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Abstract—Islanded DC microgrids relying on Renewable
Energy Sources (RESs), such as photovoltaic and wind systems,
face significant challenges in maintaining stable operation
due to the intermittent nature of renewable generation and
the uncertainty of demand. To address this issue, energy
storage systems (battery stacks) are typically integrated to
balance supply and demand over different time scales. Effective
coordination of these components is therefore essential for
reliable long-term operation. This paper proposes a consensus-
based control approach that coordinates in-service batteries
to i) compensate the power imbalances when RES units do
not match the demanded load, and ii) achieve consensus
among the batteries’ State of Charge (SoC). By driving the
SoCs to consensus, the proposed method helps improving
their performance and lifespan, while ensuring that the load
demand is satisfied. In scenarios where all the batteries
are fully charged, power redistribution among RES units is
employed to preserve the supply-demand balance. Simulation
results confirm the effectiveness of the presented method in
achieving SoCs consensus under different operating conditions.
In addition, a realistic converter transfer function model is
incorporated to validate the proposed control strategy.

Index terms: Consensus, multi-agent systems, microgrid,
SoC balancing, energy management.

I. INTRODUCTION

The increasing penetration of Renewable Energy Sources
(RESs), particularly solar and wind, is transforming modern
power systems from centralized generation toward decentral-
ized architectures. In this context, DC Microgrids (DC-MGs)
allow efficient integration of components with inherently DC
characteristics, such as most RESs and domestic loads, as
well as Energy Storage Systems (ESSs) [1]. Fig. 1 shows a
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Fig. 1: A typical islanded DC-MG.
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generic structure of an isolated DC-MG. Isolated DC micro-
grids can be found in applications such as remote telecom
sites, data centers, off-grid residential or industrial areas [2].
This paradigm reduces energy losses by eliminating multiple
conversion stages. Moreover, the absence of frequency, reac-
tive power, and grid synchronization requirements simplifies
DC-MG control [3].

In modern stand-alone DC-MGs that rely on intermittent
RESs, maintaining reliable operation remains a primary
challenge. The inherent variability of these sources can
exacerbate the mismatch between supply and demand [2].
Since the system’s power balance primarily affects the
common bus voltage, this equilibrium must be maintained
in real time to keep the bus voltage close to its nominal
value [4]. To address this issue, Battery Energy Storage
Systems (BESSs) can be employed, due to their capability
to support bidirectional energy flow [5].

However, when multiple BESSs are connected in parallel,
it is desirable for batteries with different capacities and
initial SoC' levels to contribute to power compensation
according to their unit-specific characteristics so that their
SoC differences can be gradually equalized over time [6].
Achieving such SoC' balancing is important to minimize
the depth of discharge of individual batteries and to prevent
overcharging or deep discharging leading to a longer service
life [7].

When multiple generation units operate within the DC-
MG, it is generally desirable to work in MPPT mode to har-
vest all available power. However, it is not always applicable
in isolated entities, as it may lead to an unmanageable excess
of energy [8]. Therefore, in cases of excessive generation



with fully charged batteries, there should be an option to
curtail the power and manage the supply to match demand.
To this end, different ratings of RESs should also be taken
into account in determining their participation in power pro-
vision [7]. This consideration is essential to extend the life-
time of each unit by avoiding overgeneration and preventing
thermal stress on the converters of smaller units [9]. Thus,
besides voltage regulation, SoC' management of batteries,
and current sharing among in-service units are crucial for
safe and reliable operation of the microgrid [10]. For this
purpose, coordinated operation of the units is required.

Consensus-based control is the natural control tool to
design cooperative energy management in islanded micro-
grids [11]. Consensus algorithms can coordinate energy
sources through local communication to achieve objectives
such as voltage regulation, efficient battery operation, power
sharing, and minimized energy cost without relying on
intensive computation units [12]. Consensus-based control
offers faster computations compared to optimization-based
controllers, and improved situational awareness compared to
conventional controllers, by taking advantage of communi-
cation among agents.

