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Abstract

This study addresses the power dispatching of a DC-coupled three-phase grid-connected
photovoltaic (PV) and energy storage-integrated system by proposing a peak shaving
and valley-filling control architecture based on time-of-use (TOU) pricing. This research
involves achieving maximum power-point tracking (MPPT) for PVMAs using a boost
converter combined with the perturb and observe (P&O) method. A lithium-iron phosphate
battery pack is integrated into the DC link via a bidirectional buck-boost converter, where
charging and discharging control is executed according to peak and off-peak periods
to regulate and stabilize the DC link voltage. Furthermore, bidirectional power flow
control for peak and off-peak electricity consumption is realized using hysteresis current
control and sinusoidal pulse-width modulation (SPWM) technologies within a smart
inverter. By integrating the aforementioned power control architecture, the grid system
can store energy from the utility during off-peak hours and release the stored energy
during peak hours to reduce the load demand on the utility side. Initially, a simulation
environment was established using Matlab/Simulink (2024b version) software, followed
by control verification of the proposed system on a physical platform. The simulation and
experimental results confirm that the integrated control architecture can precisely control
the system’s DC link voltage at 800 V and stabilize the grid-connected AC voltage at an
effective value (RMS) of 380 V. Moreover, under conditions of peak/off-peak switching and
load variations, the system effectively demonstrates its stability and efficacy in performing
valley filling and peak shaving. The proposed strategy achieves a power factor above
0.99 and a total harmonic distortion (THD) below 5%, regulates the DC-link voltage at
800 V with a steady-state error within 1.75%, and prevents up to 66.4 kWh of over-contract
energy consumption per day under a 35 kW contract capacity, thereby contributing to
sustainable energy management and economic savings.

Keywords: three-phase grid-connected; photovoltaic energy storage system; peak shaving
and valley filling; time-of-use; perturb and observe; maximum power point tracking;
bidirectional buck-boost converter; smart inverter; sustainable development; economic benefit

1. Introduction

As industrial prosperity continues to flourish, the demand for electricity has increased
substantially. Concurrently, the extensive use of fossil fuels and the resulting large-scale
carbon emissions have progressively exacerbated the greenhouse effect. The surge in power
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demand during summer peak periods imposes significant pressure on the dispatching
operations of utility companies. If improper dispatching leads to the shutdown of gen-
erating units, it may cause disasters such as fires or explosions in industrial machinery,
directly impacting economic stability and productivity. Given the growing global focus on
warming issues, large-scale photovoltaic (PV) power generation systems—characterized by
high efficiency and low pollution—have been widely deployed to balance environmental
protection with the mitigation of residential and industrial power demands during peak
hours. However, as the scale of grid-connected PV systems grows, the original load profile
has evolved into the “duck curve” [1]. During noon hours, the massive influx of PV power
causes a significant drop in net load demand, forming a pronounced valley. In the evening,
the rapid decline in PV generation, combined with rising electricity demand, results in an
extremely steep ramp-up slope in the load curve. This poses a risk of generator tripping if
the units cannot sustain the load. In light of this, battery energy storage systems (BESSs) are
employed in conjunction with the utility’s time-of-use (TOU) pricing for power dispatching
to alleviate the pressure on the utility’s spinning reserve during peak periods. Recent
advancements in energy management emphasize the integration of battery energy storage
systems (BESSs) with time-of-use (TOU) pricing to mitigate the duck curve effect. For
instance, peak shaving and duck curve mitigation strategies based on ramp rate limits
have been proposed to enhance power quality in SPV-BES microgrids [2]. Furthermore,
advanced control approaches such as model predictive control (MPC) [3], decision tree
learning algorithms for vehicle-to-grid (V2G) management [4], and optimized charging
algorithms [5] have been extensively explored in the recent literature.

To enhance grid stability under the influence of the duck curve, researchers have
conducted numerous studies on PV systems, battery packs, and smart inverters in recent
years [3—6]. The authors of [3] addressed the control and energy management of grid-
connected PV systems with integrated storage using MPC. While it successfully managed
battery charging/discharging and load supply based on state-of-charge (SOC) simulations,
the reliance on a minimum cost function to control the voltage source inverter involves a
high number of case considerations, leading to a heavy computational burden. Furthermore,
the authors of [4] applied a decision tree learning algorithm to a grid-connected microgrid
for V2G energy management. By considering load demand and price fluctuations, electric
vehicles were used as mobile storage for peak shaving. However, this method requires
that daily load profiles, renewable energy output, and user lifestyles be accounted for; the
resulting data volume and controller complexity significantly increase system implementa-
tion costs. Recently, the authors of [5] introduced a novel optimized charging algorithm for
storage systems, combining four charging methods under three SOC conditions to reduce
charging time to under one hour. Although it used negative current pulses to mitigate
lithium plating and extend battery life, the frequent switching between modes requires
real-time temperature sensing and results in high switching frequencies. This imposes strict
requirements on circuit design and component precision, thereby increasing hardware
costs. Specifically, the authors of [6] focused on resolving the efficiency issues of traditional
three-phase rectifiers by controlling switching elements to achieve higher voltages and
implementing power factor correction (PFC). Although this approach addressed drawbacks
such as non-sinusoidal phase currents, total harmonic distortion (THD), and phase shifts
associated with uncontrolled rectifiers, there is still room for further reduction in THD.

Specifically, a comparative analysis between previously reported control methods and
the proposed architecture is presented in Table 1. As indicated, existing methods exhibit
distinct limitations. The MPC proposed in [3] involves a high number of case considerations
due to the cost function, resulting in a heavy computational burden and relatively high
controller complexity. The decision tree algorithm applied in [4] requires a massive amount
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of historical data and training effort, leading to high controller architecture complexity and
moderate computational burden. Furthermore, the optimized charging method introduced
in [5] relies on frequent switching modes and multi-mode operational logic, resulting in
moderate controller complexity and increased hardware costs. Although the active rectifier
in [6] effectively improves power factor correction (PFC), its THD performance still has
room for improvement.

Table 1. Comparison of existing control strategies and the proposed method.

Control Computational ~ Controller Architecture Power Quality
Strategy Control Method Burden Complexity Hardware Cost (PFC/THD)
. o PFC achieved;
Ref. [6] Active rectifier Low Low Low THD > 5%
Model predictive . . PFC achieved;
Ref. [3] control (MPC) Heavy High Medium THD < 5%
Decision tree . . . PFC achieved;
Ref. [4] learning Medium High High THD < 5%
Optimized charging . . PFC achieved;
Ref. [5] algorithm Medium Moderate High THD < 5%
Proposed Hysteresis current + Low Low Low PF > 0.99, THD < 5%
method P-I control

Compared to the aforementioned references, the control architecture proposed in
this study simplifies the design, thereby significantly reducing computational complex-
ity and enhancing active power dispatch capability without increasing hardware costs.
Unlike existing methods that either impose high computational burdens [3,4] or neglect
over-contract penalties [5,6], the proposed strategy integrates all three objectives—low
complexity, over-contract prevention, and seamless bidirectional dispatch—in a unified
DC-coupled architecture.

