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ABSTRACT

The increasing integration of electric vehicles and renewable energy
systems requires high-performance, reliable, and intelligent battery
charging infrastructure. This paper presents a novel design and analysis
of a bidirectional fast battery charging system connected to the power grid,
employing a robust improved sliding mode control ISMC) to overcome the
limitations of conventional control methods. Conventional controllers
such as PID, FL-PID, and ADRC suffer from parameter sensitivity,
computational burden, and noise susceptibility under uncertain and
dynamic conditions. In contrast, the proposed ISMC approach achieves
improved robustness, fast dynamic response, and high tracking accuracy.
The proposed architecture consists of two stages: a three-phase
bidirectional voltage source converter on the AC side and a buck-boost
DC/DC converter on the DC side. The voltage source converter employs the
proposed ISMC to regulate the dq-axis grid currents and manage the
active/reactive power flow, while the DC/DC converter is also governed by
an ISMC approach to stabilize the DC-link and battery voltage across
varying charge/discharge states. A significant contribution of this work is
the proposed flexible operating algorithm that enables seamless
transitions between grid-connected and islanded modes, ensuring
uninterrupted supply to local AC and DCloads during grid outages through
grid-forming control. Additionally, a battery management algorithm is
integrated, which dynamically adjusts charging and discharging actions
based on the battery’s state of charge, thereby prolonging battery lifespan
and ensuring safe operation. Verifications via simulations in
MATLAB/Simulink confirm the superiority of the proposed control
strategy by demonstrating less than 3% total harmonic distortion in grid
current, accurate current tracking, and a stable DC voltage profile with
negligible overshoot and fast settling time. In comparison, the PI controller
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exhibits 0.4% overshoot and 50 ms settling time, while the ADRC shows
about 0.3% overshoot and 40 ms settling time. The ISMC-based framework
can be applied to next-generation smart battery charging stations,
providing enhanced grid support, improved power quality, and advanced
battery health management.

KEYWORDS: sliding mode control; bidirectional converter; fast battery
charger; V2G/G2V; battery management

ABBREVIATIONS

ADRC, Active disturbance rejection control; BMS, Battery management
system; CB, Circuit breaker; CC, Current charging mode; CV, Voltage
charging mode; dq, Direct/quadrature; ESS, Energy storage system; EV,
Electric vehicle; E2G, ESS-to-grid; E2L, ESS-to-load; GFL, Grid-following
mode; GFM, Grid-forming mode; G2E, Grid-to-ESS; G2V, Grid-to-vehicle;
HCC, Hysteresis current controller; IGBT, Insulated gate bipolar transistor;
ISMC, Improved sliding mode control; MPC, Model predictive control; PCC,
Point of common coupling; PLL, Phase-locked loop; PV, Photovoltaic; PWM,
Pulse-width modulation; SMC, Sliding mode control; SOC, State of charge;
THD, Total harmonic distortion; VSC, Voltage source converter; V2G,
Vehicle-to-grid

INTRODUCTION
Background and Motivation

The widespread deployment of electric vehicles and renewable energy
sources has intensified the need for efficient and reliable power
conversion infrastructures. As energy systems become more dynamic and
decentralized, the demand for reliable and efficient battery charging
infrastructures continues to rise. Traditional power systems are evolving
toward more flexible and interactive networks where energy flow is not
unidirectional. This shift calls for charging systems that can adapt to
changing grid conditions and support bidirectional energy exchange [1,2].
Effective control of power converters in such systems is essential to ensure
stable operation and superior performance. However, modern power
electronics systems are often affected by nonlinear behavior, load
variability, and parameter uncertainty. These factors can compromise the
accuracy and robustness of conventional control methods. Therefore,
control strategies that can handle such complexities are increasingly
required. Ensuring high power quality, reducing losses, and maintaining
system stability are key goals in the design of next-generation charging
systems. Furthermore, managing the charging process in a way that
protects the battery and prolongs its life is an essential consideration in
practical applications. These challenges drive ongoing research into
control and design strategies for advanced grid-connected battery
chargers [3,4]. Sliding mode control (SMC) offers strong robustness against
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system nonlinearities, parameter uncertainties, and load variations,
making it well-suited for grid-connected battery charger control. Unlike
conventional linear controllers, SMC maintains stable and accurate
performance under disturbed or poorly modeled conditions while
providing fast dynamic response and inherent disturbance rejection.

Literature Review

In recent years, the growing electrification of transportation and
increasing deployment of renewable energy systems have brought about
a critical demand for advanced battery charging infrastructure. As electric
vehicles (EVs) and energy storage systems (ESSs) become central to smart
grid evolution, bidirectional battery chargers are gaining prominence.
These systems not only charge the battery (grid-to-vehicle or G2V) but also
allow power to flow back to the grid (vehicle-to-grid or V2G), playing a vital
role in peak shaving, load balancing, and ancillary services [1-4].

Bidirectional charging demands converters that are both efficient and
versatile, capable of maintaining high performance under fast-changing
load and grid conditions. Among the many converter structures, isolated
topologies such as dual-active bridge converters have received extensive
attention due to their galvanic isolation and soft-switching capability.
Recent developments have focused on enhancing the DAB performance
under wide voltage variations. A study demonstrated a single-phase-shift
controlled DAB achieving zero-voltage switching across a broad operating
range, improving efficiency and reducing electromagnetic interference [5].
Another work involving a 3.5kW soft-switching DAB-based on-board
charger integrated with an AC side LCL filter achieved low total harmonic
distortion (THD) and high-power factor through direct/quadrature (dq)
axis current control [6].

In parallel, non-isolated converters like bidirectional buck-boost and
SEPIC topologies have also appeared as practical candidates for fast
battery charging, especially in lower voltage applications. These simpler,
more compact, and cost-effective structures were highlighted in a study on
a multifunctional bidirectional SEPIC converter coupled with a VSC and
photovoltaic (PV) system, which operated effectively under both island
and grid-connected conditions with THD below 5% [7]. Buck-boost
converters with automated mode selection have proven practical for
integrated PV-battery systems [8]. A flyback-based bidirectional charger
using SMC was proposed in [9], achieving stable voltage regulation and
good dynamic response under grid disturbances.

Control strategies are critical in managing bidirectional power flow.
Although conventional PI controllers are still in use, research has
increasingly focused on advanced techniques like SMC, model predictive
control (MPC), active disturbance rejection control (ADRC), and machine
learning-based methods. SMC-based approaches show strong resilience to
external disturbances and model inaccuracies. A comparative study
between conventional SMC and ISMC on DC-DC converters concluded that
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ISMC offers superior current tracking and smoother control [10]. An
implementation of double-integral SMC combined with phase-shift
modulation in bridgeless interleaved converters resulted in fast dynamic
response and zero-voltage switching [11]. Sliding-mode current control
has also proven effective in high-power bidirectional chargers, enabling
precise battery current tracking under varying charging conditions [12].

The MPC strategy offers another promising alternative by predicting
system behavior over a time horizon. A study applied MPC to synchronous
boost converters in V2G applications, delivering faster convergence and
better load following than classical controllers [13]. In [14], ADRC was used
in a fast DC charging scenario, proving its ability to suppress disturbances
without relying on precise modeling.

Coordination of multiple power flows—especially in grid, renewable,
and EV-connected systems—demands more advanced strategies. Droop
control, traditionally used for microgrid power sharing, has been adapted
for bidirectional chargers. A study introduced a 3D droop control
mechanism to align AC and DC power references for grid stability and
reactive power compensation [15]. Adaptive current control schemes with
phase-shift algorithms have also emerged to enhance grid-following
capabilities in bridgeless charger front-ends [16].

Refinements to classical PI control persist. An investigation of
nonlinear PID tuning in Dbidirectional buck-boost converters
demonstrated improved system stability and transient response [17].
Certain works have integrated machine learning, such as a neural
network-based voltage regulator using dual heuristic programming to
outperform PI controllers under nonlinear conditions [18].

As power electronics evolve, multifunctional integration with solar PV
and energy storage becomes essential. A design featuring a SEPIC-VSC
hybrid charger linked to both grid and PV sources smoothly transitioned
between G2V and V2G modes, supported by a synchronous reference
frame phase-locked loop (PLL) and a second-order generalized integrator
for grid synchronization and power quality [7].

Wireless bidirectional charging is gaining attention. Although it lags
wired systems, recent work has examined control of wireless energy
transfer using phase-shift modulation and frequency tuning. A review
highlighted challenges such as coil misalignment and reactive power
control while suggesting four-quadrant regulation techniques [19].
Several comprehensive reviews published in 2024-2025 have consolidated
the state of the art. One analytical survey detailed converter topology
(multilevel, dual active bridge, partial power converters) and control
strategies (PI, MPC, and ML), mapping trade-offs between complexity,
efficiency, harmonics, and robustness [20]. Another study focused on
partial power converters and their role in ultra-fast charging, emphasizing
their compact size and specialized handling of high-power charging paths

[4].
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These developments reveal a notable trend: bidirectional chargers
have evolved from simple converters into intelligent energy nodes
equipped with adaptive, predictive, and robust control. They not only
manage power flow but also adapt to grid conditions, battery health, and
environmental factors. Integration of battery management is evident, with
embedded state of charge (SOC) estimation and lifecycle optimization.
Battery thermal studies and related thermal limitations will be considered
in future work. A comparative overview of the stated control methods for

EV chargers has been listed in Table 1.

Table 1. Comparative overview of control strategies in EV charging systems.