Consensus-tracking methods have been applied to coor-
dinate the SoC' of heterogeneous storage units while simul-
taneously maintaining voltage and frequency stability [13].
However, most existing studies assume that PV units operate
in a fixed mode, typically under MPPT. In this work, a
more realistic control strategy is proposed, considering all
possible operating modes of the DC-MG while accounting
for the unit-specific characteristics of the batteries and RESs
to achieve an accurate power distribution among the units.

However, employing a standard consensus protocol to
coordinate the batteries is not suitable since, once batteries
are active, it causes circular currents among the batteries and
wastes energy [14]. To solve this issue, a modified consensus
algorithm is proposed that avoids such energy flows among
BESSs during replenishment. Hence, the demanded load will
be energized by the RES units and supported by batteries,
and the batteries with low SoC' will only be charged by the
RES units once the RESs” MPPT-based generation exceeds
the demand.

Based on the above discussion, this paper proposes a
modified consensus-based control strategy for SoC coor-
dination of heterogeneous batteries in islanded DC-MGs
with RES units. By including unit-specific data of the
batteries and RESs, the proposed approach aims to propose
an energy management approach that provides proper flex-
ibility while covering all possible operating modes of the
DC-MG. Here, RESs operate in the MPPT phase as the
primary controllers of the system, while the batteries are
activated in charging/discharging mode depending on the
supply—demand conditions. In the case of surplus generation
of MPPT-based RESs and fully charged batteries, the RES
units will be switched from MPPT to load-sharing mode in
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order to preserve the supply—demand balance. To the best of
the authors’ knowledge, the proposed approach introduces a
new strategy for state-aware coordination of battery storage
and RESs in islanded DC-MGs. Moreover, the provided
method has been validated with a real converter.

The remainder of the paper is organized as follows: Sec-
tion II provides some preliminaries, Section III presents the
problem formulation for the proposed consensus algorithm,
dynamics and operational modes, and the DC-bus signaling
approach used to derive the deficit/surplus current for battery
coordination. Simulations are presented in Section IV and
Section V concludes the paper.

II. PRELIMINARIES

This section provides the necessary notation employed
in the problem formulation. An undirected graph G(V,E),
where V = {v1,...,vn} is the set of nodes, and £ C V xV
is the set of edges. An edge (v;,v;) denotes the information
flow from node ¢ to node j. The set of neighbours of node v;
is defined as NV; = {v; € V : (v;,v;) € £}. The adjacency
matrix A, associated with a graph, represents the connections
of the nodes. In other words, A = (a;;) is such that a;; = 1
if (4,j) € € and a;; = 0 otherwise. Let D(G) = (d;;) be
the degree matrix with d;; = deg(v;) if i = j and d;; = 0
otherwise, where deg(v;) is the number of edges connected
to node v;. The Laplacian matrix is defined as L = D — A.
A graph is connected if a path exists from each node to
every other node, and a graph is fully connected if there is
a direct path between every pair of nodes.

III. PROBLEM DEFINITION

This section introduces the consensus algorithm proposed
in this work, the microgrid’s possible operating modes, and
some useful remarks highlighting related key aspects.

A. Consensus Algorithm

Consensus is a widely used method for MAS in which the
states/outputs of the agents reach the same value [15]. This
state can represent a variety of concepts, including currents
and voltages [16], the position of drones [17], etc. For a
continuous-time system, the consensus algorithm is defined
as follows.

Definition 1. A set of agents of a multi-agent system reaches
consensus in their states if and only if:

lim (25(t) — 2, (t)) = 0.

t—o00

(D

The necessary and sufficient condition for reaching con-
sensus is to have a connected underlying communication
graph. However, we assume to have a fully connected com-
munication network among the in-service units. To model
the dynamics of each of the batteries, a single integrator in
discrete-time domain is used in (2):

zi(k +1) = zi(k) + Tsu;(k) 2)



Here, z;, T, u; are the sate, sampling time, and control
input, respectively. To achieve consensus among the agents,
the control input is as follows:

uilk) =g Y aij(x;(k) — (k)

JEN;

3

where a;; are the elements of the adjacency matrix A, and
g € R is a positive control gain that must satisfy 0 < g <
Dnl,ax to lead to consensus [11]. The quantity Dy.x > 0
denotes the maximum degree of a node in the degree graph.

