in
Fig. 16(b). Again, t = t5, the tie-line power reference of PtieC,A

was increased from −0.5 to −2 kW. Lastly, at t = t6, a step
increase in remote load power in MGC was introduced causing
the load to increase from 7.8 to 13.66 kW. It can be seen that
despite various disturbances, the tie-line powers was effectively
regulated at their respective values.

The responses in Fig. 16(c) show the average MG voltages. At
t= t1, the average voltage of MGA decreases (comes closer to the
nominal value) since the tie-line power flow from MGA to MGB

was reduced. In other words, the average voltage difference
between MGA and MGB reduces as a consequence. At t =
t3, in order to increase the power flow from MGB to MGC ,
the controller raises the average voltage of MGB with respect
to MGC . Similar explanation can be given for the event at t =
t5. For a large load reduction at t = t4, it can be seen that the
average MG voltages increase above the nominal. This change
is attributed to the response of tie-line controller as it adjusts the
MG average voltages so as to maintain the tie-line powers at the
respective levels.

VIII. REAL TIME SIMULATION RESULTS

This section presents the real-time simulation results demon-
strating the tie-line control between two dc MG clusters. The
central idea is to demonstrate the implementation of proposed
distributed tie-line control strategy using an actual communica-
tion system. Every agent (local controller at a DG bus) receives
information from its neighboring agents and transmits local set
of information to the neighboring agents. In this experiment, the
dc MG clusters are modeled and simulated in real-time in two
separate cores (CPUs) inside OPAL-RT OP5600. The tie-line
is modeled using the distributed power line model from the
Artemis library of RT-LAB [31].

The schematic representation of the proposed approach is
shown in Fig. 15. The control strategy, shown in Fig. 5, is
implemented for the local control agents inside OPAL-RT sim-
ulator while the communication layer and the cyber graph is
implemented using separate MATLAB scripts running in two
different host computers. Ethernet communication using TCP/IP
protocol is employed to transfer set of information from one local
control agent to its neighboring agents according to the designed
cyber graph, as shown in Fig. 15. Different ports are created for
each control agent inside MG over which the information is ex-
changed. For example, port 7201 represents a dedicated channel
for control agent at bus 1. The local controller transmits the
consensus outputs such as its estimated average voltage ( ˜Vav,1),
tie-line consensus state (ΔV1), and ER state (λ1). Similarly,
over the same port, it receives information from its neighboring
agents 2 and 4 according to the designed cyber-graph. The rate
of transmission in OPAL-RT is carefully designed for optimum
controller performance and accordingly it was set at 1 Hz, which
represents data transmission and reception every 1 s.

For brevity, only the responses of MGA are presented, as
shown in Fig. 14. In this test, three events were introduced at
different instants namely t1, t2, and t3. At t = t1, the AVR was
enabled; at t = t2, ER was enabled; and lastly at t = t3, the
tie-line controller was enabled. Before t= t1, the tie-line power
flow was at−1.8 kW indicating power flow from MGB to MGB ,
as shown in Fig. 14(a). The average voltage of MGA was found
to be at 379.6 V, as shown in Fig. 14(f) where deviation of the
average voltage from its nominal value of 380 is shown. After
the AVR was enabled at t1, it can be seen that the ΔV avgMGA

,
shown in Fig. 14(f), goes to zero indicating that the average
voltage becomes equal to the nominal value. Consequently, the
tie-line power flow became zero since voltage differences at the
boundary buses becomes nearly zero. At t2, the ER was enabled
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Fig. 14. Real-time simulation results with the distributed communication implemented using Ethernet-based TCP/IP communication. (a) Tie-line power.
(b) MGA powers. (c) Incremental costs of MGA. (d) Consensus variables of the tie-line controller. (e) Consensus variables of the AVR. (f) MGA average
voltage deviation.

