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A B S T R A C T

This study examines State of Charge (SoC) balancing control in DC microgrids subject to photovoltaic (PV)
fluctuations, aiming to optimize power distribution in energy storage systems influenced by PV disturbances.
The proposed approach enhances both the lifespan of storage systems and microgrid stability. To mitigate
voltage variation due to PV perturbation, the paper introduces an adjustment in droop control offset.
Additionally, it presents a novel discrete Sliding Mode Controller (SMC) characterized by reduced parameter
sensitivity, thus enhancing control responsiveness. A SoC balancing control strategy employing sliding mode
control is developed to equalize SoC levels across Battery Energy Storage Systems during both charge and
discharge cycles. The stability of this strategy is substantiated through the construction of a Lyapunov
function. Simulations conducted in a distributed DC microgrid environment using Simulink/SimPower Systems
demonstrate the efficacy of the discrete SMC and the SoC balancing algorithm, achieving uniform SoC in energy
storage nodes during operation, with improved robustness against PV perturbations.
1. Introduction

In the context of advancing low-carbon and environmental pro-
tection initiatives [1], microgrids have been increasingly recognized
for their ability to integrate Distributed Energy Resources (DERs) [2],
Battery Energy Storage Systems (BESSs), and various load types [3].
However, the power quality of microgrids is susceptible to the inherent
instability and unpredictability of Renewable Energy Sources (RESs),
such as wind and photovoltaic (PV) systems [4], which may induce
severe voltage fluctuations at the load end or compromise the power
quality of the main grid.

To address this challenge, BESSs are often employed within micro-
grids comprising RESs to provide a buffer against power discrepancies.
When RES output falls short of load demand, BESSs discharge to com-
pensate, and conversely, they absorb excess power when RES output
exceeds demand. Nonetheless, as microgrid dimensions expand, the
scaling of BESS infrastructure represents a substantial investment in
microgrid development.

Islanded microgrids encounter two principal challenges that neces-
sitate mitigation strategies. Firstly, the output of RESs is subject to
environmental contingencies, leading to unpredictability. While BESSs
can mitigate these fluctuations, they are not entirely effective against
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bus voltage variations across the microgrid. Enhancing the controllers’
response speed and operational range is critical for addressing the
volatility in RES output. In this regard, the significance of computer-
controlled sampling time is underscored for digital controllers with
discrete-time control features [5,6]. Nonlinear controllers are increas-
ingly being adopted for their improved response times in PV-based
microgrids [7]. Additionally, 𝐻∞ theory has been acknowledged for
its capacity to manage external disturbances and issues related to
communication links [8]. Sliding mode control is also recognized for
its robustness against operational inconsistencies in PV-based micro-
grids [9], with adaptive adjustment techniques for sliding mode surface
parameters proposed to bolster control resilience [10]. However, the
effectiveness of these controllers is contingent upon the optimization
of their parameters.

Moreover, in microgrids with high RESs penetration, the equitable
distribution of power among BESS nodes is imperative [11]. State
of Charge (SoC) equilibrium is critical to prevent complications, as
imbalances can diminish BESS longevity due to extended deep dis-
charging or overcharging. Such anomalies can precipitate unscheduled
downtimes, overburdening the remaining BESS units and leading to
elevated temperatures or, in extreme cases, fires.
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Various methodologies have been proposed for balancing the SoC
among BESSs, encompassing power, voltage, and current control tech-
niques. Strategies such as the adaptive power allocation described
in [12], utilize consensus-based algorithms for equitable load current
distribution, as elaborated in [13]. A DC bus voltage control approach
using a multi-agent consensus algorithm to adjust the droop coefficient
dynamically is detailed in [14]. Moreover, a power management strat-
egy has been developed to maintain power quality for BESSs, ensuring
load current stability and compensating for line impedance disparities,
as reported in [3]. However, traditional control strategies may not
adequately address the nonlinear dynamics of microgrids due to the
variable nature of PV system outputs.

In light of these considerations, a novel nonlinear BESS model is
developed in this paper to reflect the erratic nature of PV output, dis-
tinguishing it from existing models such as those referenced in [13,15].
The new BESS model captures the stochastic behavior of BESS charg-
ing and discharging states under PV perturbations, offering a more
accurate representation of PV power output. A discrete Sliding Mode
Controller (SMC) has been designed to respond swiftly and robustly
to disturbances during PV generation, with the notable advantage of
minimal parameter dependency, marking a departure from existing
nonlinear controllers in [6,8,12,15]. Consequently, this controller is
more adept at adapting to voltage fluctuations. A discrete observer has
been integrated to reconcile voltage regulation with the SoC balancing
control strategy. Finally, a novel droop control-based SoC strategy is
proposed, enabling distributed BESS nodes to achieve SoC equilibrium
in both charging and discharging states.

The main contributions of this paper are summarized as follows

1. A nonlinear model has been formulated, delineating the external
equivalent resistance for each BESS, which more accurately
characterizes the instability and unpredictability present during
PV generation.

2. An enhanced droop control strategy has been proposed, aimed
at attenuating voltage fluctuations due to PV perturbations.

3. A discrete SMC has been designed to improve the voltage ro-
bustness at individual BESS nodes, predicated on a PV-based
nonlinear microgrid model. Conditions for the existence of the
sliding mode surface have been established, thereby simplifying
the accuracy of parameter settings.

4. An innovative SoC balancing control strategy, predicated on
sliding mode control, has been developed. This strategy enables
the attainment of SoC equilibrium across BESS units during
both charge and discharge cycles in accordance with the non-
linear model. Furthermore, the cooperation of SoC under the
proposed model has been validated through the construction of
a Lyapunov function.

The structure of the remainder of this document is outlined as
ollows. Section 2 provides foundational information, including an
verview of Maximum Power Point Tracking (MPPT) functionality, V-I-
ased droop control mechanisms, and pertinent graph theory concepts.
ection 3 delineates the design of a discrete SMC and details the
ccompanying proof procedure. In Section 4, the architecture of the
istributed observer alongside the methodology for voltage regulation
s presented. Subsequently, Section 5 introduces a SoC balancing con-
rol strategy and validates its stability through the formulation of a
yapunov function. Section 6 corroborates all theoretical findings, with
oncluding remarks presented in Section 7.

. Preliminary knowledge

.1. PV and MPPT

Fig. 1 depicts a typical microgrid configuration, wherein PV is
dentified as a source of clean energy capable of transforming solar
2

rradiance into electrical power. The relationship between PV output w
power and irradiance is demonstrated in Fig. 2(a), illustrating variable
power output curves corresponding to fluctuating irradiance levels.
Current research efforts are directed towards optimizing the efficiency
of PVs by enabling their operation at the maximum power point of
these curves, which is MPPT mode. This optimal operational point
is attained by modulating the output voltage 𝑉 𝑝𝑣

𝑑𝑐 of PVs to coincide
with the maximum power point under diverse irradiance scenarios.
The mechanism for achieving this, illustrated in Fig. 2(b), involves
the manipulation of the switch 𝐾𝑠. Consequently, in a DC microgrid
inclusive of PVs, power generation via MPPT is designed to maximize
solar energy utilization despite the inherent uncertainty and variability
of sunlight exposure.

2.2. Graph theory

In this study, it is posited that the graph characterizing the intercon-
nections between BESSs, denoted as  = ( ,  ,), is both connected
and bidirectional. Here,  represents the set of nodes 1,2,… ,𝑀 ,
 ⊆  ×  signifies the set of edges, and () = [𝑎𝑖𝑗 ]𝑀×𝑀 is the
adjacency matrix. An element 𝑎𝑖𝑗 of this matrix is defined by:

𝑎𝑖𝑗 =

{

1, if (𝑖,𝑗 ) ∈ 

0, otherwise
. (1)

The in-degree matrix 𝐷() is subsequently defined as 𝐷() =
𝑑𝑖𝑎𝑔{𝑑𝑖} ∈ 𝑅𝑀×𝑀 , where 𝑑𝑖 =

∑𝑀
𝑗=1 𝑎𝑖𝑗 . The Laplacian matrix 𝐿() is

expressed as:

𝐿() = 𝐷() −() = [𝑙𝑖𝑗 ]𝑀×𝑀 . (2)

here the elements 𝑙𝑖𝑗 are computed according to:

𝑖𝑗 =

{

−𝑎𝑖𝑗 , 𝑖 ≠ 𝑗
∑𝑀

𝑖=1 𝑎𝑖𝑗 , 𝑖 = 𝑗
. (3)

Given the bidirectional nature of the communication within the paper’s
scope (i.e., 𝑎𝑖𝑗 = 𝑎𝑗𝑖), the graph  has strong connectivity property and
the Laplacian matrix is required to be a real symmetric matrix.