B. Dynamics and Operating Modes

The SoC of a battery in an islanded grid is defined
based on the current that charges/discharges it, the sampling
time, the capacity of the battery, and the initial SoC', which
is known as the Coulomb Counting Method [18]. For a
discrete-time dynamical model, the dynamics of the SoC
is given by:

AT L(k)

SOCZ(IC-Fl):SOCl(k)—W, gee ey

N7
“
where N is the number of batteries, AT is the sampling
time, and SoC};, C;, and I; are the state of charge, capacity
(Ampere-hours, Ah), and reference current of battery i,
respectively. Based on this formulation, if I; is positive
(negative), the battery discharges (charges), meaning that the
SoC' decreases (increases). Four different operating modes
are possible based on the amount of generated energy and
consumption.
Mode 1: When the demanded power is equal to the power
generated by the RES units; therefore, the BESSs remain
out of service in this operating condition.
Mode 2: When the demanded power exceeds the total power
generated by the MPPT-based RES units, the batteries must
compensate for the deficit to meet the demanded load.
Mode 3: When the demanded power is lower than the power
generated by the MPPT-based RES units the batteries are
activated to act as additional loads and absorb the surplus
energy.
Mode 4: Once the BESSs are fully charged, they can no
longer operate as additional loads. If generation still exceeds
the demand, the voltage of the common bus begins to rise. To
prevent it, the RESs exit the MPPT mode and switch to load-
sharing control, thereby reducing their power generation and
regulating the common bus voltage.
Note that in Mode 4, the currents of the RES units will be
decreased to meet the demanded energy; therefore, they are
no longer in MPPT mode. The division of the currents is
based on the maximum currents that each of the RES units
can supply. Aside from Mode 1, which is the ideal mode,
the remaining working modes can happen in two different
cases, as follows.

Case 1. The SoC's are the same for the batteries.
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For this case, there is no need to run a consensus algorithm
for the batteries, and the charging/discharging will be based
on their capacities. Of course, this process should be carried
out to keep the SoC's the same over the operation time.
Based on (4), we have:

ATILi(k) ATI; (k)
Soeilk) = 36500 ¢; ~ 909 ~ 5g00.¢, O
Since SoC's are equal, one can write equation (5) as follows:
Li(k) _ I;(k)
nCASAVAN A VAP 6
o =6 (©6)

Considering and extending (6), the reference current when
the SoC'’s are the same is as follows:

Ierror k Oz
Ii(k) = #,
Zj:l Cj

where Iepor = ldemand — Zf\il Irgs, (M is the number of
RES units). Using this simple formula for the currents of
the batteries, the SoCs will remain the same for all the
batteries. Note that I, can be negative/positive, which
causes the batteries to charge/discharge, respectively. Igemand
is the required current that must be provided by the sources
to preserve the common bus voltage at its nominal value.
This value can be determined using the DC bus signaling
technique [4], which is described in the following subsec-
tion.

(7

Case 2. The SoC's are not the same for the batteries.

In this case, the consensus algorithm must be run for the
batteries to reach the same values of SoC, as well as to
discharge/charge the batteries with a suitable proportion
of the currents to respect the capacities of the batteries.
Consider the consensus formula for the case of SoC'’s (8):

Soc;(k+1) = Soc;(k)+g Z a;j(Socj(k)—Soc;(k)) (8)
JEN;

Based on (4) and (8), one can compute the values of

the currents that discharge/charge the batteries to reach

consensus on the SoCs. In (8), the control input is the

difference between SoC's, which needs to be translated into

the required current from the battery. This can be done using
(4) and (8) as follows.