Ref. Syste'm/ . Control Method Grid Merits Limitations Relevance to EV
Application Mode Chargers
Bidirectional Simple Weak robustness to g:é?g?g%?ff_

[2] low-voltage EV  Pl-based control GFM* implementation, nonlinearities & voltage EV
charger proven topology disturbances chargers
350 kW DC fast Phase—shlft Ultra-high efficiency, Focus on modulation Public ultra-fast

[5] charger dual modulation + PI GFM .. . not robust control; no .

. . optimized magnetics DC stations
active bridge loops GM
6.6 kW high- Limited transient
frequency dual  Single phase shift Soft-switching, . On-board or slow

[8] : ; GFM . robustness; simple .

active bridge +PI compact design . DC charging
regulation

charger

PV + grid- MPPT + PI current G2V & V2G No nonlinear robust Renewable-

[9] connected EV control GFM capability, hybrid control; grid- assisted charging
charger sources dependent stations
Interleayed PIloops + current Reduced ripple, high  PI tuning is sensitive Fast EV charging

[10] dual active . GFM . o

. balancing power density to uncertainties DC stage
bridge charger
3-phase PV- . . .
. PLL +PI Coordinated RES & Cannot operate in Station-level

[12] integrated . GFM . . . .

regulation grid charging islanded mode chargers with PV
charger
SiC-based dual . _ . Still linear control;
[13] active bridge PI + modulation GFM H}gh&l: eff%c1ency via robustness not Compact fast EV
SiC switching chargers
charger addressed
Multiport PV- Energy High functional No strong disturbance  Hybrid solar EV

[14] P management +PI ~ GFM . & : L & o
EV DC system loops integration rejection stations
Low-voltage Hardware validated; . .

[16] bidirectional PI controller GFM bidirectional No uncerta'l nty Small vehicle/

. compensation scooter chargers
charger operation
F§St char.ger Optimized state- Pee.xk. shaving & Complex tuning; no Hub-scale DC

[18] with station space / PI loops GFM efficiency GM chargin
BESS P P optimization sng
Fast DC uasi- rDerl'SetlcltI;}cJ)ince Tuning complexity; Advanced

[21] charger ADRC control q jection, nng comprexity; Battery EV fast

GFM multifunction noise sensitivity :
G2V/V2G . charging
operation
Review of V2G  Mostly PI& MPC; ~ Mostly ~ Comprehensive Highlights absence of ~ Identifies a gap
[3,7] . robust & GM for advanced EV
chargers few SMC cases GFM literature surveys
controllers charger control
- . Accurate tracking i1 .
Bidirectional ISMC & charge GFM- voltages and Potgntlal dlS'FO.I‘tIOI‘l ultra-fast DC

Proposed  Fast charger manasement GFL/ currents- bower during transition from stations

G2V/V2G & P GFL to GFM

management

*GFM: Grid-forming mode, #GFL: Grid-following mode.
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Novelties and Contributions

The literature review reveals that existing control methods for
bidirectional chargers have notable limitations. Conventional PID, FL-PID,
and ADRC controllers each face challenges under disturbances and
uncertainties. For example, conventional PID controllers often struggle in
the presence of system uncertainties and require frequent manual
retuning. Meanwhile, FL-PID controllers, due to their reliance on expert-
defined rules, tend to exhibit sluggish transient responses. Despite their
ability to reject external disturbances under uncertain conditions, ADRC
controllers have drawbacks such as tuning complexity and sensitivity to
noise. In contrast, the SMC method can rapidly and effectively manage
disturbances in the presence of various system uncertainties. Moreover,
the SMC method ensures system stability under both transient and steady-
state conditions, thereby overcoming the limitations of conventional
control approaches. While SMC inherently involves the chattering
phenomenon, it can be significantly mitigated through the
implementation of effective techniques.

In this paper, a bidirectional grid-connected battery charging system
based on a robust ISMC is proposed. In the proposed architecture, both the
AC/DC and DC/DC converters are controlled using the ISMC method. With
this approach, both converters are bidirectional and capable of not only
charging and discharging the battery but also efficiently supplying local
DC and AC loads. Therefore, under conditions where the power grid is
interrupted, the AC/DC converter must operate in grid-forming mode to
ensure continued supply to the AC side loads from the battery bank. A
charge management algorithm is proposed to regulate the DC-link voltage
and battery power, enabling dynamic control of charging and discharging
operations based on the battery’s SOC. The bidirectional power flow in the
proposed fast battery charging system is illustrated in Figure 1. As shown,
three modes of energy flow management are considered: In Mode 1, as
shown in Figure 1a, the three-phase distribution grid supplies both the AC
and DC loads, while also charging the ESS. In Mode 2, according to Figure
1b, the direction of power flow in the bidirectional charging system is
reversed. Under these conditions, the ESS—depending on its SOC—can
supply power to both AC and DC loads. If there is surplus energy in the ESS,
it will be exported to the utility grid. In Mode 3, considering Figure 1c, if
the grid is completely disconnected, the ESS must supply both AC and DC
loads independently. In this case, the bidirectional converter must operate
in grid-forming mode to effectively control the voltage and frequency of
the AC side loads.
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Figure 1. Bidirectional power flow in fast DC charging system, (a) Grid to ESS (G2E), (b) ESS to Grid (E2G), (c)

ESS to Loads (E2L).

This work introduces the following methodological innovations, aimed

at addressing the limitations of conventional control strategies (e.g., PI,
ADRC, and classic SMC) in bidirectional electric-vehicle battery chargers
under nonlinear dynamics and parametric uncertainties:

1. Novel sliding surface design: A new integral sliding surface is

developed that simultaneously incorporates DC-link voltage regulation
and active power tracking objectives. Unlike conventional design
methods, the proposed design enables coordinated control of energy
flow and voltage stability, resulting in improved transient behavior and
reduced sensitivity to grid disturbances and load variations.

. Innovative SMC-based controller for the DC/DC converters: An ISMC-

based controller is implemented directly for the non-isolated DC/DC
converter, generating reference control signals for the hysteresis
current controller (HCC) without relying on intermediate linear
controllers or conventional phase-shift modulation schemes. This
enables robust operation over wide variations in battery voltage and
load conditions while preserving stability and fast dynamic response.

. Unified power management structure: A novel power management

framework based on ISMC is proposed to coordinate G2E, E2G, and E2L
operating modes within a single control architecture. In contrast to
traditional supervisory control or rule-based mode switching methods,
the proposed approach ensures smooth transitions between charging
and discharging states without requiring multiple dedicated controllers
or complex scheduling layers.

. Integration of droop control with ISMC for dual grid operation: For the

first time in this context, droop control is integrated directly into the
ISMC framework to enable seamless dual-mode operation in both grid-
following and grid-forming controllers. This hybrid strategy allows the
charger to provide voltage-frequency support during islanded
operation while maintaining synchronized grid-following performance
under grid-connected conditions, addressing a critical functional gap in
the existing EV charger control schemes.
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Despite the significant progress reported in the literature, several
limitations remain, including sensitivity to parameter uncertainties,
degraded dynamic performance under operating condition changes, and
limited robustness during mode transitions between grid-following and
grid-forming operation. In addition, many existing approaches rely on
linear control structures that require extensive tuning and may exhibit
reduced performance under disturbances and modeling inaccuracies. To
address these challenges, this paper proposes the ISMC strategy with
enhanced robustness against parameter variations and external
disturbances while maintaining fast transient response. By integrating the
ISMC framework into the grid-interactive control architecture, the
proposed approach effectively overcomes the identified limitations and
provides stable operation across different modes and operating conditions.

OVERALL CONFIGURATION OF BIDIRECTIONAL FAST CHARGERS

The overall architecture and configuration of the proposed ISMC based
grid-connected bidirectional fast-charging system is illustrated in Figure 2.
This system consists of two stages: an AC/DC converter and a DC/DC
converter, and is designed to manage bidirectional power flow for
supplying loads and charging the battery. When the fast-charging system
is connected to the power grid via a circuit breaker (CB) and a first-order
RL filter, the bidirectional AC/DC converter operates in grid-following
mode, ensuring frequency synchronization between the grid and the
converter, while executing power transfer in accordance with a dedicated
power management algorithm. In case of a complete grid outage, the ESS
must supply both the DC and AC loads. Under this condition, the AC/DC
converter switches to grid-forming mode to regulate the voltage and
frequency of the AC loads accurately. The AC side loads can be modeled as
single-phase or three-phase RL parallel circuits. On the DC side, the total
load is represented by a resistor R_L in parallel with the DC-link capacitor.
The bidirectional buck-boost DC/DC converter is responsible for managing
power flow between the ESS and the grid and regulating the ESS voltage

accordingly.
Three phase DC/DC Buck-Boost
AC/DC Converter v Converter
de [\
. AC ) DC

Grid 3 CB PCC Rf Lf ) | \I/ +J_ESS

@M__,_Q_,Vw_m_ (oppl B | R} : =
I

- DC [ pel 1 T |
RL < I 7} | 7 N Y ' | I
Load LA Jsis | swy|  sw, : | I
| : | |
: L Lﬁuﬂ | (ﬂmﬂ : |
v , isMe Ve 4 Vael 1sMe | Voor _ | l
gabe o o o . |
L9 Control Control 4;30_ c_ __ .

Figure 2. Overall architecture of bidirectional fast-charging system based on ISMC.
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Utility Grid

{
AC Residential /\
Loads :

Both AC/DC and DC/DC converters are effectively controlled using a
robust ISMC, providing robustness against system uncertainties and
modeling inaccuracies. These controllers ensure precise and rapid
tracking of the DC-link voltage and three-phase grid currents, delivering a
desirable dynamic response even under voltage and power disturbances.
The integrated operation of the proposed fast-charging system requires an
effective power management strategy to ensure safe and reliable power
delivery to the connected loads. Figure 3 illustrates the energy flow within
the proposed charging system and its interactions among key components.
Residential AC and DC loads can be reliably and safely powered by either
the utility grid or the ESS, depending on the implemented power
management algorithm within the control framework.

