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Abstract—The present study proposes a new consensus control
based multi energy storage system for DC microgrid. The proposed
design achieves the consensus in finite time by sharing, both the
local information of State of Charge (SoC) and battery power
with the neighbours. The consensus based control equalises the
SoC of multiple energy storage, irrespective of changes in the
load demand and photovoltaic (PV) generation and regulate the
DC bus link voltage. The overall system behaves essentially as a
Hybrid Energy Storage System (HESS) where the Supercapacitor
(SC) absorbs all the transients arising from any power imbalance
of the system due to the load demand change and then pass this
to the multi- battery storage system which increases the battery
life. The effectiveness of the proposed controller is demonstrated
via simulations considering several numerical examples.

Index Terms—Multi-Agent Systems, Consensus Control, Hybrid
Energy Storage Systems (HESS)

I. INTRODUCTION

In recent years there have been increasing penetration of
renewable Energy Sources (RES) including photovoltaic (PV)
and wind energy, into the microgrid due to their environmental
friendly advantages [1]. However, due to stochastic weather
parameters, these RESs often show uncertain characteristics. To
alleviate the problems associated with the renewable sources,
many researchers have focused on developing hierarchical
Energy Management Systems (EMS) Storage Systems (ESS)
which mitigate the power mismatch between the load demand
and generation. Among many ESS, the combination of battery
and supercapacitor is one of the popular Hybrid Energy Storage
System (HESS) configurations. The SC absorbs all transients
and this will result to increase the life span of the battery due
to less stress on the battery [2].

Although, the ESS can account for uncertainty in the re-
newable generation, in a distributed generation scenario, such
as microgrid,the control of ESS is a challenging task [3]–
[6]. Further, in a large scale RES, the proper communication
system with MGs is crucial to achieve stable synchronous oper-
ation throughout the system. Several communication protocols
such as, peer-to-peer control [7], [8], master-slave control [9],
[10] and distributed control [11], [12] have been proposed
by researchers to achieve this. These methods have certain
limitations. For example, the plug and play characteristics of
peer-to-peer control may not utilise the energy effectively due
to power oscillations in complex microgrid [13]. In the master-
slave control, the whole MG Control system cannot be operated
in case of failure of the master agent [9], [10]. Some of these
limitations can be overcome by adopting distributed control
which can improve the switching stability in complex MG
system [14].

Although many research results have been reported on power
management in microgrid, the research related to energy man-
agement of multiple storage systems have received relatively
less attention. The objective of this study is to investigate if
consensus control strategy can be effective in SoC equalisa-
tion in a microgrid, equipped with multiple energy storage
devices. This study, therefore designs a distributed coordinated
consensus control for multiple energy storage due to various
advantages this offer.

The rest of the paper is organised as follows. Section-II
explains the system implementation with proposed consensus
communication. The problem is formulated with numerical
results in Section-III with conclusions and key findings in
section-IV.

II. PROBLEM FORMULATION

The schematic of DC microgrid with multiple energy storage
system is considered in this study, is shown in Fig 1.

This system has five battery storage which are connected to
a DC link through bidirectional DC-DC converters according
to the communication graph as shown (Undirected Communi-
cation Graph) in Fig 1.

A. Dynamic Modelling of Battery Storage

It is assumed that the battery energy storage has the fast and
accurate reference tracking characteristics for the given system.
The dynamics of each battery system can be expressed in state
space model [15], [16][
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where Ai,Bi are system and input matrices of the i-th energy
storage respectively, while Ei and Pi are energy and power
of the i-th battery. Further, 1

3600 coefficient is applied due to
battery ratings are represented in Kwh and Kw for energy and
power. Thus, if the base energy of a battery is the same as its
capacity, a battery’s energy in p.u is equivalent to its State of
Charge (SoC).

The objective of the proposed Multi Agent System (MAS)
based controller is to balance the power in the overall system
by communicating with each agent while maintaining the SoC
levels of energy storages in a safe operating region. Note that
the ’agent’ in this MAS framework, represents the battery
storage units. This will keep the overall DC bus link voltage
substantially constant regardless of the load demand. The SC



Fig. 1: DC microgrid with interconnected multiple energy storages.

will absorb all transients to reduce the stress on the battery in
the long run. The SoCs of the energy storages are expected to
be in acceptable limits during the operation [16], [17].