AT - Igoe, (k
g Z aij(Socj(k) — Soc;(k)) = fﬁcf)
JEN;
3600 - C;
Isoc; (k) = (=17 g~ > aij(Soc;(k) = Soci(k)))

where Ig,c, is the current needed to compensate for the
difference in the SoC. Is,c, and I Will be used to
compute the reference current of each battery, ;. Note that
Isoc, can be a large current because of the nature of the
relationship between the current and the SoC' of a battery.



TABLE I: Characteristics of the tested DC-MGs.

Parameters Symbol  Value
Nominal Voltage Viom 48 V
Max. Current (PV; & PV53) Imax 10 A
Max. Current (Wind Turbine) Imax 5A
Common Bus Capacitance Chus 20 mF

Let us define A; = g3 aij (S0C;(k) — SoC;(k)).
From (9), one can notice the large value of 3600 - C,
which is natural since the SoC' of a battery changes slowly
while charging/discharging. Therefore, this paper suggests
to compute the reference current for each battery as in (10).

Isoe. (k
NSC#Ierror IerrorAi < O,
Zj:l ISOCj (k) (10)

0 else.

Ii(k) =

The first condition refers to the fact that the signs of Ieyor
and A; must be different. For instance, when I, is positive
(negative), it means that the batteries should deliver (absorb)
current; however, only those batteries should participate that
have a negative (positive) A;, which means that they have
a greater (smaller) SoC with respect to the others.

C. DC Bus signaling

As stated in Section I, the DC common-bus voltage (i.e.,
Vius) reflects the power balance condition of the microgrid.
This is because a generation deficit discharges the equivalent
DC-bus capacitor, causing a voltage drop, whereas surplus
generation charges it, resulting in a voltage rise. This corre-
lation between the common-bus equivalent capacitance and
the voltage deviation determines the proper value of I.yor,
the parameter that specifies the surplus or deficit current to
be compensated by the batteries. Irrespective of the operating
mode of the microgrid, the common-bus voltage is modeled

as:
1t M
Vius = 07/ (Idemand - ZIRE&‘) dt (11)
bus Jtq

i=1
where Cj,s is the common bus capacitance. Assuming an
ideal controller, an ideal battery (with negligible terminal-
voltage variation across different SoC' levels), and consid-
ering the demonstration in [6] that line resistances can be
designed to ensure negligible voltage drops, the dynamic
behavior of V4,5 can be obtained by solving the previous
differential equation, given by:

M
Vbus(t) _ Idemand CEZ':1[RES,-, (t
bus
Thus, Vs changes linearly with time, with the slope
of (Lgemand — XM, IrEs,)/Cous- Under normal conditions,
Vous(to) = Viom. In steady-states, the voltage deviation
from its nominal value (i.e., AV = hm Vius(t) — Viom) 18
zero provided that the supply satlsﬁes the demand, denoted
as Ieor = 0. Otherwise, Ieor can be computed from the

%us(to) + - to), (12)

resulting voltage deviation at the common bus as well as the
sum of measured terminal currents of i-th RES, as shown
in (12).
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Fig. 2: Proposed converter and control diagrarﬁ for batteries.

D. Converter and Controller Diagram

As shown in Fig. 2, the local controller layer receives the
information regarding SoC's, currents, and bus voltage to
compute the reference current for the SoC' consensus among
the storage units. Using a PI controller, the error between the
battery and reference current is used to provide the needed
duty cycle. This duty cycle will then be applied to a Pulse
Width Modulation (PWM) generator to control the battery
current by manipulating the corresponding converter, and
eventually, leading to voltage regulation and SoC' consensus
among the batteries. The converter transfer function based
on this elaboration can be determined as follows:

G _ _1Battery
Converter DutyCycle 1
L+7rcCs "
LOs? + (% + (rp +7¢)C)s + (1 + %)

where C' and L represent the capacitance and inductance of
the converter output filter, respectively, and R is the total
load connected to the bus. The parameters r¢ and ry, stand
for the Equivalent Series Resistances (ESRs) of the filter
capacitor and the inductor, respectively, which are included
to model the converter more realistically [19].