Fast Charging
System = -
DC Loads

Figure 3. Energy flow within the proposed fast DC charging system.

When the fast-charging system is connected to the power grid, the
priority is to supply the system loads and charge the ESS. If the ESS is fully
charged, it will not discharge as long as the charging system remains
connected to the grid, unless the power drawn from the grid is limited due
to grid code requirements or peak shaving constraints. In such cases, the
system loads will be supplied jointly by the grid and the ESS. In case of a
grid outage caused by faults or unforeseen incidents, the ESS must switch
to discharge mode to supply the system loads. Therefore, maintaining a
fully charged ESS is essential for ensuring system reliability during critical
or emergency conditions.

Modeling of DC/DC Bidirectional Converter

To regulate the battery voltage and power, a bidirectional buck-boost
DC/DC converter is employed, consisting of two switches, a capacitor (C,q;),
and an inductor (L), as shown in Figure 4. This converter connects the
ESS to the DC-link and ensures energy balance during different operating
modes: G2E, E2G, and E2L. The insulated gate bipolar transistor (IGBT)
switches, driven by complementary control signals, enable bidirectional
current flow through the converter. By precisely controlling the duty cycle,
the converter can regulate the switching sequence such that the output
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voltage becomes either higher or lower than the input voltage, depending
on the system requirements. It should be pointed out that the modeling of
switching losses is not the focus of this paper.

In the ESS charging mode (i.e., G2E), the DC/DC converter operates in
buck mode to effectively step down the DC-link voltage to the required
battery charging voltage. In the discharging mode (i.e., E2G and E2L), the
converter operates in boost mode to step up the battery voltage for
delivering power to the utility grid or household loads, thereby aligning it
with the DC-link voltage. The parameters L,,. and C,,. can be calculated
using (1) and (2), respectively [21].

Ly = 22— Vbat (1)
“ 2Ai0; f

Coat = Bavi,
where V, is the DC-link voltage, V,,. is the ESS voltage, Ai, is the
allowable current ripple of the inductor L,,, and Av, is the allowable
voltage ripple of the capacitor C,,;. f; represents the switching frequency
of the DC/DC converter.

i' l Lbat l l
—in, b ! YL, CESS

Cal c
Vae| '@} bel Vess

- +

Figure 4. Circuitry diagram of the DC/DC buck-boost converter.

The state-space equations of the bidirectional buck-boost DC/DC
converter, as shown in Figure 4, are presented as:

dVge 1 (3)
dt - Cdc (lin - lb)
dVgss _ 1 . 4)
T Cout (ip — igss)
diESS _ 1 (5)
ar Lout (9-Vac — Viss)

where i; represents the input current drawn from the grid, i, is the
output current of DC capacitor (C,.), i, is the inductor current Ly, igss
denotes the battery current, Vg¢ is the battery voltage, and g is the gain
of the boost converter.

Therefore, the state-space representation derived from the above
equations is given by:
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- 0
Lbat Lbat

Modeling of AC/DC Bidirectional Converter

In this section, the modeling of the bidirectional AC/DC converter is
presented for the management and control of power conversion between
the DC-link and the power grid. As previously mentioned, when the fast-
charging system is connected to the power grid (i.e., during G2E and E2G
modes), the AC/DC converter will run in grid-following mode to achieve
voltage and frequency synchronization with the grid [22]. To filter out
high-frequency noise, a first-order RL filter is employed to ensure that the
power delivered to or received from the grid is smooth, distortion-free,
and of high-power quality. During the discharge mode (i.e., E2L) and in
case of a grid disconnection, the AC/DC converter must operate in grid-
forming mode to establish a stable local grid for supplying residential AC
loads. The grid-connected bidirectional AC/DC converter along with the RL
filter is illustrated in Figure 5.

Three phase
AC/DC Converter
Yy R L Vi
ifq N Af f AC
—AAM—TM AC

DOV I 3

I Lff> "AW_HW\ D(‘ _—L
C

RL Load g

!

Figure 5. Structure of the AC/DC hidirectional converter connected to grid.

Accordingly, the AC side voltage-current equations of the converter in
the three-phase abc reference frame are expressed by:

_ . Y (7
Vgr = Vip — Rplp, — Ly - Vk € a,b,c

In (7), a, b, and ¢ represent each phase of the three-phase system. R,
and L, denote the resistance and inductance of the RL filter, respectively.
vy, and v; refer to the phase voltages at the point of common coupling
(PCC) and the converter terminals, respectively. i;, represents the three-
phase converter currents.

In the synchronous dq reference frame, the above voltage-current

equations are expressed as:
difq , .
f ¢ = Via ™ Vga ™ Rplpa — Lyaglpg

(8
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dig, ) )

f ¢ = Via ~ Yaa ~ Rylpq + Lrwglra

where, v;; and v, are the converter terminal voltage components in the
synchronous dq reference frame, v,, and vy, are the grid voltage
components, and ir; and i;, are the converter current components, all
expressed in the synchronous dq reference frame. In grid-following mode,
the converter synchronizes to the grid voltage through a PLL and regulates
the injected current based on grid voltage references. In contrast, in grid-
forming mode, the converter runs as a controlled voltage source,
establishing its own voltage magnitude and frequency references without
relying on grid synchronization. The transition between grid-following
and grid-forming modes is achieved by smoothly reconfiguring the outer
control loop, while the inner current control structure remains unchanged.

©)

PROPOSED ISMC-BASED CONTROLLERS FOR THE DC/DC CONVERTER

The bidirectional DC/DC converter controls the power flow between the
grid, the ESS, and the system loads. Therefore, an ISMC-based strategy is
proposed for managing energy flow for G2E, E2G and E2L operating modes.
This proposed control strategy, illustrated in Figure 6, operates according
to the following logic:

e In grid-connected mode, the reference current is calculated by
dividing the reference power (P}, or Pg,;) by the ESS voltage. The
ISMC then processes the control error Alp;s and sends it to a
hysteresis band controller to generate the switching pulses for the
DC/DC converter.

e  When the SOC of the ESS reaches above 80%, the ESS charge mode
selection algorithm switches to CV mode as shown in Figure 6. The
ISMC is used to regulate the battery voltage, ensuring that the
batteries are charged with a lower current.

e Upon disconnection from the main grid, the mode selection algorithm
transitions to E2L mode. In this condition, the ISMC regulates the DC-
link voltage V,;. by generating the desired reference current iz,,,
thereby ensuring reliable power delivery to local AC and DC loads.

Figure 7 shows the supervisory mode selection scheme used to control
ESS charging and discharging through the bidirectional DC/DC converter.
The selection of the ESS charging and discharging modes depends on the
grid connection status and the SOC of the batteries. When the fast-charging
system is connected to the grid, the grid current (i_g) is non-zero, and the
DC/DC converter can operate in CC_E2G, CC_G2E, or CV_G2E modes.
Otherwise, in the absence of grid current, the DC/DC converter operates in
E2L mode to maintain DC-link voltage regulation, allowing the ESS to
support the system loads.
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Figure 6. Control of the DC/DC bidirectional converter based on the ISMC method.
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If the SOC of the ESS falls below 30% (discharge threshold), the
discharging process will stop to preserve the battery’s health. Similarly,
when the SOC reaches 80% during charging, the proposed algorithm
transitions from CC mode to CV mode, allowing the battery to charge with
a reduced current. Finally, when the SOC reaches 100% (stop charging) in
CV mode, the charging process must be stopped to ensure battery safety
and longevity. The SOC is assumed to be provided by an external battery
management system (BMS) using a standard estimation approach based
on coulomb counting with periodic voltage-based correction. Such
methods are widely adopted in practical battery systems and provide
sufficiently accurate SOC information for supervisory charging and
discharging decisions. It should be noted that while such threshold-based
logic is sufficient to demonstrate the feasibility of the proposed grid-
following/grid-forming control framework, more advanced BMS
strategies—incorporating thermal constraints, aging-aware limits, and
adaptive SOC thresholds—may be more suitable for real-world
deployment.

Designing ISMC for Discharging Mode (E2L)

To ensure precise tracking of the DC-link voltage (V,.) relative to its
reference value (V;,), ISMC is designed for the DC/DC bidirectional buck-
boost converter associated with the ESS. The objective of the ISMC design
is to drive the system state trajectories toward the desired sliding surface
in an exponential manner and ultimately converge to the system
equilibrium point (i.e., the reference voltage). The reference discharge
current (i;,) is obtained through reference E2L power (P;,,) divided by
Vess. As is well known, the state-space equations of a linear time-invariant
system are represented by:

x = Ax + Bu (10)

Therefore, the state-space equation for the DC bus voltage of the fast-
charging system is expressed by (11) through simplifying (3).

Vdc = Cidciin - %ﬂcib b
where i, represents the DC/DC converter current, i;,, denotes the input
current drawn from the grid. To enhance clarity in the ISMC design, a
variable transformation is applied to (11), and it is subsequently rewritten
as:

x=f+u (12)
where:
x =V 13)
1
f= ?dclin (14)
u= —iib (15)
Cdc

An integral sliding surface (s) can be proposed as:
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s=9?+/1ffdt (16)

where A, is a strictly positive constant, ¥ defines the control error for
state variable of x, and it is given by:

F=x—1xq 17)
in which x, is the desire value of the state variable of x. To ensure stable
sliding conditions, a positive definite Lyapunov function is defined as:

V(s) = %52 (18)

To ensure exponential convergence to the sliding surface and the
reference values, the following condition must be satisfied:

V(s) < —nls| = ss < —nls| 19
where 7 is a positive constant. In order to design ISMC, at first, the
derivative of s in the (16) (s) must be calculated.