Fig. 15. Real-time simulation of the dc MG cluster using OPAL-RT real-
time simulator with TCP/IP communication. The dc MGs, MGA and MGB are
modeled in OPAL-RT while the communication cyber-graph is implemented
using MATLAB scripts in two different host computers.

following which the incremental costs, shown in Fig. 14(c),
undergo consensus and settle at a value of 3.771 $/kWh. It can
be seen that after t2 the average voltage of the MG was still
maintained close to the nominal value despite changes in power
flow through the system caused by the operation of ER. Lastly,
at t3 the tie-line controller was enabled with the tie-line power
reference set to 10 kW. A smooth tracking of tie-line power can
be observed from Fig. 14(a) as the tie-line power flow reaches
the reference of 10 kW. The tie-line controller increases the
MGA nominal voltage such that the requisite tie-line power flow
is maintained. This validates the effectiveness of the proposed
distributed tie-line control strategy implemented using Ethernet
communication with TCP/IP protocol.

IX. EXPERIMENTAL VALIDATION

An experimental setup of two dc MG clusters, as shown in
Fig. 17, was prototyped, consisting of three controllable sources
in each MG of 4 buses. The controllable sources are implemented

Fig. 16. Simulation results showing responses of three MG cluster. (a) Tie-line
power. (b) PV power of MGA, remote load power in MGB and remote load
power in MGC . (c) Average voltages of three MGs.

using boost dc–dc converters where the input voltage is an
unregulated dc supply obtained through uncontrolled single
phase rectifiers. The input voltage to the boost converters was
kept around 60 V and their output was regulated at 110 V.
A network of five transmission lines similar to study system,
shown in Fig. 1, interconnects the four buses in each MG. A
constant power load is connected at bus 4 of MGA. The constant
power load is implemented using a buck dc–dc converter with
output voltage regulated at 48 V and input as the network
voltage of 110 V. A Chroma 62100H programmable dc power
supply based PV emulator was used as a PV source with 0.6 kW
rating and connected at bus 4 of MGB . The proposed distributed
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Fig. 17. Experimental setup of a four-bus dc MGs interconnected by a tie-
line. (1) and (7) Four-leg isolated IGBT-based dc–dc converters representing
four buses in MGA and MGB . (2) OP8662 sensor board. (3) OP5600 real-
time Simulator. (4) Optocoupler circuit. (5) Measurements. (6) PWM pulses.
(8) Tie-line.

TABLE III
EXPERIMENTAL SETUP PARAMETERS

control scheme was developed in OPAL-RT OP5600-based real
time digital simulator. Further details regarding the parameters
of the experimental setup are given in Table III. Three case
studies have been carried out to validate the performance of
the distributed control scheme. The first case demonstrates the
performance of tie-line controller under normal operation while
the second case illustrates the performance of ER and its effect
of tie-line control. In addition, in order to exactly replicate the
behavior of communication links, the effect of delay in the
tie-line communication channels is studied in the third case.

A. Controller Performance Under Normal Operation

In this case, the performance of the tie-line controller was
evaluated for different power references. Two power reference
commands of 2 W and 0.15 kW were introduced at time instants
t1 and t2, respectively, as shown in Fig. 18(a). The AVR and
ER were enabled in both MGs with tie-line controller disabled
till the instant t1. Before t1, the average voltage of MGA was

Fig. 18. Case-1: Experimental responses for step changes in tie-line references
at t = t1 and t2. (a) Tie powers PtieA,B where suffix A,B corresponds to
power flow from MGA to MGB . (b) and (c) MGA powers and MGB powers.
(d) Voltage deviations of the average voltage from the nominal value. (e) and
(f) Incremental costs of MGA and MGB , respectively.

controlled at 111 V with 110 V as the average voltage of MGB .
This causes a power flow of 0.11 kW from MGA to MGB . Total
load in MGA was approximately 0.55 kW and 0.74 kW in MGB .
PG1A, PG2A, and PG3A are the power outputs of controllable
sources in MGA at buses 1, 2, and 3, respectively. Similarly,
PG1B , PG2B , and PG3B are the power outputs of controllable
sources in MGB at buses 1, 2, and 3, respectively. At t = t1,
the tie-line control was enabled in MGA only, with a reference
command equal to 2 W. The tie-line power reduces to 2 W and
settles in 10 s, as shown in Fig. 18(a). As a result, the generation
in MGA reduces while it increases in MGB to compensate for
the reduction in tie-line import, as shown in Fig. 18(b) and (c),
respectively. Fig. 18(d) shows the deviation of average voltage
from a base value (arbitrary chosen) of 105 V. A negative ΔV
of approximately 5 V exists due to the difference (105–110 V).
It can be noticed that, the ΔV avgMGA