B. Power Balance for HESS

Since one of the objective is to keep the DC bus voltage
constant by balancing the power, it is appropriate to derive its
relationship. The power balance is primarily achieved through
the power mismatch, by using the power mismatch between the
DC bus load demand ( PLOAD) and power generation from PV
(PPV ) and HESS (PHESS). The relation between these entities
is given by,

PHESS(t) = PLOAD(t)− PPV (t). (2)

where,

PHESS(t) =

n∑
i=1

PB,i(t) + PSC(t). (3)

The terms, PSC and PB,i(t) in 2 represents the power of
supercapacitor and power of the i-th battery respectively.

It is assumed that the SoC of the HESS including SoC of
the all the batteries (SoCBat,ii = 1, 2, ...n) are in the safe range
are expressed such.

SoCimin ≤ SoCibat,t, SoCsc,t ≤ SoCimax. (4)

The SoC of the ith battery and SC can be found by,
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bat,t −

1
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∗
∫
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SoCsc,t = SoC0
sc,t −

1
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∗
∫
isc ∗ dt. (6)

where SoC0
bat,t,SoC0

sc,t, Cnb and Cnc are initial SoCs of the
battery, SC, nominal capacity of battery and SC respectively at
time t.

C. Control Structure

The block diagram of main control structure of the DC
microgrid is shown in Fig 2. From Fig 2 it can be seen that

Fig. 2: Block diagram of the control structure for the DC
microgrid.



this controller consists of 2 loops e.g. the voltage control and
current control loops. First the reference current , denoted
as iBat,ref , is provided by the voltage loop controller after
passing its output through a low pass filter. This signal is
subsequently used to generate the reference currents ibref,i
(i=1,2,....n) for controlling individual batteries. The output of
the current controllers generate the duty cycles db,i (i=1,2,...n)
for converter switches Sbi (i=1,2,...n) in the HESS.

In this study, we have implemented the controller following a
consensus strategy. Since this controller uses the graph theory,
this is discussed along with the consensus algorithm for sake
of completeness.

D. Graph Theory

Let L = (K,E,A) be a weighted directed graph of order
n (where n ≥ 2) with the set of nodes K = k1, .., kn, set of
edges E =⊆ (K×K), and a nonsymmetric weighted adjacency
matrix A = [aij ] with real adjacency elements aij . The node
indexes are part of a finite index set of I = 1, 2, ..., n. An
edge of L is denoted by eij = (ki, kj). The adjacent elements
associated with the edges of the graph are nonzero, i.e., eij ∈ E
if only aij 6= 0. Furthermore, assume aii = 0 for all i ∈ I . The
neighbor’s node ki is denoted by Ni = kj ∈ K : (ki, kj) ∈ E.
The directed path is a edges of the form (ki1 , ki2), (ki2 , ki3), ...,
where (kij , kij+l) ∈ E. Thus, If a directed graph has the prop-
erty that (ki, kj) belongs to E for any values of (kj , ki) ∈ E,
then the directed graph is called undirected. If any two distinct
nodes of the graph can be connected via a directed path, it is
called strongly connected (undirected graph).

The Laplacian matrix L has a trivial eigenvalue of 0 with the
relevant eigenvector 1, a column vector with every element as
1 (L.1 = 0). Therefore, the balanced/ symmetric graph can be
represented by,

1T · L = (L · 1)T = 0 (7)

E. Consensus Algorithm

Consider a MAS with n number of agents. Let the dynamics
of the i− th agent be described as:

xi = Aixi +Biu (8)

where x = [x1, x2, ....xn]T are the state variables and control
input vector u = [u1, u2, ...un]T represent the inputs. In this
study, the state variables are the Energy (E(t)) and Power
(P (t)) of the batteries. The objective of the consensus algorithm
is to allow all the distributed agents to exchange relevant
information. Note that in this study, there is no central controller
and it is assumed that the communication link is perfect.

The consensus controller, proposed here is given by [18]

ui(t) = c ·K
n∑
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aij(xj(t)− xi(t))

= c ·K
n∑
j=1

aij

[
Ej(t)− Ei(t)
Pj(t)− Pi(t)

]
(9)

where the gain K = R−1BTP and this is computed by
solving the Algebraic Riccati Equation (ARE) of standard linear

quadratic regulator

ATi Pi + PiAi +Qi − PiBiR−1BTi Pi = 0 (10)

where Qi ≥ 0 and R > 0 and the constants aij in (9) are the
elements of the adjacent matrix (A), c is a positive scalar.

Thus, the block diagram of the state-feedback control of the
battery can be seen in Fig.3 .

Fig. 3: State-feedback control model of the battery.