S=X+MF= % —X4 + 1% (20)

Substituting (12) in (20), and then setting s = 0, the equivalent input
(i,q) is obtained as:

feq = —f + %4 — X 21)
where f denotes the estimated function of f, which considering (14), it is
chosen as:

f = % lin (22)
where 0 < k, < 1. The constants (k,, A4, n,) are typically chosen based on
the constraints and limitations of the problem, as well as the performance
of the simulation outputs.

The ultimate control action (u) is achieved by (23) due to (21).

u =y — ksign(s) (23)
where k is a design constant determined based on the sliding conditions.
To mitigate the chattering phenomenon, a redesign is necessary. For this
purpose, the function provided in (24) is utilized instead of the sign
function.

__ 5 (24)
YO =11

which ¢ represents the chattering band. Thus, the Equation (23) can be
rewritten as:
u =y, — k¥(s) (25)
To achieve sliding conditions with exponential convergence as defined
in (19), the expression ss must be derived. By substituting (12) and (23)
into (20) and multiplying it by ‘s’, we obtain:

s§<s (f -f- ksign(s))

)
S

s(r-7-
Isl|f = f| - Klsl (26)

IA

SS
SS

IA

F
ss<|s|(F —k)
-1
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Based on (26), the exponential sliding condition are derived as:

k>F+n 27)
Which the function F can be obtained as:
5 1 ky 1—ky
|f_f|5|_lin__lin S—llinl
Cdc Cdc Cdc (28)
L=kl
F £ |lin|

dc

By substituting (13)-(15) into (21), then replacing (21) in (23), the
general control law is obtained based on the actual system parameters.

if21, = kit — CacVacrer + CachiVac + (Cac + (1 — k) iz Dsign(s) (29)

The reference signal generated for the DC/DC converter in the E2L
based on ISMC (iz,,) is compared with the ESS output current (i), as
illustrated in Fig6. The resulting error signal is then fed into the HCC block,
which generates the switching pulses for the DC/DC bidirectional buck-
boost converter.

Designing ISMC for CV Charging Mode (G2E)

When the SOC of the ESS reaches 80%, the CV charging mode (G2E) is
activated so that the batteries are charged with a lower current. The ISMC
is designed in this mode to accurately track the ESS voltage. Therefore, the
state-space equation of (4) is used for controller design and is rewritten as:

1. 1.
Q i, — Q lESs (30)
where i, is the converter inductor current, and igpg represents the
battery current. For designing the ISMC, a procedure similar to the DC-link
voltage control presented in the previous section is followed, thereby it is
not repeated here.

By following a procedure similar to that used in (23) to (29), the final
control law for generating the reference charging current in CV mode is
obtained as:

Vess =

ity = kaiy, — CpacVessrer + CoarAaVess + (Cpaett + (1 — k)i Dsign(s)  (31)

Designing ISMC for CC Charging Mode (E2G & G2E)

In this operating mode, the DC/DC converter performs fast bidirectional
charging and discharging between the grid and the ESS. The objective of
designing the ISMC in this case is to achieve accurate and fast tracking of
the ESS current based on the reference powers P;,; and Pj,;. For
designing the desired SMC, Equation (5) is considered, and by applying
minor modifications, Equation (32) is derived.

Boss _ 1y v gv (32)
dt Lout ESS Lbatg. dc

where Vg denotes the battery voltage, V,. is the DC bus voltage.
According to the companion model presented in (12), the following
variable transformations are performed:
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X = iESS (33)
-1
f= L_ Viss (34)
bat
1
w=r—g.Va (35)
bat

Again, inspired by the earlier design method and by considering an
integral sliding surface similar to (16), the ISMC for ESS current tracking is
designed in the following steps:

By setting $ = 0, the final control input is obtained as:

flog = —f + g — A5
u = tlpq — ksign(s) (36)
where:
. k3,
f - _ z ESS (37)
bat

and 0 < k; <1.
By applying the convergence condition in (19) to ensure the
exponential stability of the proposed controller, we have

ss<-nls|<(F-k)s|=2k>F+n (38)
where the function F is defined by the following relation:
11— ks
F £ L Vess (39)
bat

According to (36), the reference control signal Aiggs is expressed in (40),
which is directly fed into the HCC block.

Aiggs = —k3Viss + Lpat " igss—rer — AsLpatlpss — (Mlpar + 11 — k3| Vgss)

- sign(s)
where Tgss = ipss — lpss—res-

(40)

PROPOSED ISMC BASED CONTROLLERS FOR DC/AC CONVERTER

The control of power flow between the utility grid and the DC-link of
the DC/DC converter is handled by the bidirectional DC/AC converter.
When this converter is connected to the power grid, it runs in grid-
following mode to control both active and reactive power. When the grid
is disconnected, the converter must run in grid-forming mode to supply
the AC side loads from the ESS by controlling voltage and frequency. Here,
the goal of designing the SMC is to achieve accurate tracking of the dq-axis
current components on the grid side. To design the ISMC, Equations (8)
and (9) are considered, which are then slightly modified and rewritten as

di;g Ry 1 Vig

dt Ly ra 9ifq Ly Vgd Le (41)
di R 1 v;
fq f . iq
dt Le Ya g'fd Le Yaa Ly (42)

To simplify the design and analysis, the following variable
transformations are applied:
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( _ [lfd] [ sz
x2 lrq vlq (43)
R 1% v, 1
a]_:_f, azzid’ aszﬂ‘ b=_
Ly Ly Ly Ly

By considering (41)—(43), the companion model is obtained as:

X1=fitbu, y1=x
{552 =fot+tbu;, y,=2x; (44
The functions f; and f, are defined by the following relations:
fi &£ —ax — WgXy — Ay
{fz £ —a1X; + WXy — as (45)

while the system parameter constraints and uncertainties are modeled by
the following constraints:

mm < a < amax
a72‘nln < az < amax
(46)

min max
ai'" < a; < aj
me.TL S b S bmax

The parameters presented in (43) are functions of the fundamental
quantities of the equivalent circuit of the real systemi.e., v,4, vy, Ry and
L. Therefore, the values of these quantities lie within specific, physically
bounded ranges. For example, the parameter a, = f—;, depends on the two

key quantities R, and Lg, each of which, in practice, may vary within the
ranges 0.01 <R, <0.1Q and 1<L,<5mH . Consequently, the
parameter a, can be restricted to the interval 10 < a; < 20, ensuring that
a bounded input yields a bounded output. The same procedure is applied
to determine the admissible ranges of the other parameters, namely a,,
a; and b.

Two integral sliding surfaces for the dq-axis currents are defined as

Sd = ed + ld j ed dt (47)
Sq=¢eq+ 4 f eq dt (48)

where e; =y, —y; and e, = y, — y, represent the tracking errors for dq-
axis currents (irq, irq), and A4, 4, are positive control gains that shape the
convergence dynamics.

Designing ISMC for Tracking d-Axis Current

To obtain the control rule for the input u,, the error dynamics of the
output variable y, areinitially analyzed. The time derivative of this error
is calculated as

éqa=Ya—Ya =% —Ya=fr—Ya+bu (49)

Incorporating this into the sliding surface dynamics in (53), its

derivative is achieved by

S‘d = éd + Aded = fl + Aded - y; + bul (50)
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To satisfy the sliding condition with exponential convergence, both
sides of (50) are multiplied by s, yielding

SqSaq = sa(fi + Aqeq — yq) + sbu,

A oA . (51)
< |Sd||f1 —fi+fi+d.eq — Yal + sbu,
Using the triangle inequality and factoring out b|s,|, we have
- fi fL+ Ageq — V5 s
S484 Sb|5d|(|f1 bf1| +|f1 dbd yd|+|5_d|u1) < —bnylsyl (52)
d

Here, b is conservatively replaced with its minimum value b,,;,, from
the parameter set. Thus, the control action for u, is obtained as

Fy + |fi + Ageq — v

bmin

u = <_bminnd - >Sign(sd) (53)

In this relation, the function £, is estimated as
fl = —QygpeX1 — WgXy — Azqpe (54)
where ayqpe = (aF'™ + ad'**)/2 and aqpe = (af"™ + a*%¥)/2.

The bound on the modeling uncertainty is

|f1 - f1| < |(a1 - alave)xl + (az - aZave)l < alavelxll + Azqve (55)
which, the function F, is defined as
Fi = @1qvelX1| + azqve (56)

To mitigate the chattering phenomena often associated with
discontinuous control rules, the sign function presented in (53) can be
replaced with a continuous approximation, such as the function which
previously introduced in (24).