Moreover, the directed graph corresponding to graph  is denoted
s 𝐺. The incidence matrix for 𝐺 is defined as 𝐵(𝐺). Building on the
remise established in [16], the Laplacian matrix for an undirected
raph  can be factorized into the incidence matrix 𝐵(𝐺) and its
ranspose 𝐵𝑇 (𝐺), a relationship that remains invariant with respect to
he direction of 𝐺, as shown in:

() = 𝐵(𝐺)𝐵𝑇 (𝐺). (4)

.3. Droop control

Power allocation across nodes in microgrids through droop control
s achieved using distinct droop coefficients. The current droop control
nvestigated in this paper enables equitable load sharing among BESS
odes, which is expressed as:
𝑑𝑐,𝑟𝑒𝑓
𝑖 (𝑡) = 𝑣𝑛𝑜𝑚 − 𝑖𝑏𝑢𝑠𝑖 (𝑡)𝑟𝑖, (5)

here 𝑉 𝑑𝑐,𝑟𝑒𝑓
𝑖 is the reference voltage for the 𝑖th BESS, 𝑣𝑛𝑜𝑚 is the

ominal set point voltage, 𝑖𝑏𝑢𝑠𝑖 is the output current of the converter,
nd 𝑟𝑖 is the initial droop coefficient for the 𝑖th BESS. The droop
oefficient 𝑟𝑖 is proportionate to the battery capacity, defined as:
𝑟𝑖
𝑟𝑗

=
𝑄𝑗

𝑄𝑖
. (6)

with 𝑄𝑖 indicating the battery capacity in the 𝑖th BESS. The improved
roop control presented in this paper uses the output current of the
attery as the droop offset to counteract PV perturbations effectively.
his approach simplifies the design of SMCs. The revised formula is
iven as:
𝑑𝑐,𝑟𝑒𝑓
𝑖 (𝑡) = 𝑣𝑛𝑜𝑚 − 𝑖𝑏𝑖 (𝑡)𝑟𝑖, (7)

here 𝑖𝑏 is the battery’s output current in the 𝑖th BESS.
𝑖
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Fig. 1. The topology of DC Microgrid.
Fig. 2. The topology and power curve with PV system.
3. Designed SMC and Lyapunov stability for BESSs

In the configurations of BESSs delineated in [17], a battery is
interfaced with a converter, the output of which is connected to a
bus. Control of the converter’s output power, and by extension, the
battery’s discharge or charge, is regulated through the assignment of
a suitable duty cycle. Converters with the capacity for output power
regulation via duty cycle modulation are thus considered integral to
the proposed model. The DC-DC converter topologies that are relevant
in this framework, illustrated in Fig. 3, are subject to further scrutiny.
Employing the state-averaging method, according to Kirchhoff’s law,
the boost converter is analyzed [18]. The corresponding equation is
formulated as follows:
⎧

⎪

⎨

⎪

⎩

𝑖̇𝑏𝑖 (𝑡) =
𝑉 𝑏
𝑖
𝐿𝑖

−
𝑉 𝑑𝑐
𝑖 (𝑡)
𝐿𝑖

+ 𝑢𝑖(𝑡)
𝑉 𝑑𝑐
𝑖 (𝑡)
𝐿𝑖

𝑉̇ 𝑑𝑐
𝑖 (𝑡) = −

𝑖𝑏𝑢𝑠𝑖 (𝑡)
𝐶𝑖

+
𝑖𝑏𝑖 (𝑡)
𝐶𝑖

+ 𝑢𝑖(𝑡)(−
𝑖𝑏𝑖 (𝑡)
𝐶𝑖

)
, (8)

where 𝑖𝑏𝑖 (𝑡), 𝑉
𝑏
𝑖 (𝑡), and 𝑖𝑏𝑢𝑠𝑖 (𝑡) represent the output current of the battery,

the terminal voltage of the battery, and the output current of the con-
verter in the 𝑖th BESS, respectively. The control signal 𝑢𝑖(𝑡), constrained
within [0, 1], is to be designed subsequently. The inductor and capacitor
within the 𝑖th converter are denoted as 𝐿𝑖 and 𝐶𝑖, respectively. It is
assumed that switches 𝐾1 and 𝐾2 are ideal, not accounting for the
voltage and current breakdown phenomena at high power.

Given the unpredictable nature of PV system output power in MPPT
operation due to variable irradiance and temperature, the external
3

Fig. 3. The topology of the Battery Energy Storage System.

equivalent resistance for each BESS can be deduced. This resistance,
denoted as 𝑅𝑖, is derived from the output voltage and current of the
respective converters, shown in:

𝑅𝑖 =
𝑉 𝑑𝑐
𝑖

𝑖𝑏𝑢𝑠𝑖
, (9)

representing the equivalent resistance at the output of the 𝑖th BESS.
The 𝑅𝑖 is negative when the BESS is charging and positive during dis-
charging, as indicated by the current and voltage reference directions
in Fig. 3. There exists a boundary between the current of the bus, 𝑖𝑏𝑢𝑠𝑖 ,
and its voltage, 𝑉 𝑑𝑐

𝑖 , during the charging or discharging process. Due to
fluctuations in PV energy, the external resistance, 𝑅𝑖, associated with
each converter, is subject to variability. Thus, a nonlinear function is a
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more accurate representation of 𝑅𝑖. Further, 𝑓 (𝑅𝑖) can be expressed as:

(𝑅𝑖(𝑡)) =
𝑉 𝑑𝑐
𝑖 (𝑡)

𝑖𝑏𝑢𝑠𝑖 (𝑡)
. (10)

he above equation indicates that the equivalent resistance varies with
ime. Noted that 𝑅𝑖,1 and 𝑅𝑖,2 are the two boundaries for 𝑓 (𝑅𝑖(𝑡)) in the
th BESS. The range of the equivalent resistance function, 𝑓 (𝑅𝑖(𝑡)), is
iven as follows:

(𝑅𝑖(𝑡)) ∈

⎧

⎪

⎨

⎪

⎩

(−∞, 𝑅𝑖,1], in charging state;

[𝑅𝑖,2,+∞), in discharging state;

∞, otherwise.

(11)

By equalizing the external resistances of the BESS units, each system
an be analyzed independently, abstracting from the impedance and
opological details of the microgrid.

In the discrete-time system, zero-order-holders are adopted for con-
inuous variable 𝑥(𝑡), which means that 𝑥(𝑡) = 𝑥(𝑘𝑇𝑠) over time interval
[𝑘𝑇𝑠, (𝑘+1)𝑇𝑠) with 𝑇𝑠 being the sampling period and 𝑘 ∈ {0, 1, 2,… , } =
. For convenience of representation, abbreviate 𝑥(𝑘𝑇𝑠) as 𝑥(𝑘).

Therefore, a mathematical model using Euler’s discretization is
applied to represent the DC-DC converter, which is given by:

⎧

⎪

⎨

⎪

⎩

𝑖𝑏𝑖 (𝑘 + 1) = 𝑖𝑏𝑖 (𝑘) +
𝑇𝑠𝑉 𝑏

𝑖
𝐿𝑖

−
𝑇𝑠𝑉 𝑑𝑐

𝑖 (𝑘)
𝐿𝑖

+ 𝑢𝑖(𝑘)
𝑇𝑠𝑉 𝑑𝑐

𝑖 (𝑘)
𝐿𝑖

𝑉 𝑑𝑐
𝑖 (𝑘 + 1) = 𝑉 𝑑𝑐

𝑖 (𝑘) +
𝑇𝑠𝑖𝑏𝑖 (𝑘)
𝐶𝑖

−
𝑇𝑠𝑖𝑏𝑢𝑠𝑖 (𝑘)

𝐶𝑖
− 𝑢𝑖(𝑘)

𝑇𝑠𝑖𝑏𝑖 (𝑘)
𝐶𝑖

. (12)

Next, the SMC is designed based on the above discrete state equations.
This section presents the design of the SMC along with a compre-

hensive stability proof. In response to variable PV outputs, a discrete
SMC is introduced to enhance tracking accuracy. Notably, Lemma 1
from [19] is fundamental to the core findings of this paper:

Lemma 1 (see [19]) : For the scalar dynamical system:

𝑧(𝑘 + 1) = 𝑧(𝑘) + 𝑔(𝑘) − 𝜀𝑠𝑖𝑔𝑛(𝑧(𝑘)), (13)

if |𝑔(𝑘)| < 𝛾, 𝛾 > 0, and 𝛾 < 𝜀, then the state 𝑧 converges to the range
confined by

|𝑧| ≤ 𝜀 + 𝛾 < 2𝜀. (14)

To accommodate variations in PV performance, a SMC with im-
proved tracking performance is presented in this section. First, the
sliding surface function design method is proposed to ensure that actual
voltage, 𝑉 𝑑𝑐

𝑖 (𝑘), tracks reference voltage, 𝑉 𝑑𝑐,𝑟𝑒𝑓
𝑖 (𝑘), i.e. 𝑉 𝑑𝑐

𝑖 = 𝑉 𝑑𝑐,𝑟𝑒𝑓
𝑖 .