To address the aforementioned literature gaps regarding TOU pricing integration, over-
contract prevention, and computational burdens, this research proposes a low-complexity
integrated active power dispatch strategy for a DC-coupled three-phase grid-connected
solar PV and battery storage integrated system. The main scientific contributions are as
follows: (1) implementing a simplified active power dispatch strategy that seamlessly
combines peak shaving and valley filling; (2) integrating hysteresis current control into
the proposed dispatch framework to achieve seamless bidirectional power flow and high-
power-factor operation without requiring additional hardware; and (3) realizing an anti-
over-contract-capacity protection and smart charging strategy that balances battery lifespan
with maximum economic benefits.

2. Peak Shaving and Valley-Filling Control Technology

Peak shaving and valley filling [7] is a power-dispatching strategy which mitigates
the “duck curve” effect in power demand caused by variations in PV power generation. By
utilizing the electricity price differential between peak and off-peak periods, this strategy
encourages consumers to store electricity in energy storage systems (ESSs) during off-
peak intervals. During peak demand periods, the energy stored during off-peak hours
is released as an auxiliary power supply to achieve the goals of shaving peak loads and
filling off-peak valleys, thereby smoothing out the load demand. Furthermore, this strategy
alleviates the transmission load on the grid during peak hours, fundamentally reducing
potential transmission power losses. To implement this dispatching strategy, it is essential
to integrate PV and ESS using appropriate control architectures tailored to various power
demands and operational modes.
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2.1. Control Circuit Design of the Proposed Grid-Connected PV-Battery System

This study adopts a DC-coupled grid-connected power system [8], the overall archi-
tecture of which is illustrated in Figure 1. By connecting the PVMAs and the lithium-iron
phosphate battery pack to the DC link through a boost converter and a bidirectional buck-
boost converter, respectively, the system can directly store the DC power generated by the
PV modules into the battery pack. This architecture effectively avoids the energy losses
associated with multi-stage AC-DC conversions, thereby enhancing the energy conversion
efficiency and cost-effectiveness of the power system. The detailed electrical specifications
for the boost converter [9], bidirectional buck-boost converter [10], and three-phase smart
inverter [11,12] utilized in the system are summarized in Table 2, Table 3, and Table 4,
respectively. These selected specifications, including the 800 V DC-link voltage, 380 Vrms
AC voltage, and 15 kHz switching frequency, are highly representative of typical industrial
three-phase grid standards and the rated capacities of HIL testing platforms.

To further clarify the energy-flow logic under different operating conditions, Figures 2 and 3
illustrate the power dispatch pathways of the proposed system during peak and off-peak
periods, respectively. These diagrams complement the hardware architecture in Figure 1
by explicitly showing the energy exchange among the PV module arrays, battery pack,
converters, and the utility grid.

DC-coupled
PV module Boost
arrays converter
Bidirectional .
. Grid
inverter
Battery energy Bidirectional
buck-boost
storage system
converter
Load
Figure 1. Architecture diagram of the DC-coupled system.
Table 2. Electrical specifications of the boost converter.
Electrical Parameters Specifications
Input capacitance (Cs) 800 uF/900 Vpe
Input voltage (vs) 665.28 Vpc
Inductance (L) 158 mH
Output capacitance (Cpc) 800 uF/900 Vpc
Output voltage (Vpc) 800V
Switching frequency (fs) 15 kHz
Table 3. Electrical specifications of the bidirectional buck-boost converter.
Electrical Parameters Specifications
Input capacitance (Cg) 800 uF/450 Vpc
Rated voltage of battery pack (Vp) 2871V
Inductance (Lp) 0.2 mH
Output capacitance (Cpc) 800 uF/900 Vpc
Output voltage (Vpc) 800V
Switching frequency (fsw) 15 kHz
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Table 4. Electrical specifications of the three-phase smart inverter.
Electrical Parameters Specifications
DC-link voltage (Vpc) 800V
Filter inductance (L;) 4.265 mH
Filter inductance (Lg) 0.853 mH
Filter capacitance (C) 36.7 uF /400 Vac
Damping resistance (Ry) 440
AC grid voltage (vgig) 380 Vrms
SPWM switching frequency (fsw) 15 kHz
— —> > “—p > <
PV Module Boost Three-Phase LCL i Utility
Arrays Converter Inverter Filter Grid
«—> Load
LifePo4 Bidirectional
Battery Buck-Boost
Pack Converter
Figure 2. Energy flow during peak periods.
—> — «— D i —
PV Module Boost Three-Phase LCL i Utility
Arrays Converter Inverter Filter Grid
«— Load
LifePo4 Bidirectional
Battery Buck-Boost
Pack Converter

Figure 3. Energy flow during off-peak periods.

2.2. Integrated Controller Design for the Proposed Grid-Connected PV-Battery System

For the DC-coupled grid-connected architecture, the controller design and system
integration are implemented based on peak and off-peak periods. This includes the in-
verter’s DC-link voltage controller, load-following controller, peak shaving and valley-
filling controller, and hysteresis current control. Additionally, it incorporates the constant
current-constant voltage (CC-CV) charging controller and the anti-over-contract-capacity
charging controller for the lithium-iron phosphate battery pack, as well as the maximum
power point controller for the PVMAs utilizing a boost converter combined with the P and
O method. The proportional and integral gains for these P-I controllers are empirically
tuned based on the MATLAB/Simulink simulation environment to ensure steady-state
response during peak/off-peak mode transitions and load variations.

2.2.1. Maximum Power Point Control for Photovoltaic Module Arrays

To ensure the power-generation efficiency of the PVMAs, this study adopts the P&O
method [13,14] to achieve MPPT. The system dynamically adjusts the perturbation amount
by observing power variations to balance the tracking response speed and steady-state
oscillation losses. This ensures that the PVMAs can output maximum power continuously
and stably under various solar irradiance conditions.
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PV arrays

2.2.2. Phase-Locked Loop

To achieve precise synchronization between the inverter and the utility grid, this
study utilizes a synchronous reference frame phase-locked loop (SRF-PLL) [15] to extract
the real-time phase of the grid [16]. The control architecture is illustrated in Figure 4.
Through coordinate transformation [17,18], the system employs a proportional-integral
(P-I) controller to force the quadrature-axis (g-axis) voltage component to zero [19], thereby
locking the d-axis vector to the grid voltage phase. The calculated synchronous phase
angle is continuously fed back to provide an accurate reference basis for the inverter’s
grid-connected control and coordinate transformations.