Designing ISMC for Tracking q-Axis Current

To design the SMC for regulating the g-axis current is,, a similar
procedure to the d-axis control design is utilized. Therefore, the sliding
surface defined in (48) and the output y, are applied to formulate the
control input u,. The error dynamics related to y, is given as:

€q=Yq—Vq =% =Yg =f2 =Yg+ bu, (57)
Integrating the error e, into the sliding surface given in (48), the time
derivative is calculated as:
Sq=éqt+Aqeq = fr+Azeq — Y5 + bu, (58)

where, y, and y; represent the reference current and its time
derivative in the g-axis. To ensure exponential convergence to the sliding
surface, as presented by the stability condition in (19), both sides of (58)
are multiplied by s, yielding:

SqSq = sq(f2 + Aqeq — y;) + sbu,

E o4 f - (59)
< |sql|fe = fo + fa + Aqeq — ¥4| + shu,
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Following the same structure as in the d-axis design, the ultimate
control law for the q-axis current is given as:

Fy+|fy + 2,84 — 5]

U, = <—bminnq — )sign(sq) (60)

bimin
The term £, is an estimate of the nonlinear function f,, defined as:

fz = —QigpeX2 T WgX1 — Azqpe (61)
where asqpe = (af'™ + al'**)/2

To bound the uncertainty between f, and f,, the relation (62) is
derived.

|f2 - f2| < |(a1 - alave)xz + (a3 - a3ave)| < alave|x2| + A3ave (62)
Thus, the upper bound F, is defined by:
FZ = alavelle + A3qve (63)

As in the d-axis controller, chattering can be mitigated by replacing the
sign function in (60) with a smooth approximation, such as the saturation
function in (24). It is necessary to emphasize that the constants 4, and 4,
can be chosen through different tuning methods, like the pole placement
strategy.

Bidirectional DC/AC Grid Following Converter Based on ISMC

To manage bidirectional power flow between the utility grid and the
ESS, the DC/AC converter must run in grid-following mode to achieve
synchronization of voltage and frequency with the power grid. For this
purpose, a PLL based on the synchronous reference frame, as shown in
Figure 8, is employed for frequency synchronization. First, the three-phase
grid voltages and currents are transformed into the dq reference frame,
resulting in the voltage components vg,,v,, and current components
irq, irq- These signals, along with the current references if,, if, are fed into
the ISMC block. This controller was previously designed to track the grid
currents igq,irq.

The d-axis reference current of the controller (if,) is used to control the
DC-link voltage during E2G and G2E modes. The DC-link voltage controller
based on ISMC is designed similarly to the controller developed for the E2L
discharge mode in Section (Designing ISMC for Discharging Mode (E2L)
and is not repeated here. The reference current for the DC voltage
controller is obtained by dividing the reference powers P;,; and Pj,; by
the voltage Vgg. To maintain a unity power factor at the PCC bus, the q-
axis current of the DC/AC converter controller is set to zero.
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Figure 8. Block diagram of ISMC based DC/AC grid-following converter.

Bidirectional DC/AC Grid Forming Converter Based on ISMC and Droop

When the fast-charging system is disconnected from the power grid, the
ESS must supply not only the DC side loads but also the AC side loads. In
this case, the DC/AC converter operates in grid-forming mode to regulate
the voltage and frequency across the AC loads. The proposed controller
structure, based on ISMC and droop control, is shown in Figure 9. In this
scheme, an ISMC is designed to track the load terminal voltages in the
synchronous reference frame (vg4,v,,). The reference voltage for the d-
axis (vy,) is obtained using the droop controller defined in (64). The g-axis
reference voltage (vg,) is set to zero, as expressed in (65).

Vga = Vo — n(Q - Qref) (64)
Vgq =0 (65)
Here, V, isthe reference voltage of the load’s fundamental component,

n is the voltage droop coefficient, @ is the measured reactive power, and
Qs is the reference reactive power of the load.
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Figure 9. Block diagram of ISMC based DC/AC grid-forming converter when grid is disconnected.

To regulate the frequency of the load bus, frequency droop control is
applied according to (66) to generate the synchronization angle 6
required for Park transformations.

Wg = Wy — m(P - Pref)
0= f wdt (66)

In this relation, w, is the reference frequency of the load, m is the
frequency droop coefficient, P is the measured active power, and P, is
the reference active power of the load.

The load reference currents (if,, if,) are generated as outputs from the
ISMC voltage controller block In E2L. mode, the DC/AC converter supplies
RL loads through the ESS, and the parallel filter capacitors (C;) are
connected, as illustrated in Figure 9, to work with the series RL filter and
compensate for switching harmonics. To design the sliding mode voltage
controllers, the voltage—current equations of the system considering a
second-order RLC filter are written as

dvgq 1. 1.
dt = —a)Lngq — C_ lra + C_ lfd
f f 67)
dvgq 1 1

=wlLiv, g ——i;, +—1
fYgd Lq fa
dt Cr Cr

where i,,, i, are the dg-axis currents of the load. To obtain the
companion model and design the integral sliding mode voltage controller,
the following variable transformations are applied:

Ll = e [l = [Zﬂ 2 = wyly, @ =Cif (68)
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By substituting the variable changes from (68) into (67), we obtain:
(69)

Xy = —ZpXy — @iy + auy
Xy =Zpxy — alpg + au,

According to (69), the functions f; and f, can be defined as

2 —7:x, —ai
{fl FX2 Ld (70)

fo 2 Zexy — iy
The constraints of the above system are defined by

Zmin <7 Zmax
{ f F< f (71)

Amin < A < Apgx
The integral sliding surfaces for controlling the load voltages in the dq
axes are given by
Sva = €pa + Ava | €padt
(72)
Spqg = €yq T Ayg | €yqdt
Here, 4,, and A,, are positive design constants, and e,; and e,
represent the voltage control errors defined by

— *
{evd - vgd — Vga (73)
_ %
€yq = Vgq ~ Vgq

The time derivatives of the voltage errors are given by

va = Vga — Vga = X1 — Vgq = f1 — Vga + QU
. (74)

evq = vgq _ﬁgq = XZ _vgq = fz _ﬁg*q + auz

The time derivatives of the sliding surfaces in (72) are calculated as (75)
considering (74).

{S.vd = €yq + palva = f + Apalya — ﬁ;d +auy

. . L 75
Spqg = €yq t Apglpq = f2 + Apgeuq — Ugq + au, (75)

The exponential stability conditions for the sliding surfaces are
expressed by the following inequalities

DS

['fl_f1|+|f1+/1vdevd_vgd| Svad
a

+ ul] < _anvdlsvdl

SpdaSva < als
vdvd | vdl a |Svd|

(76)

S — ATy |qu|

Uz

_f 1 —

a |qu|

Finally, the control signals u, and u,, representing the reference
currents iz, and if,, are obtained as shown by

F + |f1 + Apa€ya — "{;d| .
Uy = | = AminMya — o sign(Spa)
. min 77
Fy + |f2 + Avgeng — 954]]
Uz = |~ minTlvg — P Slgn(qu)
min
The estimated functions f; and f, are presented by
Z
N f )
fi= _7752 — Qayglid
(78)

. Z _
f2 = 7961 — Qauglig

] Sustain Res. 2026;8(1):e260024. https://doi.org/10.20900/jsr20260024


https://doi.org/10.20900/jsr20260024

Journal of Sustainability Research 24 of 46
Additionally, the functions F, and F, are written by
Z
Fi 2 5 x|
7, (79
F, 2 2 |24 |

PERFORMANCE EVALUATION

To evaluate the performance and verify the effectiveness of the
proposed bidirectional fast-charging system based on DC/DC and DC/AC
converters controlled by ISMC, extensive simulations are performed in
MATLAB/Simulink. Figure 2 is considered as the reference for the
simulation studies. Various scenarios are presented to demonstrate the
impact and capability of the designed control methods, including: (a)
Bidirectional power flow under grid-connected mode: In the ESS charging
mode (G2E), the operating mode determination algorithm of the DC/DC
converter activates the fast current charging (CC) mode and the slow
voltage charging (CV) mode accordingly. Additionally, the DC/AC converter
runs in grid-following mode to control power based on the reference
power commands. Under these conditions, in addition to charging the ESS
batteries, the utility grid can also supply the DC and AC side loads. In the
E2G, only the discharging mode is activated, allowing the ESS to transfer
power to system loads and deliver excess power back to the utility grid. (b)
Grid outage and load supply by ESS (E2L): Under this condition, the utility
grid is completely disconnected, and the ESS is solely responsible for
supplying all system loads. Therefore, the proposed algorithm sets the
DC/DC converter to DC-link voltage control mode, while the DC/AC
converter operates in grid-forming mode to regulate the voltage and
frequency of the AC side loads. A droop-based voltage and frequency
controller is employed for this purpose. The key simulation parameters
are presented in Table 2. The parameters listed in this table are directly
applied in the simulation results shown in Figures 4-9, including DC-link
voltage regulation, current responses, and mode-transition behavior.

Table 2. System and control parameters used in simulation studies.

Parameters

Value

Grid nominal Line-Line voltage and frequency (v, f;) 380 v,50 Hz

RLC filter parameters (R, L, Cr)

DC-link nominal voltage and capacitance (V;, C4.)
Nominal voltage and capacity of ESS (Vgss, Cgss)
Inductance of DC/DC buck-boost converter (L;,;)
Switching frequency of DC/AC converter (f;,,)
Sample time (Ty)

ISMC parameters for DC voltage (A4¢, M4c)

ISMC parameters for dg-currents (144,744)
ISMC parameters for ESS current (CC_mode) (4;
ISMC parameters for ESS voltage (CV_mode) (A, M)

ISMC parameters for voltages controllers (E2L mode) (4,,,,7v,,)
ISMC parameters for currents controllers (E2L mode) (4; g Miag)
Frequency droop control coefficient (m)

Voltage droop control coefficient (n)

ESS’ niESS)

0.5 Q,2 mH, 50uF

750 v, 10 mF
640v,6.3A.h
10 mH
20 kHz
1us
3000, 2000
0.5,1.5
0.1,0.4
1000,400
15,1
10,15
1077 (rad/s/w)
10™* (v/var)
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The control system is implemented in the discrete domain with a
sampling time of 1 ps, while the power converter is operated at a fixed
switching frequency of 20 kHz using PWM modulation. Unless otherwise
stated, the simulations assume ideal voltage and current sensing, with no
measurement noise, quantization effects, or analogue-to-digital
conversion resolution limits. In addition, controller computation delay
and PWM actuation delay are not explicitly modeled. These assumptions
allow an assessment of the intrinsic dynamic capability of the proposed
control strategy under idealized conditions.