The error variable, 𝑒𝑖, is defined as:

𝑒𝑖(𝑘) = 𝑉 𝑑𝑐,𝑟𝑒𝑓
𝑖 (𝑘) − 𝑉 𝑑𝑐

𝑖 (𝑘). (15)

To better accommodate the fluctuations in PVs, the sliding surface
function is designed as follows:

𝑆𝑖(𝑘) = 𝛼𝑖𝑒𝑖(𝑘), (16)

where 𝛼𝑖 is a positive gain for the 𝑖th sliding surface function, the
control signal 𝑢𝑖(𝑘) for switch 𝐾1 in Fig. 3 is given by

𝑢𝑖(𝑘) =
1
2
[1 + 𝑠𝑖𝑔𝑛(𝑆𝑖(𝑘))], (17)

here 𝑠𝑖𝑔𝑛(⋅) is the signal function.

ssumption 1. The three variables 𝑖𝑏𝑖 , 𝑖
𝑏𝑢𝑠
𝑖 and 𝑉 𝑑𝑐

𝑖 of the 𝑖th converter
n (8) are bounded and have upper bounds of 𝑖𝑏𝑖,max, 𝑖

𝑏𝑢𝑠
𝑖,max, and 𝑉 𝑑𝑐

𝑖,max,
espectively.

heorem 1. For the DC-DC converter (12) and the SMC designed with
15)–(17) in the 𝑖th BESS, if Assumption 1 hold, there exists a finite number

such that

lim
𝑘→∞

|

|

|

𝑉 𝑑𝑐
𝑖 (𝑘) − 𝑉 𝑑𝑐,𝑟𝑒𝑓

𝑖 (𝑘)||
|

= (𝑇𝑠), (18)

which can guide its output voltage, 𝑉 𝑑𝑐
𝑖 (𝑘), to track the reference voltage,

𝑉 𝑑𝑐,𝑟𝑒𝑓 (𝑘), for a limited time.
4

𝑖 s
Proof . The SMC, designed with (15)–(17), uses the sliding mode
surface function 𝑆𝑖(𝑘) in (16) to determine 𝑆𝑖(𝑘 + 1) at each step. In
he discrete dynamical system model (12), 𝑆𝑖(𝑘 + 1) can be expressed
s follows:

𝑖(𝑘 + 1) = 𝛼𝑖𝑒𝑖(𝑘 + 1) = 𝛼𝑖[𝑉
𝑑𝑐,𝑟𝑒𝑓
𝑖 (𝑘 + 1) − 𝑉 𝑑𝑐

𝑖 (𝑘 + 1)]. (19)

ased on (12), the sliding mode function at the 𝑘 + 1 step can be
xpressed as follows:

𝑆𝑖(𝑘 + 1) = 𝛼𝑖[𝑣𝑛𝑜𝑚 − 𝑖𝑏𝑖 (𝑘 + 1)𝑟𝑖 − 𝑉 𝑑𝑐
𝑖 (𝑘 + 1)]

= 𝛼𝑖[(𝑣𝑛𝑜𝑚 − 𝑖𝑏𝑖 (𝑘)𝑟𝑖 − 𝑉 𝑑𝑐
𝑖 (𝑘)) − 𝑢𝑖(𝑘)(

𝑇𝑠𝑟𝑖𝑉 𝑑𝑐
𝑖 (𝑘)
𝐿𝑖

−
𝑇𝑠𝑖𝑏𝑖 (𝑘)
𝐶𝑖

)

− 𝑇𝑠𝑟𝑖
𝐿𝑖

𝑉 𝑏
𝑖 + 𝑇𝑠𝑟𝑖

𝐿𝑖
𝑉 𝑑𝑐
𝑖 (𝑘) −

𝑇𝑠𝑖𝑏𝑖 (𝑘)
𝐶𝑖

+
𝑇𝑠𝑖𝑏𝑢𝑠𝑖 (𝑘)

𝐶𝑖
].

(20)

ased on (7) and (15), it is easy to demonstrate that 𝑣𝑛𝑜𝑚 − 𝑖𝑏𝑖 (𝑘)𝑟𝑖 −
𝑑𝑐
𝑖 (𝑘) = 𝑒𝑖(𝑘) in (20). By substituting (17) into (20), the term 𝑆𝑖(𝑘+1)
an be reformulated as:

𝑆𝑖(𝑘 + 1) = 𝛼𝑖[𝑒𝑖(𝑘) −
1
2 (1 + 𝑠𝑖𝑔𝑛(𝑆𝑖(𝑘)))(

𝑇𝑠𝑟𝑖𝑉 𝑑𝑐
𝑖 (𝑘)
𝐿𝑖

−
𝑇𝑠𝑖𝑏𝑖 (𝑘)
𝐶𝑖

)

−
𝑇𝑠𝑟𝑖𝑉 𝑏

𝑖
𝐿𝑖

+
𝑇𝑠𝑟𝑖𝑉 𝑑𝑐

𝑖 (𝑘)
𝐿𝑖

−
𝑇𝑠𝑖𝑏𝑖 (𝑘)
𝐶𝑖

+
𝑇𝑠𝑖𝑏𝑢𝑠𝑖 (𝑘)

𝐶𝑖
]

= 𝛼𝑖[𝑒𝑖(𝑘) −
1
2 (1 + 𝑠𝑖𝑔𝑛(𝑒𝑖(𝑘)))𝑇𝑠(

𝑟𝑖𝑉 𝑑𝑐
𝑖 (𝑘)
𝐿𝑖

−
𝑖𝑏𝑖 (𝑘)
𝐶𝑖

)

+ 𝑇𝑠(
𝑟𝑖𝑉 𝑑𝑐

𝑖 (𝑘)
𝐿𝑖

−
𝑖𝑏𝑖 (𝑘)
𝐶𝑖

) + 𝑇𝑠(
𝑖𝑏𝑢𝑠𝑖 (𝑘)
𝐶𝑖

−
𝑟𝑖𝑉 𝑏

𝑖
𝐿𝑖

)].

(21)

Let 𝑟𝑖𝑉 𝑑𝑐
𝑖 (𝑘)
𝐿𝑖

−
𝑖𝑏𝑖 (𝑘)
𝐶𝑖

= 𝜒𝑖(𝑘). 𝜒𝑖(𝑘) is bound by |

|

𝜒𝑖(𝑘)|| =
|

|

|

|

𝑟𝑖𝑉 𝑑𝑐
𝑖 (𝑘)
𝐿𝑖

−
𝑖𝑏𝑖 (𝑘)
𝐶𝑖

|

|

|

|

≤
𝑟𝑖𝑉 𝑑𝑐

𝑖,max(𝑘)

𝐿𝑖
+

𝑖𝑏𝑖,max(𝑘)

𝐶𝑖
= 𝜒𝑖,max. Consequently, (21) is rephrased to indicate

that: (21) can be rewritten as:

𝑆𝑖(𝑘 + 1) = 𝛼𝑖𝑒𝑖(𝑘) −
1
2𝛼𝑖𝑇𝑠𝜒𝑖(𝑘)𝑠𝑖𝑔𝑛(𝑆𝑖(𝑘))

+𝛼𝑖𝑇𝑠(
1
2𝜒𝑖(𝑘) + (

𝑖𝑏𝑢𝑠𝑖 (𝑘)
𝐶𝑖

−
𝑟𝑖𝑉 𝑏

𝑖
𝐿𝑖

))

= 𝑆𝑖(𝑘) −
1
2𝛼𝑖𝑇𝑠𝜒𝑖(𝑘)𝑠𝑖𝑔𝑛(𝑆𝑖(𝑘))

+𝛼𝑖𝑇𝑠(
1
2𝜒𝑖(𝑘) + (

𝑖𝑏𝑢𝑠𝑖 (𝑘)
𝐶𝑖

−
𝑟𝑖𝑉 𝑏

𝑖
𝐿𝑖

))

(22)

By invoking Lemma 1, it is implied that the criterion 𝑖𝑏𝑢𝑠𝑖 (𝑘)
𝐶𝑖

−
𝑟𝑖𝑉 𝑏

𝑖
𝐿𝑖

< 0
is inherently satisfied, a condition that is verified during the charging
state of the 𝑖th BESS, where 𝑖𝑏𝑢𝑠𝑖 (𝑘) < 0 when 𝑓 (𝑅𝑖(𝑘)) < 0.

However, In the discharge state, it is necessary to ensure the bound-
edness of the sliding mode surface i.e. 𝑖𝑏𝑢𝑠𝑖 (𝑘)

𝐶𝑖
−

𝑟𝑖𝑉 𝑏
𝑖

𝐿𝑖
< 0. Therefore, the

maximum tracking range of the voltage is given by:

𝑉 𝑑𝑐
𝑖 (𝑘) <

𝑟𝑖𝐶𝑖𝑉 𝑏
𝑖 𝑅𝑖,2

𝐿𝑖
. (23)

Without considering physical constraints, (23) is the application range
of the designed SMC.

In the context of the boundary of the sliding mode surface, it is
acknowledged that the sampling time 𝑇𝑠 is typically negligible, con-
verging towards zero. Consequently, any quantity of the same order as
𝑇𝑠 is represented using the notation (𝑇𝑠), which also approaches zero.

ssume that (23) always holds, according to Assumption 2, the bound
f (22) can be expressed as:

𝑆𝑖(𝑘 + 1) = 𝑆𝑖(𝑘) −
1
2𝛼𝑖𝑇𝑠𝜒𝑖(𝑘)𝑠𝑖𝑔𝑛(𝑆𝑖(𝑘))

+𝛼𝑖𝑇𝑠(
1
2𝜒𝑖(𝑘) + (

𝑖𝑏𝑢𝑠𝑖 (𝑘)
𝐶𝑖

−
𝑟𝑖𝑉 𝑏

𝑖
𝐿𝑖

))

≤ 𝑆𝑖(𝑘) −
1
2𝛼𝑖𝑇𝑠𝜒𝑖,max𝑠𝑖𝑔𝑛(𝑆𝑖(𝑘))