Coordinate transformation

Va—} V{){‘ i_} wo
Vi—>| Clarke |, | Park [, | ~ . 1772~ I

ﬁ‘ 4 — » 6
vc_> S

| g-axis voltage
|  controller

Figure 4. Architecture diagram of the SRF-PLL.

2.2.3. Energy Storage and Inverter Control During Off-Peak Periods

In this paper, a battery pack and PVMAs are connected to the DC link. The battery
pack is controlled to draw power from the utility grid during off-peak periods to perform
valley filling. However, since the battery pack operates with DC power for charging and
discharging, the AC power from the utility must be converted into DC power via the smart
inverter. The rectified output DC-link voltage is controlled to remain stable at a predefined
setpoint. Subsequently, a bidirectional buck-boost converter is used to regulate the terminal
voltage for battery charging. The circuit control architecture is illustrated in Figure 5.

DC-coupled Bidirectional inverter

LifePo4
battery
pack

converter

Boost

Power
measurement
v,

— Voe == Cc

Bidirectional
buck-boost
converter

Rq RE RLUER. SR,

CC-CV & prevent
contract exceeding
charging controller

|

Hysteresis current

controller

Frria

e e
1
1%}
HL’:LM 2
o %
EH_Q

Figure 5. Energy storage and inverter control architecture during off-peak periods.

Constant Current-Constant Voltage (CC-CV) Charging Controller with
Anti-over-Contract-Capacity Protection

To balance the charging efficiency of the lithium-iron phosphate battery pack with the
electricity costs on the utility side, this study proposes a constant CC-CV charging controller
featuring anti-over-contract-capacity protection [20]. This controller is implemented using
P-I controllers, and its block diagram is shown in Figure 6. During the initial stage of battery
charging, to achieve constant current control, the error between the feedback battery current
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and the maximum charging current reference is input into a P-I controller for calculation.
The governing equation is expressed as Equation (1).

Leon = Kpi(1j max = 18) + Kis [ (5 max — L)t )

where I, is the current control command, Kp; and Kj; are the P-I gains of the current loop
controller, I - is the maximum charging current reference, and I is the battery current.

When tﬂe battery terminal voltage reaches its maximum allowable value, the control
architecture switches to a voltage outer-loop P-I control. The error between the feedback
battery voltage and the full-charge voltage setpoint is processed by the P-I controller to
calculate the charging current command, as expressed in Equation (2).

Ig = KPh(VB - VB_max) + Klb/ (VB - VB_max)‘it (2)

where Ip is the battery current command, Kp, and Kj;, are the P-I gains of the voltage loop
controller, Vp is the battery voltage, and Vp_may is the maximum battery voltage. Finally,
the resulting control signal is compared with a triangular carrier wave to generate PWM
signals, which control the power switches of the bidirectional buck-boost converter, thereby
realizing stable and efficient CC-CV fast charging.

Considering the stochastic fluctuations of the AC-side load, if the battery is charged at
a constant high current, the total demand—comprising both the charging demand and the
local load—may exceed the contract capacity, risking over-contract penalties. Therefore,
the power outer-loop of this controller takes the error between the measured power and
the contract capacity setpoint and processes it via P-I calculation. This result is used
to dynamically adjust (down-regulate) the charging reference command of the current
inner-loop, as expressed in Equation (3).

IE = KPp(Pcontract - Pgrid) + Klp/ (Pcontract - Pgrid)dt (3)

where Peontract is the contract capacity power, Pgrid is the actual grid power, and K Pp and
Kjp are the P-I gains of the power loop.

Over-demand prevention and CC-CV mode control

= I Voltage | —]
VB, max I_cgtrgllgr ] switch

Power |
contract _controller |

Figure 6. Block diagram of the CC-CV integrated charging control with anti-over-contract-capacity
protection.
Hysteresis Current Controller

In this study, hysteresis current control [21] is employed for current regulation and its
control block diagram is illustrated in Figure 7. First, the system captures the actual DC-link
voltage and compares it with the reference voltage. The resulting error is processed by a
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P-I controller to obtain the required reference component for the AC-side d-axis current, as
expressed in Equation (4).

Ij = Kpp(Vpe_» — Vpe) + KIh/ (Vbc_r — Vpc)dt 4)

where [} is the d-axis reference current, Vpc , is the dc-link reference voltage, Vpc is the
dc-link voltage, and Kpy and Ky, are the P-I gains of the dc-link voltage controller.

Subsequently, the system utilizes the phase angle provided by the phase-locked loop
(PLL) to transform the d-axis and g-axis current components into three-phase AC reference
currents. Following this, the measured grid currents are compared with these reference
currents, and their errors are restricted within a predefined hysteresis band. This process
directly triggers the switching of the inverter’s bridge arms. A comparison between the
current and switching signals is illustrated in Figure 8. This control method features a rapid
dynamic response and forces the actual current to accurately track the current command,
thereby achieving PFC and effectively improving the THD.

|
l.* | Hysteresis band & switching signals |
R .
oo VDC_er 5 1, 4 Z > , Sa+ :
DC_r | .. q A g+
- | Voltage | [ q > B > b :
i | controller | —>1 abc |1 | —>s.* |
|
Va 0 |
v_ | +— " l__a v < |

51—

Upper limit e

Lower limit
a9t

4.8
4.7
4.6
4.5

4.4

4.3
1
T T T T T T T T
1 — OO
0.8
0.6
0.4
0.2
0_ J L - ) J J L J LJ J — L L S
3 3.5 4 145 5 1| 5.5 6 6.5
on off x1073
Time(sec)

Figure 8. Comparison of current and switching control signals in hysteresis current control.

2.2.4. Energy Storage and Inverter Control During Peak Periods

After the off-peak period ends, the control strategy shifts to supplying power to the
AC-side load using the PVMAs and the lithium-iron phosphate battery pack connected in
parallel to the DC link, as electricity prices are higher during peak periods. To compensate
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for electricity consumption exceeding the contract capacity, the proposed DC-coupled
power system must be controlled to perform energy dispatching for both the PVMAs
and the battery pack. Accordingly, this section discusses the integration and design of
controllers under various conditions based on the battery’s SOC and whether the contract
capacity is exceeded, ensuring the stable operation of the power system. The control
architecture is illustrated in Figure 9.

DC-coupled Bidirectional inverter

Boost

PV arrays
g4 converter

S
.