Furthermore, the five consensus inputs can be found by,

u1 = −c
[
K1 K2

] [3Eb1 − Eb2 − Eb3 − Eb5
3Pb1 − Pb2 − Pb3 − Pb5

]
u2 = −c

[
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] [−Eb1 + 3Eb2 − Eb3 − Eb5
−Pb1 + 3Pb2 − Pb3 − Pb5

]
u3 = −c

[
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] [−Eb1 − Eb2 + 3Eb3 − Eb4
−Pb1 − Pb2 + 3Pb3 − Pb4

]
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[
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−Pb2 + 2Pb4 − Pb5

]
u5 = −c

[
K1 K2

] [−Eb1 − 2Eb2 − Eb4 + 3Eb5
−Pb1 − 2Pb2 − Pb4 + 3Pb5

]
.

(11)

where Ebi and Pbi (i=1,2,..5) are energy and power variables
of each battery energy storage.

F. Stability Analysis

The dynamics of the closed loop system, of the i− th agent
is expressed as:

ẋi = Aixi + cBiK

n∑
j=1

aij(xj − xi) (12)

The dynamics of the overall closed loop system, with the
proposed controller is given by:

ẋ = Inx⊗Ax− cL⊗BKx (13)

For the system to b e stable the matrix (A − cλiBK) should
be Hurwitz [19]. This can be ensured by selecting the constant
c where c ≥ 1

2minRe(λi)
[20].

III. SIMULATION RESULTS

The effectiveness of the proposed control strategy is demon-
strated considering a DC microgrid whose generic structure is
shown in Fig.1. The simulation is carried out considering 5



Fig. 4: The undirected communication graph.

number of batteries. The undirected graph of this system is
shown in Fig.4

The Laplacian matrix L of this undirected communication
graph can be found by,

L = D −A (14)

where, L is given by
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The objective of the controller is to obtain consensus for battery
SoC, power and energy. The controller is designed following
the procedure described in previous sections.

The simulation is conducted in MATLAB/Simulink envi-
ronment considering the parameters: Vdc = Vref = 48V ,
Rl = 8 − 32Ω, Cbati = 500µF , Lsc = 4mH , Lbi = 3mH ,
Lpv = 3mH , ibi,max = 6A, Cdc = Cpv = 1000µF ,
Vbi = 24V , SoCbati = 50%− 70%, Vsc = 16V , Csc = 55F .

The gains K1 and K2 of the current control loop of each of
the batteries are determined by solving the Algebraic Riccatti
Equation with different choices of Q and R. Note that the
convergence of the consensus algorithm is dependent on the
values of these gains.

The SoC, power dispatch and the convergence of energy are
shown in Fig .5 and Fig.6 where the former corresponds to
the values of gains (Q = diag[100, 10], K = [−100.0, 31.6])
which gives slowest convergence and the later are for gains
(Q = diag[8000, 10], K = [−282.8, 10.0]) which gives faster
convergence. For example when Q = diag[8000, 10] the battery
SoC will achieve their consensus value in less-than 4000s.
Further, it is assumed that the initial SoC of the batteries
((Bati(i = 1, ..5) ) are (70, 65, 60, 55, 50)% respectively. Note
that, parameters R and c is selected such that R = 0.01 c = 1.

Next we analyse the dynamic characteristics of HESS and
voltage of the DC link. The results for the gains, which gives
fastest convergence are shown in the study. The behaviour of
HESS is shown in Fig.7. The dynamic behaviour of the battery
current, as the load and PV power generation change,is shown
in Fig.7a. From the figure it is observed that at the time [t1, t2],
the PV generation increased due to the change of irradiance.
Therefore, the batteries are charging to balance the excess
power in the HESS. During the time interval [t3, t4] and [t5, t6],

the load demand in the DC bus is increased and this resulted
the batteries to discharge in order to balance the power demand
in deficit mode.

The current variations in the super capacitor (SC) is shown
in Fig.7b. From the results, it is observed that the SC could
effectively handle the transients during the power in-balances in
the DC bus and thus results in less stress on the battery storage.
The variations of DC bus link voltage in the time interval [t1, t7]
is shown in Fig.7c where it is found that the voltages stabilises
to 48V with acceptable level of fluctuations.

IV. CONCLUSIONS

A consensus based control for SoC equalisation has been
proposed for HESS with multiple batteries. The proposed
controller achieves the consensus among the SoC, power and
energy, irrespective of the deficit or excess mode of operation
in the DC microgrid. Furthermore, this system mitigates the
power mismatch in the DC bus and multi energy storage, while
regulating the DC link voltage regardless of load demand. Thus,
this SoC equalisation over consensus algorithm enhances the
effectiveness of the proposed system.
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Fig. 5: Simulation results for the slower convergence.
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Fig. 6: Simulation results for the faster convergence.
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