+𝛼𝑖𝑇𝑠(
1
2𝜒𝑖,max + (

𝑖𝑏𝑢𝑠𝑖 (𝑘)
𝐶𝑖

−
𝑟𝑖𝑉 𝑏

𝑖
𝐿𝑖

)),

(24)

where the boundary is demarcated by:

|

|

𝑆𝑖(𝑘)|| ≤ 𝛼𝑖𝑇𝑠𝜒𝑖,max = (𝑇𝑠). (25)

iven that 𝑇𝑠 represents an infinitesimal quantity of the sampling time,
t is deduced that the system trajectory can approach the vicinity of the

liding mode surface.
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The previous analysis focused on the scenario where the BESS
charge/discharge state remains constant over the sampling interval
𝑡 ∈ [𝑘𝑇𝑠, (𝑘+1)𝑇𝑠). However, for the sake of generalization, the situation
where the equivalent resistance, 𝑓 (𝑅𝑖(𝑘)), fluctuates within the same
interval, is examined. It is assumed that 𝑓 (𝑅𝑖(𝑘)) undergoes a sign
change at some point within 𝑡 ∈ [𝑘𝑇𝑠, (𝑘 + 1)𝑇𝑠). The sequence of
moments within this interval is defined as 𝑡 ∈ [𝑘𝑇𝑠, (𝑘 + 1)𝑇𝑠) be:
𝑡𝑘 = 𝑘𝑇𝑠 < 𝑡𝑘0 < 𝑡𝑘1 < ⋯ < 𝑡𝑘𝑠−1 < 𝑡𝑘𝑠 < ⋯ < 𝑡𝑘𝑙 < 𝑡𝑘+1 = (𝑘 + 1)𝑇𝑠.
It is also assumed that 𝑓 (𝑅𝑖(𝑘)) remains unchanged within any subset
𝑡 ∈ [𝑘𝑇𝑠, (𝑘 + 1)𝑇𝑠), and therefore (25) is valid for any arbitrary 0 ≤
𝑡𝑠 ≤ 𝑡𝑙. This analysis shows that even when 𝑓 (𝑅𝑖(𝑘)) experiences a
sign shift during the sampling period 𝑡 ∈ [𝑘𝑇𝑠, (𝑘 + 1)𝑇𝑠), Theorem 1
is still applicable. It is worth noting that the above is dependent on the
converter’s topology. Once the SMC is designed and the proof process
may not be applied when the topology is changed.

Remark 1. It is observed that the proposed SMC exhibits enhanced
resilience to PV disturbances compared to conventional linear con-
trollers, attributable to the incorporation of a nonlinear BESS model.
When (16) and (17) are considered in conjunction, the influence of the
SMC’s parameters on controller stability appears marginal. Stability is
primarily ensured by the positivity of the sliding mode surface. This
positivity, in turn, affects the conduction states of switches 𝐾1 and 𝐾2
in the converter, regardless of the sliding mode surface characteristics.

4. Voltage regulation

The SoC balancing strategy, which is a power distribution method,
faces the challenge of balancing voltage regulation with SoC equilib-
rium due to differences in line impedance and battery capacity [20]. To
address this issue, distributed voltage estimation is used to determine
the average bus voltage, and voltage regulation is employed to correct
the voltage deviation caused by droop control.

Firstly, a compromise method is adopted to regulate the weighted
average voltage of all BESSs to an acceptable range. To this end, a
method of distributed voltage estimation instead of actual voltage is
adopt here [21]. The estimate voltage is

𝑉 𝑑𝑐
𝑖 (𝑘) = 𝑉 𝑑𝑐

𝑖 (𝑘) + 𝜍𝑖
𝑘
∑

𝑛=0
𝑇𝑠

∑

𝑗∈𝑁𝑖

𝑎𝑖𝑗 (𝑉 𝑑𝑐
𝑗 (𝑛) − 𝑉 𝑑𝑐

𝑖 (𝑛)), (26)

where 𝑉𝑑𝑐,𝑖 denoted the estimate value of measured voltage 𝑉𝑑𝑐,𝑖(𝑘), 𝜍𝑖
is a positive value in 𝑖th BESS. Based on (26), any voltage deviations
can be directly estimated in distributed with the adjacency network
𝑁𝑖. Thus, the voltage consensus can be obtained as lim𝑘→∞(𝑉𝑑𝑐,𝑖(𝑘) −
1
𝑀

∑𝑀
𝑗=1 𝑉𝑑𝑐,𝑗 (𝑘)) = 0, where 𝑀 is the numbers of BESSs.

Droop control inherently introduces a voltage offset, potentially
degrading bus voltage quality and compromising load operation. To
mitigate this, a voltage restoration technique is introduced to enhance
the reliability of the power supply for all BESS units. The nominal
voltage, 𝑣𝑛𝑜𝑚𝑖 , within the established droop control framework (7), must
be adjusted to counteract the voltage offset. Accordingly, a voltage
regulation strategy informed by a consensus algorithm [21] is applied:

𝑣𝑛𝑜𝑚𝑖 (𝑘) =
𝑘
∑

𝑛=0
𝑇𝑠[𝜂𝑖(𝑣𝑛𝑜𝑚 − 𝑉 𝑑𝑐

𝑖 (𝑛)) +
∑

𝑗∈𝑁𝑖

𝑎𝑖𝑗𝜔𝑖(𝑉 𝑑𝑐
𝑗 (𝑛) − 𝑉 𝑑𝑐

𝑖 (𝑛))], (27)

where 𝑣𝑛𝑜𝑚𝑖 represents the voltage regulation value for 𝑖th BESS and
𝑣𝑛𝑜𝑚 is the set point with 𝜂𝑖 and 𝜔𝑖 are the two positive gain. Hence, the
droop control strategy (7) based on voltage regulation can be rewritten
as:

𝑉 𝑑𝑐,𝑟𝑒𝑓
𝑖 (𝑘) = 𝑣𝑛𝑜𝑚𝑖 (𝑘) − 𝑖𝑏𝑖 (𝑘)𝑟𝑖. (28)

Accordingly, 𝑣𝑛𝑜𝑚𝑖 is adjusted to negate the voltage offset induced by
droop control. The subsequent section proposes a SoC balancing control
strategy utilizing sliding mode control, enhancing the allocation of
output power across BESS units through the adjustment of the droop
factor 𝑟 .
5

𝑖

Fig. 4. The flowchart for the 𝑖th BESS.

5. SoC balancing control strategy

5.1. Modeling of BESSs

In PV-based microgrids, BESSs serve as a buffering interface be-
tween photovoltaic sources and loads, which is crucial for microgrid
stability. Consequently, the goal of SoC balancing is to enhance the
longevity of the BESSs. The SoC indicates the remaining battery ca-
pacity. Within BESSs, the SoC for each battery unit is defined as
follows [22]:

𝑆𝑜𝐶𝑖(𝑡) = 𝑆𝑜𝐶𝑖(𝑡0) −
∫ 𝑡
𝑡0
𝑖𝑏𝑖 (𝑡)𝑑𝑡

𝑄𝑖
, (29)

for all 𝑖 = 1, 2,… ,𝑀 , where 𝑆𝑜𝐶𝑖, 𝑄𝑖 and 𝑖𝑏𝑖 denoted the SoC, capacity
and output of the current in the 𝑖th BESS, respectively. However, in a
discrete system, this expression is reformulated as [23]

𝑆𝑜𝐶𝑖(𝑘 + 1) = 𝑆𝑜𝐶𝑖(𝑘) −
𝑇𝑠𝑖𝑏𝑖 (𝑘)
𝑄𝑖

. (30)

5.2. A novel distributed SoC balancing method

To achieve a balance in SoC, the droop offset coefficient 𝑟𝑖 is
used to modulate the reference voltage 𝑉 𝑑𝑐,𝑟𝑒𝑓

𝑖 as specified in (28).
Moreover, in a PV-based microgrid, the bidirectional flow of current
during BESS charge and discharge cycles requires the consideration of
current direction. The direction of current flow from the battery to
the microgrid is considered positive. Considering the two situations of
charging and discharging, it is necessary to adjust (28) to eliminate
the influence of the change of 𝑖𝑏𝑖 on the droop control (see Fig. 4).
Consequently, Eq. (28) can be further rewritten as:

𝑉 𝑑𝑐,𝑟𝑒𝑓
𝑖 = 𝑣𝑛𝑜𝑚𝑖 − 𝑖𝑏𝑖 (𝑘)(𝑟𝑖 + 𝑠𝑖𝑔𝑛(𝑖𝑏𝑖 (𝑘))𝑟𝑖(𝑘)). (31)

To facilitate SoC balancing among BESS units, the variable 𝜇𝑖 is intro-
duced as follows:

𝜇𝑖(𝑘) =
∑

𝑗∈𝑁𝑖

𝑎𝑖𝑗 (𝑆𝑜𝐶𝑗 (𝑘) − 𝑆𝑜𝐶𝑖(𝑘)), (32)

where 𝑁𝑖 represents the set of nodes neighboring the 𝑖th BESS unit. The
offset coefficient 𝑟𝑖 is designed as:

𝛥𝑟𝑖(𝑘) = 𝜆𝑖𝑠𝑎𝑡(
𝜇𝑖(𝑘)
𝜀

), (33)

where 𝜆𝑖 and 𝜀 being positive, and 𝑠𝑎𝑡(𝑥) denotes a saturation function,
which can be written as:

𝑠𝑎𝑡(𝑥) =

{

𝑥 if |𝑥| ≤ 1
. (34)
𝑠𝑖𝑔𝑛(𝑥) if |𝑥| > 1
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Fig. 5. Regulation interval of 𝑆𝑜𝐶𝑖 by 𝜆𝑖.
Existing literature, such as [20], has explored the nonlinear dynam-
ics between the battery current 𝑖𝑏𝑖 and the control signal 𝑢𝑖. Building on
these analyses, the subsequent section will detail the derivation of the
specific relationship between 𝑖𝑏𝑖 and the DC voltage 𝑉 𝑑𝑐

𝑖 .
Neglecting the converter’s internal resistance losses allows the as-

sumption that the output power is conserved across the converter [24,
25], i.e.