Power
measurement

1
=

Il

1
ol

battery buck-boost
pack converter

[
LifePo4 { Bidirectional

Vi DC-BUS

controller

P

arid

Figure 9. Energy storage and inverter control architecture during peak periods.

Inverter Active Power Dispatch and Peak Shaving Controller Design

During peak electricity demand periods, the system control strategy actively regulates
the inverter’s output active power to supply the AC-side load. To balance the discharge
depth of the lithium-iron phosphate battery and prevent the utility contract capacity from
being exceeded, this study integrates “load following” and “peak shaving control” into
a single active power dispatch architecture. The control block diagram is illustrated in
Figure 10. The control strategy first compares the actual load demand with the contract
capacity to dynamically determine the calculation path for the d-axis current reference
value. If the load demand is less than the contract capacity, the system enters the load-
following control mode, where the inverter is controlled to ensure that the power supply is
equal to the load demand. To control the inverter’s output power according to the load
requirements, the system performs power measurement on the AC-side load to provide
feedback signals [22]. The load current required is then obtained through Equations (5) and
(6) to serve as the d-axis current reference for the current control loop.

3
Pref = 2 X Iref_peak X Vpeak ®)
2 X Pref
Lyef_peak = 35 Vet (6)

where P is the reference power, Lio¢ peqr is the reference peak current, and Ve is the
peak grid voltage.

Conversely, when the load is excessive, leading to a situation where the load demand
exceeds the contract capacity, relying solely on the lithium-iron phosphate battery pack to
fully compensate for the required load power would result in an excessively high discharge
current and a rapid decline in the SOC. Once the battery is depleted, it may be unable
to perform compensation during other periods of over-contract power consumption. To
effectively dispatch the energy of the storage system, the system automatically switches
to the peak shaving control mode. In this mode, the instantaneous power error between
the load demand and the contract capacity is first calculated by Equation (7), and the

https:/ /doi.org/10.3390/su18136738


https://doi.org/10.3390/su18136738

Sustainability 2026, 18, 6738

10 of 27

Over-demand

current required for peak shaving is subsequently obtained via Equation (8) to serve as the
inverter’s output current reference.

Ppeuk_shuv = PLoud — Peontract (7)

2 x Ppeak_shav
3 x Vpeuk

(8)

I peak_shav —

where Ppear_snap is the peak shaving power and Pp,4 is the load demand power.

After determining the d-axis current reference based on the aforementioned conditions,
the g-axis current reference is set to zero to maximize the power generation utilization rate
of the PVMAs, ensuring that the inverter output consists entirely of active power. After
comparing the errors of the d-axis and g-axis current components, the respective voltage
components are obtained through P-I controllers, as expressed in Equations (9) and (10).

U4 = KPd(Iref_peak - id) + KIal/ (Iref_peak - id)dt )

0y = Kpg(0— ig) + Klq/ (0 —iy)dt (10)

where V; and V; are the voltage component of the d-axis and g-axis, respectively, Kp; and
Kj, are the P-I gains of the d-axis current controller, and i; and i, are the current of the
d-axis and g-axis, respectively.

Finally, these two-axis voltage components undergo inverse coordinate transformation
(from axis to axes) and are combined with sinusoidal pulse-width modulation (SPWM)
technology to generate PWM signals to drive the switching elements within the inverter.

detection logic

P Contract =

I,—>

V,—

Vb —>

iy —

C

. 1
=9 | d-q axis current |l e mm e ——
| controller | v | SPWM l
] d |
» PI >

| I
| dq Vcon 1 |
I > Comparator —> PWM |

. I
I.—» : » Pl I > abc : : :

v y

_——— 4 9 | Vtri |
0 | Triangular |
| carrier |

Ve —>

—>| SRF-PLL e == -

Figure 10. Block diagram of the inverter active power dispatch and peak shaving controller.

Design of the Lithium-Iron Phosphate Battery Charge/Discharge Controller

The inverter controller described in Section “Inverter Active Power Dispatch and
Peak Shaving Controller Design” is responsible for regulating the magnitude of the load
current output to the AC side. To ensure that the inverter operates stably within the
linear modulation region, the control block diagram is illustrated in Figure 11. The DC-
link voltage error is obtained by comparing the actual feedback DC-link voltage with
its reference value. This error is then processed through a P-I controller to output the
battery charge/discharge current command, as expressed in Equation (11). Once the
charge/discharge current command has been obtained, it is subtracted from the actual
feedback battery current to determine the error. Subsequently, an inner-loop P-I controller

https:/ /doi.org/10.3390/su18136738
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is used to generate the control signal, as shown in Equation (12). Finally, the PWM signals
for driving the bidirectional buck-boost converter are generated through PWM control.

Iz = Kpy(Vpc r — Vpe) + Klv/ (Vbc_» — Vpc)dt (11)

Teon = Kpa(I — Ig) + K,u/ (I — Ip)dt (12)

where Kp, and KJ, are the P-I gains of voltage outer loop controller and Kp, and Kj, are
the P-I gains of the current inner loop controller.

r
| Pulse width modulation signal

|
—_— * —_— I
a 1
V + VDCfer 0 | ] I e |![con‘ PWM |
DC r —> | PI | PI | i "| modulation I
_ | Voltage | Current | | T [
V | ﬁon_tr(ilei | ] | _COEITO_HCL” Triangular l
DC B I carrier I
- — — il

Figure 11. Block diagram of the lithium-iron phosphate battery charge/discharge control.

Design of the Inverter DC-Link Voltage Controller

When the lithium-iron phosphate battery pack is no longer capable of regulating the
DC-link voltage, the inverter must be used to stabilize the DC-link voltage at a predefined
setpoint to supply the energy generated by the PVMAs to the grid side. Specifically, when
the PV power generation exceeds the demand, the excess power is controlled to flow into
the grid. Conversely, when the PV power generation is lower than the load demand, the
grid compensates for the deficit. The control block diagram employed for this purpose is
illustrated in Figure 12 [23].

er, TT=T1 I, ljw ===~
V * PI =< i |
ne | | d-q axis current e
| Votltalgle | | controller | v, : SPWM :
controller
VDCJ‘ —=== dq vconl |
; | T Comparator —» PWM |
a >
; abe s I : »|/ abc | I
.b dq | _(syeel, =2 _ a Vq i ; I/vtri I
lC A 6 : Tri 1 I
riangular

va 0 I carrier :
Vo —>f—> sREPLL m— o ———————————— T T T T T T

Vo

Figure 12. Block diagram of the inverter DC-link voltage control.