Switching losses are not included in the simulation model, as the
primary goal of this study is to evaluate the control performance and
dynamic behavior of the proposed strategy. This assumption allows a clear
comparison of different controllers under identical operating conditions
without the influence of device-specific loss parameters.

Simulation of G2E and E2G Operation Modes during Fixed Loads

In this scenario, the performance of the proposed bidirectional fast-
charging system based on SMC is examined under G2E and E2G conditions,
while the load profile of the system stays constant. The reference powers
of the DC/DC converter controller ( Pj,;, Pi,r) vary across different
intervals, forming a dynamic power profile. This results in bidirectional
power flow between the grid and the ESS, while simultaneously supplying
the AC and DC loads. Figure 10 illustrates the simulation details related to
the system’s performance during successive charging and discharging
operations of the ESS. Figure 10a shows the DC-link voltage. Despite power
flow changes, the voltage stays at 750 V, with only minor fluctuations
occurring at the moments of disturbance. The variations in power transfer
by the ESS during charging (G2E) and discharging (E2G) modes through
the DC/DC converter are shown in Figure 10b. It is evident that during each
time interval, the ESS power closely follows its corresponding reference
command and accurately matches the predefined power values. The
active power exchanged between the utility grid and the DC/AC converter
is presented in Figure 10. Positive active power indicates power flowing
from the utility grid toward the AC loads and the DC/AC converter.
Conversely, negative active power indicates surplus energy generated by
the ESS being delivered to the grid. The SOC of the ESS is also shown in
Figure 10d. A negative slope of the SOC curve indicates ESS discharging,
while a positive slope reflects fast charging operation in CC mode. The
initial SOC of the ESS is assumed to be 60% in this simulation. The charging
and discharging currents of the ESS (izgs) are depicted in Figure 10e, which
in each interval precisely follow the ESS current reference.

A positive current indicates the discharging state of the ESS, while a
negative current corresponds to the fast-charging operation in CC mode.
Figure 10f presents the active and reactive power consumed by the AC and
DC loads of the system. The constant power of the DC load is 3 kW. The
active and reactive powers of the AC loads are 5kW and 1kVAr,
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respectively. The reactive power of the AC load (Q,) is entirely supplied by
the reactive power of the utility grid (Q,).
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Figure 10. Simulation results of bidirectional fast-charging system during G2E and E2G operation modes, (a)
DC-link voltage, (b) ESS power, (c) grid active power, (d) ESS battery's SOC, (e) ESS current, (f) active and
reactive powers of loads.

The total active load of the system (DC load + AC load) is 8 kW. In the
time interval from 0 to 0.2 s, the ESS delivers 5 kW to the system based on
its reference power. Out of this, 3 kW is used to supply the local DC load,
and the remaining 2 kW is transferred by the DC/AC converter to the AC
side. This 2 kW is added to 3 kW received from the grid to supply the total
5kW AC load. This relationship is reflected in Figure 10b,c. As another
example, consider the time interval between 0.4 and 0.6 seconds. In this
period, the ESS generates 13 kW of power according to its reference. With
this generated power, the ESS supplies the AC and DC loads totaling 8 kW,
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and the remaining 5 kW is delivered back to the utility grid. In all other
time intervals, this balance of power transfer between sources and loads
is maintained.

The performance of the ISMC current controllers on the AC side of the
DC/AC converter is shown in Figure 11. As shown in Figure 11a, the three-
phase voltage waveforms at the PCC bus (v,..) remain stable and free of
harmonic distortion under power disturbances. The peak phase voltage
amplitude at the PCC (v, ;) is 311 V. The three-phase currents at the PCC
bus (i,.), under varying system operating modes and bidirectional power
flow changes, are presented in Figure 11b. It is to be noted that in the final
time interval (1.2 s to 1.5 s), the amplitude of the three-phase PCC currents
is nearly zero. This indicates that the algebraic sum of generated and
consumed power in the system is balanced, resulting in zero net active
power at the PCC during that period. Accurate and fast dynamic tracking
of the d- and g-axis current components (if,4 sif,) at the PCC bus by the
ISMC is shown in Figure 11c,d, respectively. The zero value of the reactive
current (i,) in Figure 11d confirms the realization of a unity power factor
at the PCC.

(A)

pee

Tatpee) A)
<

[R— .lq(ref)‘
1
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Iq(pcc) (A)
s 8

1.5

Time (s)

Figure 11. Performance of AC side controllers during G2E and E2G operation modes, (a) Three phase voltages
of PCC, (b) three phase currents of PCC, (¢) d-axis current of PCC, (d) g-axis current of PCC.
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The performance of the SMC, including their sliding surfaces and
control errors during the E2G and G2E operating conditions, is shown in
Figure 12. As seen in Figure 12a,b, the sliding surface and control error for
the DC-link voltage controller tend toward zero with sharp transient state
because of the fast dynamics convergence. This demonstrates that the
system state trajectories rapidly converge to the sliding surface (s ).

The sliding surface of the current controller for the d-axis component
(s4), along with the current tracking error (e;), converges to zero in the
steady state as illustrated in Figure 12c,d. However, during current
direction changes, relatively large but momentary overshoots and
undershoots are observed. These can be attributed to the fast exponential
convergence characteristics of the sliding mode. The sliding surface of the
current controller for the g-axis component (s;), and its corresponding
tracking error, as shown in Figure 12e,(f, consistently converge to zero
without any significant oscillations under all operating conditions.
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Figure 12. Sliding surfaces and errors of controllers during E2G and G2E modes, (a) DC controller sliding
surface, (b) DC voltage error, (c) d-axis current controller sliding surface, (d) d-axis current error, (e) q-axis
current controller sliding surface, (f) g-axis current error.

Simulation of G2E and E2G Operation Modes during Loads Variation

In this scenario, the variations in the active and reactive load profiles
are examined during periods of constant ESS charging and discharging
power. The results of this section are illustrated in Figures 13 and 14. The
step changes in the active power of the AC and DC loads are shown in
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Figure 13a, which initially increase and then decrease over different time
intervals. The maximum total AC and DC load occurs during the time
interval between 0.6 and 0.9 s, reaching 13 kW. Figure 13b presents the
reactive power profile of the AC side loads (Q,), which is subsequently
supplied by the utility grid (Q,). Since the reactive power reference for the
DC/AC converter is set to zero, the converter does not contribute to
supplying the reactive power demand of the loads.

The reference charging power of the ESS in the G2E mode (P;,;) is fixed
at -7 kW, as shown on the left side of Figure 13c. Therefore, the utility grid
must not only supply the system loads but also charge the ESS. This
condition is depicted on the left side of Figure 13d. The results show that
during all time intervals of load variation, the active power injected by the
utility grid remains positive. In this case, the total power supplied by the
utility grid is the sum of the load demand and the ESS charging power. The
maximum power injected by the utility grid occurs between 0.6 and 0.9 s,
reaching 20 kW (i.e., 13 kW for supplying the loads and 7 kW for charging
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Figure 13. Simulation results related to G2E and E2G modes during loads variation for ESS charging mode
(left-hand) and discharging mode (right-hand). (a) DC and AC load active power, (b) reactive powers of load
and grid, (c) ESS power, (d) grid power.

The reference discharge power of the ESS in the E2G mode (P;,;) is fixed
at +9 kW, as shown on the right side of Figure 13c. In this mode, the system
load is supplied jointly by the utility grid and the ESS. The right side of
Figure 13d illustrates the power profile exchanged between the utility grid
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(a)

and the fast-charging system. According to this figure, during intervals
where the grid power (F)) is negative, it indicates that excess power from
the ESS is being fed back into the utility grid. Only during the time interval
between 0.6 and 0.9 s—when the system load reaches its maximum value
(13 kW)—the ESS alone is not sufficient to meet the demand, and an
additional +4 kW of power is supplied by the utility grid.

Other key parameters obtained from the simulation of this scenario are
presented in Figure 14. As shown, the DC-link voltage of the converters is
regulated by the proposed ISMC during both charging and discharging
modes, remaining stable at the reference value of 750V across all time
intervals with oscillations below 0.5% (Figure 14a). The three-phase
sinusoidal currents at the PCC (i,,..), depicted in the left panel of Figure 14b,
exhibit a step increase in amplitude up to 0.9 s, followed by a gradual
decrease until the end of the simulation under the CC charging mode. In
contrast, as shown on the right side of Figure 14b, during the discharging
mode, the amplitude of the three-phase sinusoidal currents at the PCC
initially decreases in line with the step load increase until 0.9 s, then begins
to rise again.
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Figure 14. AC side controllers’ performance during loads variation for variation for ESS charging mode (left-
hand) and discharging mode (right-hand). (a) DC-link voltage, (b) three phase currents of PCC, (c) ESS current,
(d) d-axis current of PCC, (e) g-axis current of PCC.
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According to the left panel of Figure 14c, the ESS current (igg) in
charging mode is-10 A, and in discharging mode, shown in the right panel,
it is +13.3 A. In both cases, the ESS current of igs; closely follows its
reference values. Figure 14d,e respectively show the d- and g-axis current
components of the sliding mode current controllers (izq, ir,) during ESS
charging and discharging modes, and it is evident that these current
components also accurately track their respective references.