𝑖𝑏𝑖 (𝑘)𝑉
𝑏
𝑖 = 𝑉 𝑑𝑐

𝑖 (𝑘)𝑖𝑏𝑢𝑠𝑖 (𝑘). (35)

Let 𝑖𝑏𝑢𝑠𝑖 (𝑘) = 𝑉 𝑑𝑐
𝑖 (𝑘)∕𝑓 (𝑅𝑖(𝑘)), (35) can be rewritten as:

𝑖𝑏𝑖 (𝑘) =
[𝑉 𝑑𝑐

𝑖 (𝑘)]2

𝑉 𝑏
𝑖 𝑓 (𝑅𝑖(𝑘))

=
𝑉 𝑑𝑐
𝑖 (𝑘)

𝑉 𝑏
𝑖
|

|

𝑓 (𝑅𝑖(𝑘))||
𝑠𝑖𝑔𝑛( 1

𝑓 (𝑅𝑖(𝑘))
)𝑉 𝑑𝑐

𝑖 (𝑘). (36)

Eq. (36) indicates that the sign of 𝑓 (𝑅𝑖(𝑘)) determines the charge/dis-
charge state in the 𝑖th BESS. Therefore, a reasonable equivalence of
𝑓 (𝑅𝑖(𝑘)) can be obtained the following relationship between 𝑖𝑏𝑖 (𝑡) and
𝑉 𝑑𝑐
𝑖 (𝑡), i.e.

𝑖𝑏𝑖 (𝑘) = 𝛽𝑖(𝑘)(𝑉 𝑑𝑐
𝑖 (𝑘) − 𝛾𝑖(𝑘)), (37)

where 𝛽𝑖(𝑘) =
𝑉 𝑑𝑐
𝑖 (𝑘)

𝑉 𝑏
𝑖 |𝑓 (𝑅𝑖(𝑘))|

is a bounded nonlinear function for the
𝑖th BESS, in which 𝛽𝑖,max and 𝛽𝑖,min are the upper bounded and lower
bounded, respectively. 𝛾𝑖(𝑘) is a variable factor that controls the
charge/discharge state of the 𝑖th BESS.

In general, the value of 𝛾𝑖(𝑘) is determined by the power difference
between PVs and loads in the microgrid, which is given by:

𝛾𝑖(𝑘) =
{

0 charging;
2𝑉 𝑑𝑐

𝑖 (𝑘) discharging.
(38)

In a conventional PV-based microgrid, the BESS’s charging/dis-
charging states and the equivalent external resistance are impacted by
PV output power. Hence, 𝛽𝑖(𝑘) and 𝛾𝑖(𝑘) are represented as nonlinear
functions to express the unregulated effects of PV outputs. As inferred
from (35), adjusting 𝑉 𝑑𝑐

𝑖 facilitates indirect control over 𝑖𝑏𝑖 output.
Given that 𝑉 𝑑𝑐

𝑖 sets the converter’s output power, which subsequently
affects the BESS’s output, 𝛽𝑖(𝑘) is considered positive in (37).

5.3. System stability for SoC balancing

To prepare for the analysis of system stability, the following sym-
bolic definitions are established. For arbitrary column vector 𝑋1 =
[

𝑥1,1, 𝑥1,2,… , 𝑥1,𝑀
]𝑇 or diagonal matrix 𝑋2 = 𝑑𝑖𝑎𝑔

(

𝑥2,1, 𝑥2,2,… , 𝑥2,𝑀
)

,
the symbol |⋅| represents the element-wise absolute value, resulting in
|

|

𝑋1
|

|

=
[

|

|

𝑥1,1|| , ||𝑥1,2|| ,… , |
|

𝑥1,𝑀 |

|

]𝑇 and |

|

𝑋2
|

|

= 𝑑𝑖𝑎𝑔
(

|

|

𝑥2,1|| , ||𝑥2,2|| ,… , |
|

𝑥2,𝑀 |

|

)

,
respectively. With this in place, the global stability of the proposed SoC
balancing control approach for a microgrid system with 𝑀 BESS units
will be assessed. Denoting 𝑆𝑜𝐶(𝑘) = [𝑆𝑜𝐶1(𝑘), 𝑆𝑜𝐶2(𝑘),… , 𝑆𝑜𝐶𝑀 (𝑘)]𝑇

as the collective SoC values, (30) is reformulated as:

𝑆𝑜𝐶(𝑘 + 1) = 𝑆𝑜𝐶(𝑘) − 𝑇 𝑄−1𝐼𝑏(𝑘), (39)
6

𝑠

where 𝑄 = 𝑑𝑖𝑎𝑔(𝑄1, 𝑄2,… , 𝑄𝑀 ) and 𝐼𝑏(𝑘) = [𝑖𝑏1(𝑘), 𝑖
𝑏
2(𝑘),… , 𝑖𝑏𝑀 (𝑘)]𝑇

denote the set of 𝑄𝑖 and 𝑖𝑏𝑖 , respectively.
Then, the set of output voltage 𝑉 𝑑𝑐,𝑟𝑒𝑓

𝑖 is defined as 𝑉 𝑑𝑐,𝑟𝑒𝑓 (𝑘) =
[𝑉 𝑑𝑐,𝑟𝑒𝑓

1 (𝑘), 𝑉 𝑑𝑐,𝑟𝑒𝑓
2 (𝑘),… , 𝑉 𝑑𝑐,𝑟𝑒𝑓

𝑀 (𝑘)]𝑇 . Based on (31), 𝑉 𝑑𝑐,𝑟𝑒𝑓 can be
expressed as below:

𝑉 𝑑𝑐,𝑟𝑒𝑓 (𝑘) = 𝑉 𝑛𝑜𝑚 − 𝛬𝐼𝑏(𝑘) − 𝛬̃(𝑘)⊙ sig(𝐼𝑏(𝑘))⊙ 𝐼𝑏(𝑘), (40)

where ⊙ represents the Hadamard product. Let 𝑉 𝑛𝑜𝑚 =
[

𝑣𝑛𝑜𝑚1 , 𝑣𝑛𝑜𝑚2 ,… ,
𝑣𝑛𝑜𝑚𝑀

]𝑇 , 𝛬 = 𝑑𝑖𝑎𝑔(𝑟1, 𝑟2,… , 𝑟𝑀 ) and 𝛬̃ = [𝑟1(𝑘), 𝑟2(𝑘),… , 𝑟𝑀 (𝑘)]𝑇 be the
set of 𝑣𝑛𝑜𝑚𝑖 , 𝑟𝑖 and 𝑟𝑖(𝑘), respectively. Base on (33), 𝛬̃(𝑘) is given as

𝛬̃(𝑘) = 𝛯𝑆𝑎𝑡
(

−𝐿()𝑆𝑜𝐶(𝑘)
𝜀

)

, (41)

where 𝛯 = 𝑑𝑖𝑎𝑔(𝜆1, 𝜆2,… , 𝜆𝑀 ) is the set of 𝜆𝑖, and for an arbitrary col-
umn vector 𝑋 = [𝑥1, 𝑥2,… , 𝑥𝑀 ]𝑇 , 𝑆𝑎𝑡(𝑋) = [𝑠𝑎𝑡(𝑥1), 𝑠𝑎𝑡(𝑥2),… , 𝑠𝑎𝑡(𝑥𝑀 )]𝑇

is the set of saturation function. Then, the set of 𝑖𝑖𝑏 can be expressed as

𝐼𝑏(𝑘) = 𝛤 (𝑘)[𝑉 𝑑𝑐 (𝑘) − 𝛶 (𝑘)], (42)

where 𝛤 (𝑘) = 𝑑𝑖𝑎𝑔(𝛽1(𝑘), 𝛽2(𝑘),… , 𝛽𝑀 (𝑘)) and 𝛶 (𝑘) = [𝛾1(𝑘), 𝛾2(𝑘),… , 𝛾𝑀 (𝑘)]𝑇

denoted the set of 𝛽𝑖(𝑘) and 𝛾𝑖(𝑘), respectively.
It is worth noting that the stability of the controller has been proved

before, assume 𝑉 𝑑𝑐,𝑟𝑒𝑓
𝑖 = 𝑉 𝑑𝑐

𝑖 . From (40) and (42), the relationship
between 𝐼𝑏(𝑘) and 𝛬̃(𝑘) can be observed as:

𝐼𝑏(𝑘) = (𝐼𝑀 + 𝛬𝛤 (𝑘))−1𝛤 (𝑘)𝑉 𝑛𝑜𝑚

− (𝐼𝑀 + 𝛬𝛤 (𝑘))−1𝛤 (𝑘)𝛬̃(𝑘) |
|

𝐼𝑏(𝑘)|
|

− (𝐼𝑀 + 𝛬𝛤 (𝑘))−1𝛤 (𝑘)𝛶 (𝑘),

(43)

where 𝐼𝑀 ∈ 𝑅𝑀×𝑀 is the identity matrix, the set of SoC can be
rewritten as:
𝑆𝑜𝐶(𝑘 + 1) = 𝑆𝑜𝐶(𝑘) − 𝑇𝑠(𝑄 +𝑄𝛬𝛤 (𝑘))−1𝛤 (𝑘)𝑉 𝑛𝑜𝑚

+ 𝑇𝑠(𝑄 +𝑄𝛬𝛤 (𝑘))−1𝛤 (𝑘)𝛬̃(𝑘)⊙ |

|

𝐼𝑏(𝑘)|
|

+ 𝑇𝑠(𝑄 +𝑄𝛬𝛤 (𝑘))−1𝛤 (𝑘)𝛶 (𝑘).