As the PVMAS continue to supply power with increasing solar irradiance, the actual
DC-link voltage will rise. At this point, the current error command of the inner-loop
current controller must be positive to control the inverter to output a larger current, thereby
reducing the DC-link voltage. Therefore, in the voltage outer-loop control circuit, the actual
measured DC-link voltage must be controlled using positive feedback. This ensures that
the voltage error compared with the reference value remains positive. After processing
this error through a P-I controller, the output current command required by the inverter to
stabilize the DC-link voltage is obtained as a positive and increasing value, as expressed
in Equation (13). This control framework is similar to the inverter control described in
Section “Inverter Active Power Dispatch and Peak Shaving Controller Design”, with the
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only difference being the inclusion of the voltage outer-loop control circuit; thus, further
details are omitted.

Ii = Kpae(Vbe = Voe_r) + Kige [ (Ve = Voc_)t (13)
where Kp;. and Kj,, are the P-I gains of the dc-link voltage controller.

3. Simulation Results

Based on the daily load profile and the contract capacity schematic shown in Figure 13, in-
tegrated control for both off-peak and peak periods was simulated using Matlab/Simulink.
The performance of the proposed control strategy when applied to the main circuit architec-
ture of the power system was also observed. The design specifications for the three-phase
grid-connected inverter proposed in this study include a DC-link voltage of 800 V and
an output AC voltage with an effective (RMS) value of 380 V at a frequency of 60 Hz.
The lithium-iron phosphate battery pack has a rated voltage of 287.1 V and a capacity of
93.1 kWh. The total capacity of the PVMA, configured with 22 series and five parallel
strings, is 24.7 kW. The electrical specifications for the PV modules [24] and the lithium-iron
phosphate batteries [25] are summarized in Tables 5 and 6, respectively.

%104 <Active power P (W)>

Total exceelcding power l‘
consumption: 66.4kWh

Power(W) 3

Time(sec)

Figure 13. Schematic diagram of the plant’s daily load profile and contract capacity.

Table 5. Electrical specifications of the A10 Green Technology A10J-M60-225 photovoltaic module.

Electrical Parameters Specifications
Open-circuit voltage (Vo) 36.24V
Short-circuit current (I5) 8.04 A
Rated maximum output power (Pypp) 22498 W
Maximum power point voltage (Vipp) 30.24 V
Maximum power point current (Iypy) 744 A

Table 6. Electrical specifications of the lithium-iron phosphate battery.

A123 Li-Iron-Phosphate ANR26650M1

Rated capacity (Ah) 2.3 Ah
Rated voltage (V) 33V
Maximum discharge current (A) 70 A
Charging operating temperature (°C) —50~60 °C
Discharging operating temperature (°C) —30~60 °C
Internal impedance (m(2) 10 mQ)
Weight (g) 0g
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3.1. Simulation of Maximum Power Point Tracking

In this study, the assumed solar irradiance profile is shown in Figure 14. A boost
converter employing the P&O method is used to implement MPPT control under continu-
ously varying irradiance levels. By observing the relationship between the input power
and output power of the converter in Figure 15, the power conversion efficiency of the
converter under standard test conditions (STC) is determined to be 89.5%. This value
reflects comprehensive losses, including inductor parasitic resistance, switching losses at a
15 kHz frequency, and the non-ideal characteristics of analog circuit components within the
HIL platform.

1000 L

900

800 -

700

[
Irradiation *°

(‘NUIDZ) wo(

0 5 10 15 20

Time(sec)

Figure 14. Assumed solar irradiance profile.
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e - —_ . — . —

w~
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10
Time(sec)
Figure 15. Conversion efficiency of the boost converter.

3.2. Simulation of Peak Shaving and Valley-Filling Control Under Different Battery SOC

This section simulates the steady-state response performance of the integrated control
for the DC-coupled three-phase grid-connected PV-battery system during peak and off-
peak periods under various battery charge levels. The system operating states under “fully
charged” and “insufficient power (low SOC)” conditions of the battery pack are simulated
and discussed in Sections 3.2.1 and 3.2.2, respectively. In this study, the battery state-of-
charge (SOC) information is directly obtained from the battery model implemented in
the MATLAB/Simulink environment and is used by the proposed energy management
controller to determine the battery operating state. To mitigate battery stress and enhance
long-term operational reliability, a conservative 0.2 C (65 A) constant-current (CC) charging
strategy is adopted. In addition, the battery SOC is restricted to the range of 10-90% to
prevent deep discharge and overcharge conditions. These measures help to reduce battery
temperature rise and charging stress, thereby contributing to improved battery lifespan
and stable system operation. Furthermore, a state-locking mechanism is implemented
to prevent frequent charge/discharge transitions caused by measurement noise near the
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SOC protection thresholds. In addition, the inverter limits, current saturation, and DC-link

voltage bounds are not taken into account, as no instances of rating exceedance were

observed during actual operation.

3.2.1. Simulation of the Lithium-Iron Phosphate Battery Pack Under Sufficient SOC
Case 1: Battery SOC at 50%

According to the daily load profile comparison of peak shaving and valley-filling

control (SOC at 50%) in Figure 16, the operating states can be divided into six stages, which

are described as follows.

Off peak
(filling valley)

Peak (self consumption)

—

) Battery pack
@ power

jm Contract

je PV power

@ ].0ad curve

L

Peak shaving
— load curve

1
®
1 1 Il
10 15 20
Peak (shaving)
Time(sec)

Figure 16. Comparison of daily load profiles with peak shaving and valley-filling control (battery
SOC at 50%).

Stage 1

Stage 2

Stage 3

Stage 4

Stage 5

The lithium-iron phosphate battery pack is charged by the grid using constant
current (power is defined as negative). As the time approaches the peak period,
the PVMAs begin to generate power, alleviating the supply pressure on the grid.
However, as the load demand rises rapidly, continuous constant current charging
would lead to the contract capacity being exceeded. Therefore, the battery charging
power must be controlled to decrease gradually as the grid supply increases to
avoid over-contract penalties.

Upon entering the peak electricity demand period, the load demand has not yet
exceeded the contract capacity. To minimize electricity costs, a self-consumption
PV energy dispatch control is adopted, and the battery pack provides auxiliary
power to the load (power is defined as positive).

The load demand exceeds the contract capacity, forming the “first peak.” At this
time, the PVMAs output the current required for peak shaving through the inverter.
Since the PV power generation is currently in surplus, the battery pack stores the
excess energy, ensuring that the power drawn from the grid is controlled within
the contract capacity limits to facilitate energy dispatching for the subsequent
“second peak”.

During the plant’s lunch break, the load demand falls below the contract capacity.
Power is released from both the PVMAs and the battery pack to the load, bringing
the grid power supply close to zero.

The load demand enters the “second peak.” Observing the power variation in the
battery pack, it initially stores the surplus PV energy. As solar irradiance declines,
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the battery switches to auxiliary power supply. Consequently, the post-control
grid power is successfully suppressed within the contract capacity.