tends to reduce after t1

to reduce the tie power export PtieA,B to a low value of 2 W.
After t = t2, again a step command of 0.15 kW was given to
the tie-line controller. The controller acts and increases the tie
power to 0.15 kW in approximately 10 s. Finally, Fig. 18(e) and
(f) show the responses of incremental costs of MGA and MGB ,
respectively.

B. Effect of ER on Tie-Line Control

This case is similar to the case-2 in the simulation results.
The tie-line controller and AVR remain enabled throughout
while the ER of both MGs were enabled at instants t1 and t2,
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Fig. 19. Case-2: Responses of the system when ER of MGA is enabled at
t = t1 and ER of MGB is enabled at t = t2. (a) Tie powers PtieA,B . (b) and
(c) MGA powers and MGB powers. (d) Total costs. (e) and (f) Incremental costs
of MGA and MGB , respectively.

respectively. Fig. 19 shows the various responses of the inter-
connected system. The tie-line power was regulated at 0.2 kW
from MGA to MGB . Prior to t1, the operating costs of MGA

and MGB were equal to 600 $/hr and 720 $/hr, respectively,
as shown in Fig. 19(d). After t1, the operating cost of MGA

reduces to 460 $/hr due to the action of ER. Similarly, after
t2, the operating cost of MGB reduces to 600 $/hr. Hence, this
validates the role of ER in operating the system in an economical
manner.

C. Effect of Delay on Tie-Line Control

The efficacy of distributed control strategy depends up on the
reliability of networked communication system. Any practical
communication system can be prone to various operational
constraints such as limited bandwidth, congestion, jitters, la-
tency, noise, fading, and the management of signal transmission
power [32]. Particularly, the effect of latency can have a seri-
ous impact on the stability of networked control system such
as distributed MG operation. Therefore, this case shows the
effect of increasing delay in the communication channel 2–3
on the stability of the system. In this case the tie-line power
was controlled at 0.2 kW with AVR and ER active in both the
MGs. It can be seen from Fig. 20(a), that undamped oscillations
began to appear in the tie-line power when delay in the channel
connecting nodes 2 and 3 increased from 0.1 to 0.75 s. Further
increase in the delay in channel from 1 to 1.5 s, aggravated the
amplitude of oscillations, as shown in Fig. 20(b). The frequency
of oscillation was around 8 Hz and the critical delay lies between
1 and 1.5 s.

Fig. 20. Experimental responses of the tie-line power for different time delays
in the communication channel 2–3 of the tie-line cyber graph. Red line indicates
the affected communication channel due to delay.

X. CONCLUSION

This article has presented a distributed control strategy for
tie-line power flow control between two interconnected and
independently owned autonomous dc MG clusters. The consid-
ered architecture of dc MGs are of multibus type incorporating
heterogeneous mix of energy sources such as DG, fuel-cell (FC),
PV and BESS. Hierarchical control strategy based on distributed
communication is adopted for both the MGs taking into account
the modes of operation of these sources. The proposed control
strategy will enable the respective MG owner to minimize the
operating costs of the DG while taking into account the current
SoC of BESS. Further, the tie-line controller unified with the av-
erage voltage regulation and ER is implemented in a distributed
fashion using pinning consensus protocol which improves the
reliability and lowers the cost of implementation compared to
the centralized method. The small signal stability analysis of
the studied system incorporated with distributed hierarchical
control reveals the presence of low frequency but relatively
stable modes. These modes are originated due to slow secondary
and tertiary controllers as well as due to the gains in distributed
consensus protocols which therefore demands a careful tuning
of various parameters to achieve a desired speed of response
along with enough stability margin in the system. Simulation
results performed on two MG system under normal and faulty
system conditions demonstrates the effectiveness and reliability
of the proposed control philosophy. Simulations performed on
a three MG three tie-line system proves the expandability of
the proposed unified hierarchical control. The real-time simu-
lation results demonstrate that the proposed distributed control
philosophy is implementable using a real communication plat-
form such as Ethernet-based TCP/IP communication. Lastly,
experimental results demonstrate the practical implementation
of the proposed distributed tie-line control strategy on a scaled
laboratory setup.
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Fig. 21. Tie-line cyber graph of MGA.