Simulation Results in CV Mode

The proposed charging control algorithm illustrated in Figure 7
operates such that, upon the battery SOC reaching 80%, the charging mode
automatically transitions from CC mode to CV mode. This ensures the
batteries are subsequently charged with a significantly lower current than
that of the fast-charging phase. The simulation results of this scenario are
presented in Figure 15. Figure 15a shows the ESS battery voltage (Vggs)
during both the CC and CV charging modes. It is observed that immediately
after switching from CC to CV mode, the battery voltage Vzgs drops from
735V (in CC) to a predetermined 696 V (in CV), and the SMC designed for
the CV mode effectively performs accurate and rapid voltage tracking.
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Figure 15. Simulation results related to transition between CC and CV charging mode of ESS. (a) ESS voltage,
(b) ESS current, (c) ESS SOC, (d) sliding surface and error of ESS voltage controller in percent.
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According to Figure 15b, the battery charging current, i,s; decreases
from 12.5 A to 1 A after the mode transition. A short transient occurs in the
battery current at the moment of switching modes, which, due to its
brevity, can be considered negligible in terms of adverse effects. Figure
15c displays the SOC of the ESS batteries in both CC and CV modes, clearly
indicating a reduction in the charging rate after transitioning to the CV
mode. The sliding surface of the ESS voltage controller, along with the
voltage tracking error, is shown in Figure 15d. It is evident that upon
activation of the CV mode, both parameters converge toward zero,
indicating precise voltage tracking by the proposed ISMC-based controller.

Simulation Results of E2I. Mode for Grid-Forming DC/AC Converter

When the power grid is disconnected from the bidirectional fast-
charging system, in order to maintain power supply to the system loads,
the DC/AC converter must operate in grid-forming mode to regulate the
voltage and frequency of the AC side loads. Under these conditions, the ESS
should enter the E2L mode and supply both DC and AC loads. A frequency
droop controller can adjust the load-side frequency according to the active
power demanded by the loads. Similarly, to maintain the load voltage at
its nominal value, a voltage droop controller can regulate the load voltage
by considering the reactive power required by the loads. The proposed
mode control algorithm sets the DC/DC converter to operate in DC-link
voltage regulation mode. Figure 16a shows the DC-link voltage. The ISMC-
based controller maintains the voltage at 750 V without deviation, even
under frequent load variations.
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Figure 16. Simulation results for E2L operation mode during load changes. (a) DC-link voltage, (b) active
powers of loads and ESS, (c¢) reactive power of load.
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The profile of the active power consumed by the loads and generated
by the ESS is presented in Figure 16b. It is observed that, in each time
interval, the total power consumed by the loads is equal to the power
generated. Figure 16c shows the profile of the reactive power absorbed by
the AC load. The performance of the outer voltage and frequency
controllers based on ISMC and droop during E2L. mode and under load
variations is illustrated in Figure 17. The three-phase voltages at the PCC
bus (v,..) are shown in Figure 17a. The phase voltages are regulated with
a peak amplitude of 310V, are purely sinusoidal, and exhibit no significant
harmonic distortion. Figure 17b shows the RMS values of the PCC phase
voltages (v, ), indicating that all three phases follow the nominal
reference value of 220 V. The d-axis voltage component of the PCC bus (v,,),
regulated by the ISMC, precisely tracks the reference value of 310 V, which
is obtained from the droop controller, as shown in Figure 17c. As expected,
the g-axis voltage component of the PCC bus (v,,) remains at its reference
value of zero, as illustrated in Figure 17d. The frequency variations at the
PCCbus (f) under dynamic changes in ACload are presented in Figure 17e.
It is clearly observed that the droop frequency controller successfully
maintains the bus frequency at its nominal value of 50 Hz despite active
power fluctuations in the AC load.
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Figure 17. Performance of voltage and frequency controllers based on ISMC and droop in E2L mode. (a) Three
phase voltage of PCC, (b) RMS phase voltages of PCC, (c) d-axis voltage of PCC, (d) q-axis voltage of PCC, (e) PCC

bus frequency.
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Figure 18 illustrates the performance of the inner current controllers
of the charging system in grid-forming and E2L modes during load
variations. The three-phase currents of the PCC bus (i,..) are shown in
Figure 18a. The amplitude of the three-phase currents changes according
to the AC load variation profile. The total harmonic distortion (THD) of the
AC load currents is only 1.2%. Figure 18b,c presents the d-axis and g-axis
current components of the inner controllers of the DC/AC converter (izq,
izq), Which precisely follow their reference signals. The switching effect of
the load on the dq currents of the DC/AC converter is evident, with
instantaneous overshoot and undershoot occurring att=0.5sand t =15,
respectively. The discharging current of the ESS (igs), supplying the
system loads, is depicted in Figure 18d, which closely follows its reference
signal.
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Figure 18. Performance of inner current controllers in E2L mode during load changes. (a) Three phase
currents of PCC, (b) d-axis current of PCC, (c) g-axis current of PCC, (d) ESS current.
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Comparative Results

Figure 19 presents the comparative results of three control strategies—
PI, ADRC, and the proposed ISMC—on system performance during active
power reference changes across four key outputs: The DC bus voltage (V,.),
three-phase currents of the PCC (I,.), d-axis current of the converter (i),
and the g-axis current of the converter (I,). The DC voltage response of the
system shows significant differences between the control strategies as
illustrated in Figure 19a. The PI controller (blue curve) exhibits
considerable overshoot (0.4%) and settling time (50ms), particularly near
t = 0.6 to 0.64s, as shown in the inset. The ADRC (red curve) shows reduced
overshoot (0.3%) and settling time (40 ms) but its steady state response has
a significant error. In contrast, the ISMC (black curve) demonstrates the
most stable behavior, maintaining the voltage near the desired value with
negligible overshoot and settling time. It should be emphasized that these
values correspond to ideal simulation conditions and should not be
interpreted as hardware-level performance. The key outcome is the
comparative improvement achieved by the proposed method rather than
the absolute numerical magnitude of the transient indices. The current
response of phase ‘a’ also highlights the performance differences. The PI
controller again shows large oscillations and instability, particularly
during the transient period at the beginning of the time range. The ADRC
significantly reduces these oscillations, providing a smoother current
waveform. However, the DC voltage response does not follow the
reference voltage of 750 V during steady state, especially in the interval of
Os to 0.6s. The ISMC, however, achieves the smoothest and most stable
current profile, minimizing the oscillation levels, particularly in the
steady-state condition (Figure 19b).

According to Figure 19c, the PCC current in the direct axis (i;) shows a
rapid rise with a large peak in both the PI and ADRC strategies. The PI
strategy exhibits pronounced oscillations, especially in the early time
interval. The ADRC shows some improvement but still struggles with
oscillatory behavior. On the other hand, the ISMC provides a steady and
smooth response, as demonstrated by the black curve, which shows
negligible oscillations after the initial response and effectively stabilizes
the current value. Also, due to Figure 19d, the PCC quadrature current (i,)
shows similar trends, where the PI controller introduces large oscillations,
while the ADRC reduces them but still displays some fluctuations. The
ISMC achieves the most stable and smooth response, particularly in
eliminating steady-state oscillations and ensuring minimal deviation from
the desired value. Table 3 lists the PI and ADRC tuning parameters. PI gains
are typical values for grid-connected 750 V DC-link voltage controllers
tuned via pole-placement. For designing the ADRC parameters (by, wy, w.)
the ESO bandwidth is selected 5 times higher than controller bandwidth.
The ISMC tuning parameters are shown in Table 2. Quantitative
performance comparison of the controllers is listed in Table 4. The PI
controller typically produces higher overshoot and settling time indices
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due to weak robustness under parameter variation. ADRC improves
dynamics and reduces IAE/RMSE compared to PI, but still introduces
higher overshoot and settling time. ISMC provides the lowest THD, lowest
steady-state error, and almost zero overshoot compared to two other
controllers.
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Figure 19. Comparative results between the proposed ISMC, PI, and ADRC methods. (a) DC link voltage, (b)
PCC current of phase “a”, (¢) d-axis current of PCC, (d) g-axis current of PCC.

Table 3. Controller tuning parameters.

Controller k, k; by wy(rad/s) w.(rad/s)
PI (DC voltage) 10 400 - - -

PI (dg-currents) 5 100 - - -

ADRC (DCvoltage) - - 157 1500 400

ADRC (d-current) - - 157 4000 350

ADRC (gq-current) - - 157 10000 350

Table 4. Quantitative performance comparison.

Controller THD of Grid Current (%) IAE (V-s) RMSE of V4. (V)  Overshoot (%) Settling Time (mns)
PI 4.96% 135 10 0.4 50
ADRC 4.06% 80 7 0.3 40
ISMC (Proposed) 0.48% 30 3 0.001 0.01
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The results clearly indicate that the ISMC strategy outperforms the PI
and ADRC controllers in all aspects, particularly in terms of minimizing
overshoot, oscillations, and settling time. This demonstrates the superior
robustness and efficiency of the proposed ISMC strategy in controlling the
system. While the PI controller is simpler, it struggles with stability and
performance in comparison. The ADRC provides a balance but still cannot
match the performance of the ISMC, especially in the steady-state
condition.

In practical implementations, switching losses contribute to efficiency
reduction and semiconductor temperature rise. Since all controllers
considered in this study operate at the same switching frequency and
employ the same converter topology, the exclusion of switching losses
does not affect the relative performance comparison. Moreover, the
proposed controller does not increase switching frequency or switching
transitions and therefore, is not expected to impose additional switching
loss or thermal burden compared to conventional methods.