Stage6 Upon entering the night-time period, due to the absence of solar irradiance, the
battery pack—which has sufficient residual energy—independently releases power
to the night-time load to maximize the reduction in energy charges.

Case 2: Battery SOC at 90%

According to the daily load profile comparison of peak shaving and valley-filling
control (SOC at 90%) in Figure 17, the operating conditions for Stages 2, 4, 5, and 6 are
identical to those in the previous case. Therefore, the following description focuses only on
Stages 1 and 3.

Peak (self consumption)

Battery pack

5}

4}

-—

(filling valley)

T v - power
Off peak

|w= Contract

Power
W)

[m== PV power

jem | 0ad curve

Peak shaving
load curve

15 f 20
Peak (shaving)
Time(sec)

Figure 17. Comparison of daily load profiles with peak shaving and valley-filling control (battery
SOC at 90%).

Stagel As the lithium-iron phosphate battery pack is already in a fully charged state, the
charging mode is set to constant voltage (CV) charging, with the charging current
approaching zero. Compared to Case 1, since the battery pack has no charging
demand, the energy generated by the PVMAs is supplied to the AC-side load via
the inverter.

Stage3 The inverter’s output power is controlled to shave the demand of the “first peak”.
Since the maximum SOC limit in this study is set to 90% (corresponding to a
terminal voltage of 311.1 V), once the battery pack is detected to have reached this
threshold, the charging power instantaneously drops to zero, and the battery stops
regulating the DC-link voltage. By controlling the inverter to output all energy
produced by the PV module arrays, the power drawn from the grid is significantly
reduced, thereby eliminating concerns regarding potential damage to the battery
pack that may be caused by overcharging.

3.2.2. Simulation of the Lithium-Iron Phosphate Battery Pack Under Low SOC

This section simulates the power control method of the proposed hybrid power system
during night-time when the depth of discharge (DOD) of the lithium-iron phosphate battery
pack reaches 90%. The results are presented in Figure 18, which shows the daily load profile
comparison for peak shaving and valley-filling control (battery SOC at 10%). Compared to
Figure 17, the operating states from Stage 1 to Stage 5 are identical. However, during Stage
6, as the system detects that the SOC has dropped to the predefined DOD threshold set at a
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minimum SOC of 10%, it instantaneously controls the battery pack and causes it to stop
discharging. Simultaneously, since there is no power generation from the PVMAs due to
the absence of solar irradiance, the utility grid supplies the entire load demand at this time.

Peak (self consumption)

x10* l l i i l Battery pack

@ @ @ @ power

5 Off peak 1
(filling valley)
ol (@ Contract

T

‘\-‘_‘_H_‘-:— PV power

Power ° )
w)

—_— e ] 0ad curve

{ Peak shaving
—
load curve

® ®

0 5 10 t 15 } 20
Peak (shaving)
Time(sec)

Figure 18. Comparison of daily load profiles with peak shaving and valley-filling control (battery
SOC at 10%).

4. Experimental Results

To verify the simulation results, the proposed DC-coupled three-phase grid-connected-
PV-battery system was implemented and tested using PLECS, a multi-functional power
electronics simulation software developed by Plexim GmbH, in conjunction with the RT box
and the analog breakout board in a Hardware-in-the-Loop (HIL) testing environment [26].

4.1. Experimental Integration of the Controller During Off-Peak Periods

Considering that battery cycle life is susceptible to charging temperatures [27], this
study employs a constant current (CC) charging control at a rate of 0.2 C (65 A). This
approach not only reduces the current stress on the converter but also effectively lowers
the temperature of the lithium-iron phosphate battery pack, thereby extending its lifespan.
However, while the battery draws power from the grid in CC charging mode, a heavy
AC-side load may cause the total grid supply to exceed the contract capacity. Therefore,
this section describes the experimental results of the battery charging control under both
high and low AC-side load demands.

4.1.1. Case 1: Low Load Demand

When the sum of the battery charging demand and the AC-side load demand does not
exceed the contract capacity, the battery pack adopts the CC-CV charging mode, as shown
in Figure 19. It can be observed from the figure that the DC-link voltage is rectified and
regulated at 800 V by the smart inverter. This allows the bidirectional buck-boost converter
to operate stably in buck mode while supplying power to the battery. During the CC
charging process, the battery terminal voltage rises continuously. Once the voltage reaches
311.1 V (the terminal voltage corresponding to a 90% SOC), the charging mode switches to
the predefined constant voltage (CV). At this stage, the charging current decreases as the
SOC increases. After the SOC reaches 90%, the charging current approaches zero, and the
battery pack enters a float charging state with a minimal current.
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Figure 19. Battery charging response using the CC-CV controller at 10% SOC.

During the CC-CV charging process of the lithium-iron phosphate battery pack, the
supply current from the utility grid varies in accordance with the battery pack’s charging
current. To verify that the hysteresis current control employed by the smart inverter can per-
form PFC and reduce the THD of the current across different battery SOC levels, the phase
voltages and currents of the three-phase system were measured. Figure 20 shows the mea-
sured voltage and current waveforms of the inverter using hysteresis current control. Since
the inverter absorbs energy from the grid to supply the DC side, the voltage and current
waveforms are 180° out of phase. Based on the experimental measurements, the power fac-
tor (PF) is stably maintained above 0.99, and the total harmonic distortion (THD) of the grid
currents is strictly controlled below 5%, fully complying with grid-connection standards.

Va, pear=311V
¥
1o, pea=44A
¥
o, pear=10A
v
Time(sec) |« 5ms—>| Time(sec) [« 5ms—>|
(a) (b)
- N
Vo pear=311V
¥
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Time(sec) [« 5ms—>|

(©)

Figure 20. Measured voltage and current waveforms of the inverter using hysteresis current control:
(a) battery SOC 10-75%; (b) battery SOC 85%; (c) battery SOC 90%.
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4.1.2. Case 2: High Load Demand

When the total power demand from the lithium-iron phosphate battery charging and
the AC-side load exceeds the contract capacity, the battery pack enters the prevention-of-
over-contract charging mode. The experimental results are shown in Figure 21. It can
be observed that in the initial stage of the hybrid power system operation, the battery is
charged at a constant current of 0.2 C (65 A). As the AC-side load demand suddenly rises,
the charging current is decreased rapidly. Due to the short transient response time (settling
time < 5 ms), the battery charging current quickly stabilizes back to a steady state with a
minimal current ripple.