IV. SIMULATION RESULTS

In this section, the simulation results for the consensus
among the SoC's, and charge/discharge currents of the
batteries have been illustrated. Three different examples
have been covered to show different operation modes of the
islanded grid.

1) Example 1: In this example, modes 1,2, and 3 has been
simulated. For the initial parameters, we considered N = 5
batteries with initial SoC's of SoC = [0.9,0.5,0.7,0.8,0.6],
zero initial currents from the batteries, capacities as Cap =
[50, 100, 150, 200, 250] Ah, g = 0.2, and AT = 1s. The
simulation runtime is 86400 seconds (a full day). The
demanded energy from the grid, and the produced energy
from RESs are time-varying. Due to changes in sunlight
and wind, neither RESs produce constant energy, nor do
consumers use constant energy during the day. Fig. 3 shows
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Tgemands IrES, and Iy representing a logical operating
mode for a full day.

Fig. 4 shows the consensus of the SoC's for the batteries.
Starting from the initial SoC's, they reach consensus and
then continue to discharge/charge based on the demanded
and produced energy. Obviously, battery 2 does not partici-
pate in the consensus until 8 hours due to the positive Ie;por
and its negative A; as in (10).

Fig. 5 shows the coordinated charge/discharge currents for
the N = 5 batteries based on the supply and demand.

2) Example 2: Consider that the amount of produced
energy is more than the demanded one; so, the batteries
are full and they cannot absorb the exceeded energy. As
mentioned in Mode 4, the RES units reduce their production
in order to meet the demanded energy. Initial conditions
are the same except for Cap = [50, 100, 150, 200, 250] Ah.
Fig. 6 shows the SoC's of the batteries in which all of them
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have reached 1 while they are in Mode 3.

Fig. 7 shows the reference currents of the batteries in Modes
3 and 4. In Mode 3, they absorb the exceeded energy, and as
soon as their SoC' reaches one, the RES units change their
mode to 4.

The produced energy in Mode 4 must exactly meet the
demanded energy, which can be seen in Fig. 8. With a
changing Ijemang, the sum of the RES units follows the
demanded energy.

3) Example 3: This example illustrates the implementa-
tion of the proposed algorithm applied to a real converter
transfer function. This model incorporates the details of a
real converter model where its input is the duty cycle and
its output is the battery current. Note that for this simulation,
we considered sampling time 7 = 0.001s, total duration of
T = 3s, initial SoC = [0.5,0.8,0.3], battery capacity of
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Cap = [0.01,0.02,0.05], and N = 3 batteries. The reason
to choose small capacities is due to avoid long simulation
time. The PI controller’s parameters are kp = 0.001, and
kr = 40 which leads to a perfect tracking of the reference
current with a transition time equal to 5 samples (0.005s).
Fig. 9 demonstrates the currents that the batteries delivered
as demanded by the converters. Obviously, the tracking of
the current is almost perfect which shows the effectiveness
of the algorithm in real-time. Mode 2 and 3 have been
considered for this example. Also, Fig. 10 demonstrates the
convergence of the SoC's for the batteries using the converter
transfer function model.

Based on the Fig 9 and Fig 10, the algorithm shows a
perfect tracking of the reference current in a short time while
respecting the real-time constraints.

V. CONCLUSION

This paper presented a consensus-based control strategy
for coordinating heterogeneous battery storage units in is-
landed DC microgrids. By incorporating SoC- and capacity-
aware coordination, together with a current term derived
from DC-bus voltage signaling, the proposed approach al-
lows balanced SoC evolution across units, mitigates un-
desired battery-to-battery energy exchange, and achieves
effective current sharing across varying operating modes.

The strategy also manages periods of surplus renewable
generation — particularly when all batteries are fully charged
— to prevent DC-bus overvoltage. Simulation results demon-
strate that the method achieves SoC' consensus, maintains
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supply—demand balance, and reduces operating stress that
may adversely affect battery lifetime.
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