Harmonic analysis

The harmonic analysis of the PCC current in the time interval 0.4 s <t <
0.5 s with PI, ADRC, and the proposed ISMC is illustrated in Figure 20.
Under identical conditions and based on phase-a current waveforms
shown in Figure 19b, the THD of the PCC phase-a current for the PI, ADRC,
and proposed ISMC is 4.96, 4.06, and 0.48%, respectively. These values are
presented in Figure 20a-c, respectively. It is clearly observed that with the
use of the robust proposed ISMC method, the PCC current THD is
significantly improved compared to the other two approaches.
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Figure 20. Harmonic spectrum of PCC current in the interval 0.4 < t< 0.5 s. (a) PI, (b) ADRC, (c) Proposed ISMC.

Sensitivity Analysis

To evaluate the robustness of the proposed ISMC, a sensitivity analysis
was conducted on the DC-link voltage control loop under realistic
operating conditions for the fast charger. The DC-link nominal voltage was
set to 750 V, and the switching frequency to 20 kHz. According to common
charger specifications, the allowable ripple magnitude for the DC-link
capacitor should not exceed 2% of the nominal value, i.e., AVy oy =
0.02x750=15V.

The ISMC parameters (1, k; and the boundary-layer thickness ¢)were
tuned such that the steady-state ripple remains well below this limit while
maintaining a fast transient response. The controller’s robustness was
assessed by varying the dominant DC-link dynamic parameter a,,,, =
1/C4 in (11) by +30% around its nominal value, representing typical
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variations in effective DC-link capacitance and load conditions. Three
cases were simulated: a = 0.7a,9m, @ = Anoms 2 = 1.30nom-

The resulting DC-link voltage responses are shown in Figure 21. All
trajectories exhibit a rapid rise to the 750 V reference within
approximately 6-8 ms, consistent with practical fast charger dynamics.
Once the sliding motion is established, the responses for all three
uncertainty cases nearly overlap, indicating low sensitivity of the closed-
loop system to parameter deviations. Importantly, the steady-state ripple
remains within the 2% (15 V) design constraint for all cases, demonstrating
that the boundary-layer implementation of the sliding function effectively
suppresses high-frequency chattering and ensures a smooth steady-state
waveform suitable for hardware realization.

__ 600}
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(&)
T 400}
200+ a=0.7anom
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ok —— a=1.3am
0 10 20 30 40 50

Time (ms)

Figure 21. Sensitivity analysis of DC voltage.

Switching between Grid-Following and Grid-Forming Modes

In this section, the dynamic transition between grid-following and grid-
forming operating modes is simulated and analyzed. The switching
between grid-following and grid-forming modes can be performed either
manually or through a power management algorithm. In this analysis,
during the time interval 0 <t < 0.5 s, the charging system operates in grid-
following control mode while connected to the power grid. At t = 0.5 s, the
system is disconnected from the grid and transitions to grid-forming
control. Subsequently, at t = 0.75 s, the system is reconnected to the power
grid, and the DC/AC converter control mode returns to grid-following. The
results of these transitions are presented and discussed in detail in Figures
22-24.

Stability during mode switching is ensured by maintaining identical
inner-loop dynamics in both grid-following and grid-forming modes. The
switching action affects only the outer-loop reference generation, while
the closed-loop poles of the inner control system remain unchanged. As a
result, the overall system avoids pole migration across the stability
boundary during the transition, leading to a stable and well-damped
transient response. Therefore, the smooth evolution of DC-link voltage and
current responses under load and reference changes indirectly confirms
the absence of instability or discontinuity during mode switching.
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Figure 22. Performance of fast-charging system during switching between grid-following and grid-forming
modes. (a) battery SOC, (b) load powers, (¢) sources powers, (d) reactive powers of system, (e) DC bus voltage.

The performance of the charging system under changes in the
converter operating mode is illustrated in Figure 22 to analyze power
distribution. Figure 22a shows the battery charging status under different
operating modes. In the first interval, when the converter is connected to
the grid, the battery is charged and the system loads are supplied by the
power grid. As shown in Figure 22b, the total AC and DC load demand of
the system remains constant at 13 kW. During the first interval, when the
G2E mode is active, in addition to supplying the 13-kW system load, the
battery is charged at a constant power of 7 kW, as depicted in Figure 22c.
A very smooth and seamless mode transition between grid-following and
grid-forming occurs at t = 0.5 s in both active and reactive power responses.
A similar smooth transition is observed at t = 0.75 s, when the converter
switches back from grid-forming to grid-following mode. In the first and
third intervals, where the converter operates in G2E mode, the reactive
power demand of the load is fully supplied by the grid, and the charging
system does not participate in reactive power support since it operates at
unity power factor. In the second interval, when the converter is
disconnected from the grid and operates in grid-forming mode, the DC/AC
converter supplies the entire reactive power demand of the load, as shown
in Figure 22d. According to Figure 22e, the DC bus voltage remains close to
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its nominal value throughout the mode-transition process, exhibiting an
overshoot of less than 1%.

Figure 23 illustrates the dynamic and steady-state performance of the
converter voltage and frequency under repeated transitions between grid-
connected and islanded operating modes. Figure 23a shows the three-
phase sinusoidal PCC voltages during the mode transitions, demonstrating
stable steady-state operation and smooth dynamic behavior. The
variations in the RMS magnitudes of the three-phase voltages in Figure 23b
indicate accurate steady-state tracking and a smooth, well-damped
dynamic response during the mode transition in the second interval when
operating in grid-forming mode. The same behavior is observed for the dq-
axis voltage components shown in Figure 23c,d. A slight frequency
deviation during the mode transitions is observed in Figure 23e, which
confirms the correct operation of the droop controller in grid-forming
mode.
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Figure 23. Performance of voltage and frequency controllers during switching between grid-following and
grid-forming modes. (a) Three phase voltage of PCC, (b) RMS phase voltages of PCC, (c) d-axis voltage of PCC,
(d) g-axis voltage of PCC, (e) PCC bus frequency.

Figure 24 presents the dynamic behavior of the proposed fast-charging
system currents during operating mode transitions. The three-phase PCC
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currents shown in Figure 24a exhibit smooth and well-damped dynamics
across all three operating intervals and remain sinusoidal throughout the
mode transitions. In the second interval, corresponding to grid-forming
mode, the charging system operates in islanded mode; therefore, the PCC
current magnitude matches the AC side load current. Figure 24b
demonstrates accurate tracking of the DC/AC converter d-axis current
reference in both operating modes. A brief dynamic transient with minor
oscillations is observed in the d-axis current waveform at ¢t = 0.75 s during
the mode transition; however, it is quickly damped, as shown in the
enlarged view of Figure 24b. The g-axis current response in Figure 24c
indicates that in grid-following mode (G2E charging mode), the g-axis
current remains zero due to unity power factor operation. A short-lived
disturbance is observed at t = 0.5 s, after which the g-axis reference
current is rapidly tracked. Figure 24d illustrates the battery current
response, showing precise tracking of its reference. Overall, the battery
current exhibits fast, disturbance-free dynamics during the converter
mode transitions.
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Figure 24. Performance of inner current controllers during switching between grid-following and grid-
forming modes. (a) Three phase currents of PCC, (b) d-axis current of PCC, (c) g-axis current of PCC, (d) battery

current.
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CONCLUSIONS

This paper presents a comprehensive design and control framework
for a bidirectional fast-charging system for energy storage applications,
emphasizing grid-interactive performance and resilience. A dual-stage
converter topology, consisting of a bidirectional AC/DC converter and a
buck-boost DC/DC converter, is employed to support power flow in both
directions between the power grid and the ESS, as well as between the ESS
and connected AC/DC loads. To address the inherent challenges of system
uncertainties and power disturbances, advanced ISMCs are implemented
for both converter stages. The ISMC approach ensures robust voltage and
current regulation under varying operating conditions, including grid-
connected, grid-support, and grid-forming modes. In particular, the AC/DC
converter operates seamlessly in grid-following mode during normal
conditions and transitions to grid-forming mode during grid outages,
maintaining voltage and frequency regulation to supply critical local AC
and DC loads. Additionally, a dynamic power management algorithm is
integrated to coordinate the charging and discharging of the battery bank
based on real-time SOC and load requirements, enhancing both energy
reliability and system efficiency. The proposed system architecture is
validated through detailed modeling and simulation, proving its capability
in maintaining stable operation, minimizing power quality issues, and
offering flexible energy delivery across multiple scenarios. The results
affirm that the proposed ISMC-based control strategy outperforms
conventional techniques by offering fast transient response, robustness
against parameter uncertainties. This makes the system suitable for future
smart grid infrastructures, particularly in applications involving high-
efficiency, resilient, and intelligent energy storage and delivery systems.
Some important findings from this study can be summarized as:

e The proposed ISMC successfully regulates both DC-link voltage and
battery voltage under all operating modes, including grid-connected,
grid-support, and islanded (grid-forming) conditions. Even under
dynamic disturbances and parameter uncertainties, the system
maintains voltage and current tracking with minimal steady-state error.

e The proposed system configuration enables bidirectional power flow
amongst the grid and ESS and loads during normal operation and grid
outages. The transition between modes is smooth and stable, with no
overshoot or oscillation in voltage levels.

e The battery charging algorithm, combined with buck-boost DC/DC
control, maintains safe charging profiles. Both CC and CV modes are
efficiently implemented, maximizing battery health and minimizing
charge time.

It is also to be noted that there are still some limitations in real-time
implementation including influences of noise, chattering, communication
delays, and cost of construction, the impacts and mitigation techniques of
which can be considered in future works.
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