The hysteresis current control employed by the smart inverter successfully stabilizes
the DC-link voltage at the predefined setpoint of 800 V with a voltage ripple tightly bounded
within 1%, even as the battery charging current decreases. Simultaneously, it maintains
the grid supply power within the contract capacity limits. During this period, the supply
current from the grid is regulated at 75 A. Calculations using Equation (10) verify that the
grid supply power is 35 kW, which aligns with the contract capacity value established in
this study. The measured results for the grid are illustrated in Figure 22.
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Figure 21. Measured battery charging response under prevention-of-over-contract charging mode.
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Figure 22. Measured grid-side output current waveforms under over-contract prevention control.
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4.2. Experimental Integration of the Controller During Peak Periods

When the smart inverter and the lithium-iron phosphate battery pack perform peak
clipping during peak electricity demand periods, excessive or insufficient loads will cause
the battery pack to regulate DC-link voltages that are either too high or too low. Conse-
quently, the battery pack may encounter scenarios where the DC-link voltage is excessively
high while the battery remains fully charged, or where the DC-link voltage is too low while
the battery’s SOC is also insufficient.

In response to these conditions, this section describes the experimental results for two spe-
cific cases, utilizing the proposed integrated controller architecture as explained below.

4.2.1. Case 1: Excessive DC-Link Voltage with Battery SOC at 90%

This scenario occurs when the power generation from the PVMAs exceeds the current
power demand of the smart inverter, leading to a rise in the DC-link voltage. Once the
battery pack detects that the DC-link voltage is higher than the setpoint, it begins to absorb
the excess energy from the DC link. However, since the battery’s SOC has reached 90%, it
can no longer continue to regulate the DC-link voltage and must immediately stop charging.
The measured results for the DC-link voltage, battery terminal voltage, and battery current
are shown in Figure 23.
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Figure 23. Measured results of DC-link voltage, battery terminal voltage, and current for Case 1
during peak periods.

Under this condition, according to the measured output current waveforms of the
smart inverter in Figure 24, it can be observed that while the lithium-iron phosphate battery
pack absorbs energy from the DC link, the inverter simultaneously outputs current to the
AC-side load. Once the battery pack can no longer absorb energy, the inverter outputs all
the electrical energy generated by the PVMA to the AC side, causing its output current
to increase.

Furthermore, according to the measured output current waveforms of the grid in
Figure 25, it can be observed that while the battery pack absorbs DC-link energy, the utility
grid does not supply power to the load. Once the smart inverter outputs the entire energy
from the PVMA, the AC-side load demand is supplied with priority, and the remaining
surplus energy is absorbed by the grid.
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Figure 24. Measured output current waveforms of the smart inverter for Case 1 during peak periods.

Transient

state iG_a , pea k=24 A

b 1G_a . peak=0A

i s, peak=24A \

1

b IG_p ,peal(:OA

Time(sec) [<5ms—>|
Figure 25. Measured three-phase output current waveforms on the grid side for Case 1 during
peak periods.

4.2.2. Case 2: Insufficient DC-Link Voltage with Battery SOC at 10%

This scenario occurs when the power generated by the PV module array is lower than
the current demand of the smart inverter, leading to a decrease in the DC-link voltage.
Upon detecting that the DC-link voltage is below the setpoint, the lithium-iron phosphate
battery pack must compensate for the energy deficit in the DC link. However, once the
battery’s SOC reaches 10%, it can no longer continue to regulate the DC-link voltage and
must immediately cease discharging. The measured results for the DC-link voltage, battery
terminal voltage, and current under this condition are shown in Figure 26.

Under this condition, according to the measured output current waveforms of the
smart inverter in Figure 27, the battery pack initially compensates for the DC-link energy to
meet the system voltage requirements. After the battery pack stops discharging, the smart
inverter only delivers the total energy from the PVMA to the AC-side load, resulting in a
decrease in the inverter’s output current.

Furthermore, according to the measured current results on the grid side in Figure 28,
the utility grid does not supply power to the load while the battery pack is compensating for
the DC-link energy. Once the battery power is insufficient and the smart inverter switches
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its control mode, the demand of the AC-side load is prioritized, and the remaining power

deficit is compensated for by the grid.
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Figure 26. Measured results of DC-link voltage, battery terminal voltage, and current for Case 2

during peak periods.
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Figure 27. Measured output current waveforms of the smart inverter for Case 2 during peak periods.
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Figure 28. Measured output current waveforms on the grid side for Case 2 during peak periods.
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4.3. Experimental Results of the Inverter Control Transition Between Peak and Off-Peak Periods

The energy dispatch strategy for peak shaving and valley filling based on the summer
two-stage TOU electricity pricing discussed in this study applies off-peak rates from
00:00 AM to 9:00 AM, and peak rates after 9:00 AM. Therefore, the smart inverter determines
whether to execute peak shaving or valley filling based on the time of day. The smart
inverter performs controller mode transitions twice daily: from off-peak to peak mode, and
from peak to off-peak mode. Thus, this section presents the experimental measurements of
the inverter’s output voltage and current at the instant of control mode transition, which
are described under two conditions.

4.3.1. Case 1: Transition from Off-Peak to Peak

After undergoing CC-CV charging during the off-peak period, the lithium-iron phos-
phate battery pack reaches a fully charged state and transitions to float mode; consequently,
the charging current drawn from the grid side approaches zero. Under this operating
state, the smart inverter switches to SPWM control. The measured results are illustrated in
Figure 29. It can be observed from the figure that at the instant of the control mode transi-
tion, the three-phase currents of the smart inverter can recover to sinusoidal waveforms
within a very short time. They remain in phase with the grid voltages, enabling the system
to fully deliver active power to the utility grid, thereby improving the DC energy utilization
efficiency of the PVMA and the battery pack.
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Figure 29. Measured output voltage and current waveforms of the inverter during the control
transition from off-peak to peak: (a) phase a; (b) phase b; (c) phase c.

4.3.2. Case 2: Peak to Off-Peak Transition

Because the lithium-iron battery pack provides auxiliary power to the DC link during
the peak period, its SOC is relatively low. Therefore, once the smart inverter switches to the
hysteresis current control mode, it adopts a constant current for charging. Consequently,
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at the instant of control mode switching, the inverter’s output current instantaneously
transitions from releasing electrical energy to absorbing it; the measured results are depicted
in Figure 30. As observed in the figure, the three-phase currents are in phase with the grid
voltage during the peak period. Upon entering the off-peak period, the inverter draws
energy from the grid to charge the battery, causing the currents to be in anti-phase with the
grid voltage. At the exact moment of the control mode transition, the three-phase currents
can track the grid phase within an extremely short time, thereby enhancing the power
supply stability and power quality of the grid-side power equipment.

v ”

Vo, pear=311V | | Vs, pear=311V
{ BN <
U da pear=65A :r } iy, peak=65A i j
™ i !
Time(sec) [« 5ms—>| Time(sec) |« 5ms—>|
(a) | . ®
Ve, pear=311V —
¥ | Transint |
e, peak=65A i :v
: 1 — [ 59.9995Hz |
Time(sec) [« 5ms >
(©)
Figure 30. Measured waveforms of the inverter output voltage and current during the control
transition from peak to off-peak periods: (a) phase a; (b) phase b; (c) phase c.