(44)

Further, let 𝐴(𝑘) = 𝑑𝑖𝑎𝑔(𝑎1(𝑘), 𝑎2(𝑘),… 𝑎𝑀 (𝑘)) with 𝐴(𝑘) =
(𝑄 +𝑄𝛬𝛤 (𝑘))−1𝛤 (𝑘), (44) can be rewritten as:

𝑆𝑜𝐶(𝑘 + 1) = 𝑆𝑜𝐶(𝑘) + 𝑇𝑠𝐴(𝑘)𝛬̃(𝑘)⊙
|

|

|

𝐼𝑏(𝑘)||
|

− 𝑇𝑠𝐴(𝑘)[𝑉 𝑛𝑜𝑚 − 𝛶 (𝑘)]. (45)

For simplicity, Let 𝑎∗𝑖 (𝑘) denotes 𝑎𝑖(𝑘)[𝑣𝑛𝑜𝑚𝑖 − 𝛾𝑖(𝑘)], the set of 𝑎∗𝑖 (𝑘)
can be expressed as 𝐴∗(𝑘) = 𝑑𝑖𝑎𝑔(𝑎∗1(𝑘), 𝑎

∗
2(𝑘),… , 𝑎∗𝑀 (𝑘)). Similarly

𝐵∗(𝑘) = 𝑑𝑖𝑎𝑔(𝑏∗1(𝑘), 𝑏
∗
2(𝑘),… , 𝑏∗𝑀 (𝑘)) is the set of 𝑏∗𝑖 (𝑘) within 𝑏∗𝑖 (𝑘) =

𝑎𝑖(𝑘)
|

|

|

𝑖𝑏𝑖 (𝑘)
|

|

|

𝜆𝑖. Moreover, (45) can be rewritten as:

𝑆𝑜𝐶(𝑘+ 1) = 𝑆𝑜𝐶(𝑘) − 𝑇𝑠𝐴
∗(𝑘)1𝑀 + 𝑇𝑠𝐵

∗(𝑘)1𝑀 ⊙𝑆𝑎𝑡
(

−
𝐿()𝑆𝑜𝐶(𝑘)

𝜀

)

.

(46)

Next, the following assumption based on [26] is giving.
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Assumption 2. For any two BESS nodes (marked the 𝑖th BESS and
the 𝑗th BESS), assume 𝜌(𝑘) is a known function and 𝑎∗𝑖 (𝑘) and 𝑎∗𝑗 (𝑘)
satisfy the inequality 𝑎∗𝑖 (𝑘) − 𝑎∗𝑗 (𝑘) ≤ 𝜌𝑖𝑗 (𝑡). Then, 𝛯 can be determined
separately under which values of 𝜆𝑖 and 𝜆𝑗 can satisfied, possibly in
steady state, as follows

𝑏∗𝑖 (𝑘) + 𝑏∗𝑗 (𝑘) ≥ 𝜌𝑖𝑗 (𝑘) + 𝜌0, (47)

where 𝜌0 > 0 is some given constant.

Remark 2. It is important to note that Assumption 2 is necessary
to ensure the stability of the Lyapunov function in the analysis below
which is the application range for the proposed SoC balancing control
strategy. It may not always hold true in a PV-based microgrid, due
to some practical limitations. For instance, the SoC equilibrium of
the BESS cannot be achieved when the BESS output power is zero
(𝑃𝐵𝐸𝑆𝑆𝑖

= 0) [20]. Moreover, there may be transitory deviations from
Assumption 2 during charging and discharging due to the inductive
nature of the grid lines and current continuity. While these deviations
are brief and can be observed in simulation studies, the parameter
𝜆𝑖 can be adjusted to regulate 𝑟𝑖(𝑘) and ensure that the adherence to
Assumption 2 is as close as possible (see Fig. 5).

Theorem 2. Assume Assumption 2 holds, the SoCs can eventually be
achieved consistently, i.e,

lim
𝑘→∞

|

|

|

𝑆𝑜𝐶𝑖(𝑘) − 𝑆𝑜𝐶𝑗 (𝑘)
|

|

|

= 0,∀(𝑖, 𝑗) ∈  . (48)

Proof. The proof is divided into three steps.
Step(I) (Constructing Lyapunov functions and linear decompositions

of graph): To verify the stability of the proposed control strategy, a
Lyapunov function is constructed to represent the difference between
different BESSs. Considering the entire microgrid system with 𝑀 nodes.
Define 𝑌 (𝑘) = 𝐵𝑇 (𝐺)𝑆𝑜𝐶(𝑘), here the Lyapunov function is given by

𝐸(𝑌 (𝑘)) = 𝑌 𝑇 (𝑘)𝑌 (𝑘)

= 𝑆𝑜𝐶𝑇 (𝑘)𝐵(𝐺)𝐵𝑇 (𝐺)𝑆𝑜𝐶(𝑘)

= 𝑆𝑜𝐶(𝑘)𝐿()𝑆𝑜𝐶(𝑘) ≥ 0.

(49)

Note that (49) can be rewritten as 𝐸(𝑌 (𝑘)) =
∑𝑀

𝑖=1,𝑗∈𝑁𝑖
(

𝑆𝑜𝐶𝑖(𝑘) − 𝑆𝑜𝐶𝑗 (𝑘)
)2 ≥ 0. According to the Lyapunov stability theory,

𝛥𝐸(𝑌 (𝑘)) must be negatively to ensure the system stability under the
SoC cooperative control strategy, i.e., the SoC of each BESS remains
consistent.

Let 𝛥𝑆𝑜𝐶(𝑘) = 𝑆𝑜𝐶(𝑘+1)−𝑆𝑜𝐶(𝑘) be the increment of the Lyapunov
function, which can be expressed as:

𝛥𝐸(𝑌 (𝑘)) = 𝑆𝑜𝐶𝑇 (𝑘 + 1)𝐿()𝑆𝑜𝐶(𝑘 + 1) − 𝑆𝑜𝐶𝑇 (𝑘)𝐿()𝑆𝑜𝐶(𝑘)

= [𝛥𝑆𝑜𝐶(𝑘) + 𝑆𝑜𝐶(𝑘)]𝑇𝐿()[𝛥𝑆𝑜𝐶(𝑘) + 𝑆𝑜𝐶(𝑘)]

−𝑆𝑜𝐶𝑇 (𝑘)𝐿()𝑆𝑜𝐶(𝑘)

= 𝛥𝑆𝑜𝐶𝑇 (𝑘)𝐿()𝛥𝑆𝑜𝐶(𝑘)

+𝛥𝑆𝑜𝐶𝑇 (𝑘)𝐿()𝑆𝑜𝐶(𝑘) + 𝑆𝑜𝐶𝑇 (𝑘)𝐿()𝛥𝑆𝑜𝐶(𝑘)

(50)

In fact, 𝛥𝑆𝑜𝐶𝑇 (𝑘)𝐿()𝛥𝑆𝑜𝐶(𝑘) can be viewed as a higher order infinites-
imal term. Hence, (50) can be rewritten as:

𝛥𝐸(𝑌 (𝑘)) = 2𝛥𝑆𝑜𝐶𝑇 (𝑘)𝐿()𝑆𝑜𝐶(𝑘). (51)

Following this line, (51) can be rewritten as follows combined with
(45),

𝛥𝐸(𝑌 (𝑘)) = 2𝑇𝑠[−𝐴∗(𝑘)1𝑀 + 𝐵∗(𝑘)1𝑀 ⊙ 𝑆𝑎𝑡
(

−𝐿()𝑆𝑜𝐶(𝑘)
𝜀

)

]𝑇

× 𝐿()𝑆𝑜𝐶(𝑘). (52)

Note that 𝐿()𝑆𝑜𝐶(𝑘) = [𝛿1, 𝛿2,… , 𝛿𝑀 ]𝑇 , while 𝛿min is the minimum
value in the column vector. The case of 𝛿 > 1 is considered. Combine
7

min P
with (41) and (52), we can get that

𝛥𝐸(𝑌 (𝑘)) = −2𝑇𝑠1𝑇𝑀𝐴∗(𝑘)𝐿()𝑆𝑜𝐶(𝑘)

+ [2𝑇𝑠1𝑇𝑀𝐵∗(𝑘)⊙ sig𝑇 (−𝐿()𝑆𝑜𝐶(𝑘))𝐿()𝑆𝑜𝐶(𝑘)]

= −2𝑇𝑠1𝑇𝑀𝐴∗(𝑘)𝐿()𝑆𝑜𝐶(𝑘) − 2𝑇𝑠1𝑇𝑀𝐵∗(𝑘) |𝐿()𝑆𝑜𝐶(𝑘)| .