APPENDIX

SMALL SIGNAL MODELING OF THE DC MICROGRID

CONSIDERING THE COMMUNICATION DELAY

In continuation to the modeling presented in subsection four
of the Section IV, this section presents the modeling approach
used in the DEs for an ith converter in addition to the DE model
of the transcendental delay term.

The dynamic model governing the consensus of tie-line con-
troller can be presented as

[Δθ̇] = −[L][Δθ] (59)

where Δθ represents the column vector corresponding to the
states of the tie-line consensus and L is the Laplacian matrix
corresponding to the cyber graph shown in Fig. 21. Equation (1)
can be further expanded as

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

Δθ̇0

Δθ̇1

Δθ̇2

Δθ̇3

Δθ̇4

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

= −

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

2 0 −1 −1 0

0 2 −1 −1 0

−1 −1 4 −1 −1

−1 0 −1 3 −1

0 −1 −1 −1 3

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

Δθ0

Δθ1

Δθ2

Δθ3

Δθ4

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (60)

Assuming channel 2–3 is experiencing a communication delay,
then (2) can be modified as

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

Δθ̇0

Δθ̇1

Δθ̇d2

Δθ̇d3

Δθ̇4

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

= −

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

2 0 −1 −1 0

0 2 −1 −1 0

−1 −1 4 −1 −1

−1 0 −1 3 −1

0 −1 −1 −1 3

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

Δθ0

Δθ1

Δθd2

Δθd3

Δθ4

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

(61)

whereΔθd2 andΔθd3 are the states affected by the communication
delay introduced in the channel 2–3. For modeling aspects, the
transcendental term e−sτd is employed to capture the commu-
nication delay in the communication network. Approximating
the time delay using Pade approximation up to the first order we
can write

e−sτd ≈ 1− sτd
1 + sτd

. (62)

To incorporate the delay block to the small signal model of the
system, the first order time delay block, shown in Fig. 22(a), can

Fig. 22. (a) First order approximation of the time delay using Pade ap-
proximation. (b) Equivalent representation of the delay transfer function
shown in (a).

be represented as a cascaded combination of blocks shown in
Fig. 22(b). The advantage of this approach is that it allows to
avoid the derivative part appearing in the numerator [33]. The
DE governing the state of the first block can be written as

dΔθ̃2
dt

= (1/τd)(Δθ2 −Δθ̃2). (63)

The output (Δθd2) can be written in terms of the state variable
(Δθ̃2) as

Δθd2 = Δθ̃2 − τd
dΔθ̃2
dt

(64)

= 2 ∗Δθ̃2 −Δθ2. (65)

Similar approach is carried out for the state variable Δθ̃3. The
voltage shift caused by the tie-line dynamics can be represented
in matrix form as

[ΔV ] = β[Δθ] (66)

where β is the participation factor for the respective DG. The
resultant ΔV from the tie-line dynamics is added with the
nominal voltage to generate new reference for the AVR loop.
In matrix form it can be written as

[δavr] = [Gavr]

{[
[V nom

o ] + [ΔV ]

]
− [Gest][Vo]

}
(67)

where δavr is the vector of state variables corresponding to AVR,
[Gavr] is the square matrix with diagonal terms corresponding to
the AVR PI controller, Gest is the square matrix whose diagonal
elements contain the transfer function of voltage estimator, and
Vo represents the vector of output voltages of the converter.

Finally, the delay model is augmented with rest of the system
model to build the overall system closed loop state matrix, from
which the eigenvalues are evaluated.
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