To provide a clear quantitative evaluation, representative transient duration, steady-
state error, and ripple values of the DC link voltage Vpc are summarized in Table 7 to
complement the experimental waveform plots presented in Figures 19, 21, 23 and 25. In
addition, Table 8 presents a comprehensive comparison of key performance indicators
between the business-as-usual scenario and the proposed method, demonstrating the
quantitative improvements achieved by the proposed control strategy.

Table 7. Quantitative performance metrics under various operating scenarios.
Transient Duration Steady-State Error . o
of Vpe (ms) of Vpe (%) Ripple of Vpc (%)
Off-peak period at low load demand (Figure 19) 20 ms 1.75% 1.5%
Off-peak period at high load demand (Figure 21) 35 ms 0.75% 2.0%
Peak period with battery SOC at 90% (Figure 23) 40 ms 1.20% 1.6%
Peak period with battery SOC at 10% (Figure 25) 30 ms 1.40% 1.7%
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Table 8. Comparison of key performance indicators between the baseline scenario without control

and the proposed method.
Performance Indicator Without Control (Business-as-Usual) Proposed Method Improvement
Peak demand 50 kW <35 kW 15 kW (30%) reduced
Daily over-contract energy 66.4 kWh/day 0kWh/day 100% reduced
Power factor (PF) Not controlled >0.99 -
Grid current THD Not evaluated <5% -
Boost converter efficiency N/A 89.5% -

5. Conclusions

Both the simulation and the experimental results confirm that during the bidirectional
power conversion process of the smart inverter, the power factor between the output volt-
age and current exceeds 0.99 in both off-peak and peak periods, with the grid current THD
strictly maintained below 5%. Furthermore, when controlled by the inverter, the three-phase
currents can rapidly track the real-time phase of the grid, thereby enhancing the overall
energy efficiency of the power system. Regarding the peak-shaving and valley-filling
control, to verify that the proposed controller enables a fast energy-regulation response
for the lithium-iron battery pack, the stability of the CC-CV charging controller and the
over-contract prevention charging controller were experimentally evaluated during off-
peak periods. It was also verified that the lithium-iron battery pack is capable of instantly
detecting grid over-contract conditions and adjusting the charging current accordingly.
Moreover, during peak periods, by regulating the DC-link voltage, the lithium-iron battery
pack can quickly determine whether the power generation from the PVMA exceeds the
demand. From an operational performance perspective, taking the 35 kW contract capacity
considered in this study as an example, the proposed peak-shaving strategy can effectively
prevent up to 66.4 kWh of over-contract energy consumption per day. Furthermore, the
DC-link voltage transient settling time ranges from 20 to 40 ms across various operating
scenarios, with a voltage ripple below 2% and a boost converter efficiency of 89.5%. When
combined with a time-of-use (TOU) operation scheme, the proposed control strategy en-
ables effective energy scheduling between off-peak and peak periods while maintaining
the grid power demand within the prescribed contract capacity limits. However, a com-
prehensive techno-economic assessment, including cost-saving benefits, payback-period
analysis, and other related economic indicators, is beyond the scope of this study and is
therefore not addressed herein. It is worth noting that the proposed peak-shaving and
valley-filling control strategy is designed to operate independently of consumer behavior,
making it effective even under inflexible load conditions. The anti-over-contract-capacity
protection mechanism continuously monitors real-time grid power and dynamically regu-
lates the battery charging current to ensure compliance with the contractual capacity limit.
Therefore, the proposed strategy remains capable of preventing over-contract penalties
regardless of whether the connected loads are flexible or inflexible. Nevertheless, the
integration of flexible loads through demand response participation can further reduce
the battery discharge burden during peak periods, thereby alleviating battery stress and
potentially extending battery lifetime. The actual effectiveness of the strategy may vary
depending on consumer characteristics, load profiles, and demand response participation
levels. Future work will incorporate detailed consumer-profile modeling and flexible-load
scenarios to provide a more comprehensive assessment of system performance under dif-
ferent application conditions. In addition, future interdisciplinary research will explore the
integration of advanced energy storage materials, including MXenes and other emerging
two-dimensional (2D) materials, to further enhance battery performance, energy storage
capability, and system reliability. Advanced battery characterization techniques, such as
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in situ and operando diagnostics, may also be employed to provide deeper insights into
battery behavior and long-term operational stability, thereby supporting the development
of next-generation energy storage systems.
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Nomenclature

Acronyms

PV Photovoltaic

TOU Time-of-use

MPPT Maximum power point tracking
SPWM Sinusoidal pulse-width modulation
BESS Battery energy storage systems

PEFC Power factor correction

THD Total harmonic distortion

MPC Model predictive control

50C State of charge

V2G Vehicle-to-grid

ESS Energy storage systems

cc-cv Constant current—constant voltage
SRF-PLL Synchronous reference frame phase-locked loop
P-1 Proportional-integral

g-axis Quadrature axis

d-axis Direct axis

PLL Phase-locked loop

Ccv Constant voltage

DOD Depth of discharge

CcC Constant current

Symbols

Ieon Current control command (A)

If max Maximum charging current reference (A)
I 37 Battery current (A)

Kp; Ky P-1 gains of the current loop controller
Ig Battery current command (A)

VB max Maximum battery voltage (V)

Vi Battery voltage (V)

Kpp, Kpp P-1 gains of the voltage loop controller
Prontract Contract capacity power (W)

Peyig Actual grid power (W)

Kpp, Kip P-1 gains of the power loop controller
I3 d-axis reference current (A)

Vbc » dc-link reference voltage (V)

Vbe dc-link voltage (V)
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Kpp, Kip, P-1 gains of dc-link voltage controller
Prey Reference power (W)

Lief_peak Peak reference current (A)

Vipeak Peak grid voltage (V)

Pyeak_shav Peak shaving power (W)

Prond Load demand power (W)

U4 Contract capacity power (V)

U4, 0q Voltage component of the d-axis and g-axis (V)
Kpg Kig P-1 gains of d-axis current controller
id,iq Current of the d-axis and g-axis (A)
Kpy, K1y P-1 gains of voltage outer loop controller
Kpy Kiq P-1 gains of current inner loop controller

Kpae Krgc P-1 gains of dc-link voltage controller
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