(53)

Step(II) (Linear decompositions of graph [27]): Considering that  has
edges, the graph can be decomposed into a sum of several subgraphs,

et 𝑖 is the subgraphs of  that only has one edge. Then, it is easy to
et that

1 ∩ 2 ∩ 3 ⋯ ∩ 𝑁 = ∅

1 ∪ 2 ∪ 3 ⋯ ∪ 𝑁 = 
, (54)

() =
𝑁
∑

𝑖=1
𝐿(𝑖). (55)

herefore, for arbitrary two nodes 𝑖 and 𝑗 in 𝑖, assume 𝑆𝑜𝐶𝑖 > 𝑆𝑜𝐶𝑗
nd (𝑖, 𝑗) ⊂ 𝑖, (53) can be rewritten as

𝛥𝐸(𝑌 (𝑘)) = −
𝑁
∑

𝑖=1
[2𝑇𝑠1𝑇𝑀𝐴∗(𝑘)𝐿(𝑖)𝑆𝑜𝐶(𝑘) + 2𝑇𝑠1𝑇𝑀𝐵∗(𝑘) |

|

𝐿(𝑖)𝑆𝑜𝐶(𝑘)|
|

]

= −2𝑇𝑠
𝑁
∑

𝑖=1
[(𝑎∗𝑖 (𝑘) − 𝑎∗𝑗 (𝑘))(𝑆𝑜𝐶𝑖(𝑘) − 𝑆𝑜𝐶𝑗 (𝑘))

+ (𝑏∗𝑖 (𝑘) + 𝑏∗𝑗 (𝑘))(𝑆𝑜𝐶𝑖(𝑘) − 𝑆𝑜𝐶𝑗 (𝑘))].

(56)

Step(III) (Proof that 𝛥𝐸(𝑌 (𝑘)) < 0 based on Assumption 2 and the
yapunov stability on SoC balancing control strategy): For any subgraph
𝑖, there is the following relationship based on Assumption 2

[(𝑎∗𝑖 (𝑘) − 𝑎∗𝑗 (𝑘))(𝑆𝑜𝐶𝑖(𝑘) − 𝑆𝑜𝐶𝑗 (𝑘)) + (𝑏∗𝑖 (𝑘) + 𝑏∗𝑗 (𝑘))(𝑆𝑜𝐶𝑖(𝑘) − 𝑆𝑜𝐶𝑗 (𝑘))]

≥ [𝜌𝑖𝑗 (𝑘) + (𝑏∗𝑖 (𝑘) + 𝑏∗𝑗 (𝑘))](𝑆𝑜𝐶𝑖(𝑘) − 𝑆𝑜𝐶𝑗 (𝑘))

> [𝜌𝑖𝑗 (𝑘) + 𝜌0(𝑘) + (𝑏∗𝑖 (𝑘) + 𝑏∗𝑗 (𝑘))](𝑆𝑜𝐶𝑖(𝑘) − 𝑆𝑜𝐶𝑗 (𝑘)) > 0.

(57)

ased on above analysis, the following can be found:

𝐸(𝑌 (𝑘)) < 0. (58)

ccording to (49) and (58), the Lyapunov function is stability when
here is an inequality of SoC between the energy storage nodes,

𝐸(𝑌 (𝑘)) > 0
𝛥𝐸(𝑌 (𝑘)) < 0

, (59)

hich indicates that all SoCs can be guide the same value, i.e. 𝑆𝑜𝐶1(𝑘) =
𝑜𝐶2(𝑘) = ⋯ = 𝑆𝑜𝐶𝑀 (𝑘) for 𝑘 → ∞.

. Case studies

In order to test the effectiveness of the suggested distributed SoC
alancing control strategy and the performance of the designed SMC
hen single-diode PV systems are perturbed, we have set up a network

onsisting of five BESSs and a PV system with four loads. In this section,
e present some case studies to confirm the efficiency of the proposed

ontroller and the innovative SoC balancing control strategy.
The network topology, consisting of five BESS nodes with com-

unication links, is illustrated in Fig. 6. The parameters are listed in
able 1. The effectiveness of the SoC balancing control strategy under

oad fluctuations and communication packet loss is initially verified
hrough simulation. Later, the strategy’s efficiency is confirmed in the
resence of PV influences. Finally, the robustness of the SMC is demon-
trated through comparative analysis with established controllers. It is
mportant to note that the BESS control strategy is evaluated using the

V system as a disturbance factor. The simulations are conducted with
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Table 1
Simulation parameters of SoC balancing.

Type Electrical parameter

Sampling time 1 × 10−3 s
Capacitance of converters 𝐶𝑖 ∈ {0.25, 0.25, 0.2, 0.1, 0.2} F
Inductance of converters 𝐿𝑖 ∈ {102, 100, 120, 100, 103} mH
Nominal voltage of battery 𝑉 𝑏 = 285 V
Set point voltage 𝑣𝑛𝑜𝑚 = 380 V
Capacity of battery 𝑄𝑖 ∈ {10, 10.1, 10.2, 10.3, 10.4} Ah
Initial SoC 𝑆𝑜𝐶𝑖(0) ∈ {70, 68, 66, 64, 62}%
Line impedance 𝑅1,2 = (0.1Ω + 0.01 H), 𝑅2,3 = (0.2Ω + 0.015 H)

𝑅3,4 = (0.15Ω + 0.01 H), 𝑅4,5 = (0.2 Ω + 0.05 H)
𝑅1,𝑝𝑣 = 𝑅5,𝑝𝑣 = (0.1 Ω + 0.005 H)
𝑅𝑖 ∈ {0.05, 0.05, 0.04, 0.05, 0.04} Ω

Parallel strings of PVs 25
Series-connected modules per string of PVs 35
Standard Test Conditions (STC) irradiance = 1000 W/m2, temperature = 25◦C
Maximum Power 213.15 W
Open circuit voltage 36.3 V
Short-circuit current 7.84 A
Load1 10 kW
Load2 5 kW
Load3 3 kW
Load4 10 kW
Fig. 6. The physical topology of the simulation experiment.
the PV system operating in MPPT mode and providing variable output
power [28].

6.1. The robustness for SoC balancing control strategy

The simulation considers a scenario where sudden load changes
test the effectiveness of the proposed SoC balancing control strategy.
Initially, Load1, Load2, and Load4 are connected to the microgrid, with
the five BESS units providing power. The BESS units are expected to be
discharging at this stage. Furthermore, Load3 connects at 𝑡 = 150 s and
Load4 disconnects at 𝑡 = 250 s.

Fig. 7 illustrates the SoC control strategy’s resilience under plug-
and-play conditions, showing that changes in load do not compromise
SoC consistency. Additionally, increased loads result in a rapid decrease
in SoC, due to the higher output required from each BESS to sustain the
loads.

Moreover, the output voltage 𝑉 𝑑𝑐
𝑖 and estimated voltage 𝑉 𝑑𝑐

𝑖 of
the BESS units are observable in Fig. 8(a) and 8(b), respectively.
Voltage regulation and the SoC balancing control strategy maintain
𝑉 𝑑𝑐
𝑖 around 380 V to ensure load operation, with the operation voltage

autonomously adjusted based on SoC, as seen in Fig. 8(a). Meanwhile,
the estimated voltage converges towards 380 V, noted in Fig. 8(b).
Combining observations from Figs. 7 and 8, it is evident that the SoC
8

Fig. 7. The evolution of SoCs.

balancing strategy achieves equilibrium among SoCs. Additionally, the
implemented observer and voltage management strategy effectively
mitigate voltage deviations resulting from droop control.

Figs. 9(a) and 9(b) illustrate the power allocation mechanism inher-
ent in the SoC balancing control strategy. Power in each BESS reacts to
changes in the reference deviation 𝛥𝑟𝑖, guided by (31) (33). Fig. 9(a)
depicts the adjustment of 𝛥𝑟𝑖 in relation to SoC shifts within each
BESS, as directed by the control strategy. Fig. 9(b) confirms that the
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Fig. 8. The simulation results of 𝑉 𝑑𝑐
𝑖 and 𝑉 𝑑𝑐

𝑖 , respectively.
Fig. 9. The simulation results for SoC balancing factor 𝛥𝑟𝑖 and output power 𝑃𝐵𝐸𝑆𝑆𝑖
.

Fig. 10. The effect of packet loss on simulation results.
Fig. 11. The output power of PVs.
9

fluctuations in 𝛥𝑟𝑖 are consistent with the output power fluctuations
of the BESSs. SoC equilibrium is achieved among the BESS units after
roughly 175 s, with power output per BESS unit stabilizing near 3.6 kW.
The disconnection of Load4 at 250 s results in a change in power output
to about 4.8 kW, with the 10 kW reduction being evenly shared by the
BESS units.

The presented SoC balancing control strategy has proven to be
highly resilient to packet loss, as demonstrated in Fig. 10. Packet loss
typically affects the cooperative efficiency of SoC management, but
the discrepancy between the solid line (representing a scenario with
50% packet loss) and the dashed line (representing no packet loss) is
minimal. This suggests that the impact of packet loss can be considered
negligible, as shown in Fig. 10(a). It is worth noting that packet loss
induces voltage chatter in BESS ’s output voltage.
1
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Fig. 12. Simulation results under PVs operation.
Fig. 13. The simulation result in the 2nd BESS failure state.
6.2. Nonlinear SoC balancing control strategy

The SoC balancing control strategy and SMC approach under study
demonstrate considerable robustness to PV-induced fluctuations. Fig. 11
displays the PV output power, focusing on a scenario initiated solely
with PV1 to simplify the analysis of the interaction between PV output
and BESS performance. Initial SoC values are designated as 60% for
𝑆𝑜𝐶1, 62% for 𝑆𝑜𝐶2, 55% for 𝑆𝑜𝐶3, 56% for 𝑆𝑜𝐶4, and 58% for 𝑆𝑜𝐶5.
In this scenario, all loads are connected at the onset (𝑡 = 0 s), and the
simulation timeframe is established at 1000 s.

The evolution of the SoC during PV operations is detailed in
Fig. 12(a). The five BESSs are engaged in a continuous cycle of charging
and discharging to counteract the fluctuating power outputs from
the PVs. At approximately 160 s into the operation, the five BESS
units achieve a state of SoC balance as a result of the implemented
SoC balancing control strategy. However, there is a brief period of
imbalance observed when the systems transition between charging and
discharging modes, attributable to the inductive impedances present
within the microgrid. Despite this, the SoC balance is reestablished
shortly after these transient imbalances occur.

Fig. 12(b) illustrates the dynamics of the output power for the five
BESS units, highlighting the switch between charging and discharging
states. This behavior is governed by the SoC balancing control strategy.
After achieving SoC balance at around 160 s, the output power of
the BESS units continues to converge, suggesting a stable operational
state has been reached. When considering the information in both
Fig. 11 and Fig. 12(b), it becomes evident that the power output of the
BESSs effectively counterbalances the output power of the PVs. This
demonstrates that the BESSs serve as a buffer, absorbing or releasing
10
Fig. 14. The output power of PVs.

power as needed to compensate for the variability of the PV output,
thus ensuring the maintenance of SoC balance across all nodes as
dictated by the control strategy. Following this analysis, the issue of
link failures within the system is addressed next.

In the simulation, conditions are kept constant as BESS2 is discon-
nected at 400 s and reconnected at 600 s. The communication topology
for this simulation is presented in Fig. 13(a), with the corresponding
results displayed in Fig. 13(b). During the interval [400, 600] s, 𝑆𝑜𝐶2
remains unchanged due to the disconnection of 𝐵𝐸𝑆𝑆2, while the other
BESS units maintain the SoC balance. Upon reconnection at 600 s, BESS2
realigns its output to restore SoC balance, enabling all five BESS units
to achieve equilibrium in accordance with the SoC balancing strategy.
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Fig. 15. The evolution of SoC and voltage for BESSs under PVs perturbation.
Fig. 16. The physical topology of the compared case.
Subsequently, PV1 and PV2 are activated simultaneously to assess
the control strategy’s effectiveness with multiple PV and BESS inputs.
The variability of PV2 output is increased to ensure the strategy’s
validity over a wider range of conditions, as illustrated in Fig. 14.

Figs. 15(a) and 15(b) demonstrate the SoC and voltage of five BESSs
operating under multiple PV panels. As depicted in Fig. 15(a), the SoCs
of all five BESSs are consistently maintained at similar levels through
the proposed SoC cooperative control strategy. Despite fluctuations
in the PV output power, voltage regulation controls the BESS output
voltage, which remains close to the 380 V set value, as shown in
Fig. 15(b).

6.3. Comparison study

The designed sliding mode controller has weak sensitivity to the pa-
rameters which enables it to adapt to voltage fluctuations caused by the
PV system. In this section, the characteristics of SMC are compared with
PI double-loop controller [6] and Model Predictive Controller (MPC)
[29]. This section removes the distributed voltage observer and the SoC
balancing control strategy to reliably compare results. Furthermore, the
topology of the microgrid is changed to a dyadic circuit to exclude
the effect of line impedance on the comparison results, which can be
observed in Fig. 16. Without the voltage observer, the bus voltage
will deviate from the set point voltage 𝑣𝑛𝑜𝑚 under the droop control,
where the constant power load is replaced with resistive loads in the
comparison case.

The 1st BESS, 2nd BESS and 3rd BESS are used by SMC designed in
Section 3, PI double-loop controller and MPC, respectively. Further, two
different sets of parameters are applied to the three types of controllers
described above to compare the effect of changes in the parameters.
11
Fig. 17. The compared case for three different controllers.

Detailed parameter information for this section is shown in Table 2,
wherein 𝑘𝑣𝑝/𝑘

𝑣
𝑖 and 𝑘𝑖𝑝/𝑘

𝑖
𝑖 denote the proportional/integral factor for

the voltage loop and the proportional/integral factor for the current
loop, respectively. 𝑁𝑀𝑃𝐶 and 𝜆𝑀𝑃𝐶 denote the prediction horizon and
weighting factor for MPC, respectively. It should be reminded that the
battery model used for the simulation is not a constant DC source, when
replacing the simulation parameters, the change in the initial state will
cause a difference in the value of the voltage profile when voltages
reach the steady state.

In this case, the simulation time is shortened to 40 s. In the initial
stage, the SoC of each BESS is kept consistent to minimize the inter-
ference of the SoC balancing control strategy. Load2 and Load3 are
connected and disconnected at 𝑡 = 10 s and 𝑡 = 20 s respectively to
explore the transient characteristics of the controllers [30,31].
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Table 2
Simulation parameters in compared study.

Type Parameter

Sliding Mode Controller {𝛼𝑖,1 , 𝛼𝑖,2} = {2, 20}
PI Controller {𝑘𝑣𝑝,1 , 𝑘

𝑣
𝑖,1 , 𝑘

𝑖
𝑝,1 , 𝑘

𝑖
𝑖,1} = {1.5, 0.8, 1, 0.5}

{𝑘𝑣𝑝,2 , 𝑘
𝑣
𝑖,2 , 𝑘

𝑖
𝑝,2 , 𝑘

𝑖
𝑖,2} = {2, 1.5, 1.8, 0.8}

Model predictive Controller {𝑁𝑀𝑃𝐶,1 , 𝜆𝑀𝑃𝐶,1} = {3, 0.015}
{𝑁𝑀𝑃𝐶,2 , 𝜆𝑀𝑃𝐶,2} = {5, 0.02}

Parameters of microgrid {𝑅𝑏 , 𝑅𝑙𝑖𝑛𝑒 , 𝐿𝑜𝑎𝑑𝑖} = {0.1 Ω, (1 Ω + 0.001 H), 40 Ω}

The simulation results for the three different controllers can be
bserved in Fig. 17, in which it can be seen by carefully comparing the
agnified plots at 𝑡 = 10 s and 𝑡 = 20 s, that the SMC and MPC respond

aster during sudden load changes (the SMC and MPC reach a steady
tate during sudden load changes within 1 s, whereas the PI controller
as a response time of about 1.5 s). Meanwhile, the oscillation errors
f PI and SMC in reaching a steady state are, obviously, smaller than
PC. Hence, it can be concluded that in this simulation environment,

he response speed of SMC and MPC, relative to PI controller, is better;
hile in terms of steady state error, SMC and PI are significantly better

han MPC. Next, the sensitivity of the three controllers to the simulation
arameters will be verified.

Keeping the parameters of the microgrid constant and varying the
arameters of the three controllers, the simulation results are shown
n Fig. 18. It can be seen that the SMC has the lowest sensitivity to
he parameters and still maintains high control accuracy and response
peed; the PI controller has the highest sensitivity to the parameters due
o the more parameters changed (4 parameters in the PI double-loop
ontrol); and the MPC is not much affected by the parameters in terms
f accuracy. As for the response speed, the MPC response speed under
he first set of parameters is faster as the voltage is near 366 V, while
he MPC response speed under the second set of parameters is faster as
he voltage is near 371 V. This indicates that the MPC response speed
or the same parameters may be different at different voltage levels.
12

S

In addition, it should be noted that even under the same microgrid
parameters, the different initial values lead to different SoC, output
currents of the batteries in the BESS under the two sets of control
parameters when they reach the steady state, which in turn leads to
the difference in the steady state voltage under the droop control. It is
a normal phenomenon.

Based on the above analysis, it can be seen that the performance of
SMC is less sensitive to the parameters, which follows from (16)–(17),
where the control rate is determined only by the positivity/negativity of
the sliding mode surface 𝑆𝑖 but not the value. The different parameters
f MPC have different sensitivities to different voltage levels, which
akes it difficult to apply MPC in the context of this study, i.e., micro-

rids under PV disturbances. The high sensitivity of the PI controller
o the parameters is due to the large number of parameters in the
ual-loop control and the fact that the existing studies have already
oncluded through the pole distributions that the stability of the PI
ontroller varies with the input voltage, and it is also difficult to adapt
o the PV perturbations.

It should be emphasized that this study has less to discuss about PV
peration. In fact, PV is only introduced as a perturbation term, under
he existing theory in this paper it can be assumed that the study in
his paper is able to be applied to most of the RESs (e.g., wind power
ystems) which can cause such perturbations. Moreover, compared to
he linear system, the nonlinear model developed in this paper has
ower complexity, i.e., it is only necessary to know the acceptable
ower range of each BESS node for the stable operation while it is not
ecessary to know the topology of the whole microgrid.

. Conclusion

This study presents a new approach for calculating the equivalent
esistance of Battery Energy Storage System, which considers the vari-
bility in photovoltaic output by using a nonlinear function for a more
ccurate representation of the power differences among Battery Energy

torage System. The approach uses a discrete Sliding Mode Controller
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to provide better robustness against photovoltaic fluctuations, along
with a State of Charge balancing control method that employs sliding
mode control to enhance microgrid stability. This control mechanism
also ensures uniformity in the State of Charges during charging and
discharging cycles. To regulate the mean voltage of each Battery Energy
Storage System at the predetermined voltage setpoint, a distributed
voltage estimation strategy is used, which resolves the trade-off be-
tween State of Charge equilibrium and voltage regulation. The stability
of the proposed State of Charge balancing control technique is con-
firmed by formulating a Lyapunov function. The effectiveness and
stability of the control protocol are demonstrated through simula-
tions in MATLAB/Simulink across three different scenarios. Further
investigation includes stability control for AC/DC microgrids with un-
known topology, and solutions for nonlinear microgrids with various
Renewable Energy Sources.
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