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ABSTRACT: This paper develops an MPPT control strategy utilizing the particle swarm optimization (PSO) algorithm
to enhance the tracking accuracy of photovoltaic arrays under complex operating conditions and to mitigate the
transient effects on energy storage batteries during grid-connected and off-grid transitions. Initially, the operational
principle of the three-phase voltage source PWM converter and the bidirectional DC/DC converter within solar
power generation and energy storage systems is carefully examined, leading to the establishment of the appropriate
mathematical model. Secondly, a voltage and current double closed-loop control structure utilizing feedforward
decoupling is devised to meet the cooperative control requirements of multi-energy units in a microgrid. The integration
of constant power (PQ) control, virtual synchronous motor (VSG) management, and constant current and voltage
charging and discharging strategies facilitate the seamless interaction of energy storage systems and the smooth
transition between grid-connected and off-grid states. The integration of multiple control links enhances MPPT
tracking accuracy and dynamic response speed, effectively mitigating current and voltage fluctuations during the
switching process, thereby significantly improving the system’s transient performance and operational stability in the
microgrid. Finally, the simulation model is constructed using MATLAB/Simulink to validate the control approach
presented in this paper. The simulation findings indicate that the control approach exhibits commendable dynamic
performance, stability, and engineering feasibility in complicated operational settings.

KEYWORDS: Photovoltaic energy storage microgrid; PSO algorithm; voltage and current double closed-loop control;
PQ control; VSG control

1 Introduction

Amid the escalation of the global energy crisis and the growing awareness of environmental protection,
solar energy, recognized as an eco-friendly and renewable resource, has gained prominence. It is frequently
developed and utilized as distributed power sources to establish dependable and stable distributed power
generation technology [1-3]. Photovoltaic cells are the primary medium for transforming solar energy into
electrical energy. Its utilization rate is intrinsically linked to maximum power point tracking. Adopting a judi-
cious MPPT control approach is of paramount importance. The prevalent techniques include the incremental
conductance method (INC), perturbation and observation method (P&O), fuzzy control method (Fuzzy),
and several enhanced algorithms [4-8]. Reference [9] proposed an artificial rabbit optimization algorithm
(ARO) to determine the maximum size of the battery energy storage system in the microgrid to minimize
operating costs. Compared with other algorithms, it shows effectiveness and robustness. Reference [10]
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presented a MPPT methodology that combines the cuckoo algorithm with the conductance increment
technique. The cuckoo algorithm is first utilized for global optimization, subsequently succeeded by the
conduct increment method for precise localization.

The variability of solar power generation, influenced by temperature and illumination, necessitates the
incorporation of an energy storage system to stabilize and establish a microgrid system [11,12]. The microgrid
can function in both grid-connected mode with the larger power grid via a common connection point and
can swiftly disconnect to operate in off-grid (island) mode during a fault. In this mode, it independently
supplies power to local loads while maintaining voltage and frequency stability through the converter’s
control strategy [13]. The prevalent control modes of microgrids include master-slave control and peer-to-
peer control. Photovoltaic energy storage microgrids typically employ master-slave control systems [14]. The
prevalent control strategies employed in the converter encompass PQ control, V/f control, droop control,
and VSG control, among others [15-18]. Reference [19] advocated employing a PQ + PQ control approach for
grid-connected operation and a V/f + PQ comprehensive control method for off-grid operation to achieve
seamless transition from grid-connected to off-grid mode in optical storage microgrids, therefore enhancing
stability. Reference [20] indicated that to guarantee stable and efficient synchronization of the microgrid
cluster during the transition between island mode and grid-connected mode, while minimizing frequency
deviation and enhancing power sharing, a seamless synchronization control utilizing the differential evo-
lution algorithm was devised to address the deficiency of a robust, rapid, and quantifiable synchronization
method in microgrid clusters employing hybrid inverters. Reference [21] addresses the power balance issue
of the microgrid during oft-grid operation following a power grid failure, examines prevalent operational
modes, and investigates the seamless transition method between maximum power point tracking and stable
voltage control processes of the photovoltaic array. Simultaneously, adaptive droop control is implemented
for the energy storage unit to prevent the risk of overcharging or overdischarging. Reference [22] introduced
a multi-parameter cooperative adaptive control strategy derived from the conventional VSG control strategy,
which significantly mitigated substantial output fluctuations and inadequate response performance during
the grid-connected transient process; however, it overlooked the examination of the converter control
effect in the off-grid mode of the microgrid. Reference [23] introduced the concept of hybrid energy
storage and established the power stratification point for the transition of batteries and supercapacitors to
operational mode, employing droop control of the acceleration factor based on state of charge (SOC) data;
however, its primary emphasis is on the investigation of micro-grid control strategies that incorporate hybrid
energy storage.

This study provides a comprehensive overview of the structure of photovoltaic energy storage micro-
grids and presents enhancements and innovations to the conventional photovoltaic maximum power point
tracking algorithm. The MPPT control strategy employs a particle swarm optimization algorithm to enhance
tracking precision and response velocity. A voltage and current double closed-loop control system utilizing
feedforward decoupling is proposed to augment the anti-interference capability of the system. Two control
mechanisms of the energy storage system converter are examined: constant power control and VSG control.
In grid-connected operation mode, the system must maintain a constant power connection to the grid to
mitigate the effects of fluctuations in photovoltaic output power on the voltage at the common coupling
point (PCC). Consequently, a control method based on PCC voltage has been developed for the energy
storage battery. The energy storage battery absorbs and discharges varying powers to sustain the stability of
the bus voltage. Simultaneously, a bidirectional DC/DC converter is employed to extend battery lifespan,
and a constant current constant voltage charging and discharging control technique is formulated. Upon
transitioning from grid-connected mode to off-grid mode, the control mode concurrently shifts to VSG
control, thereby markedly mitigating transient effects on the system during the control strategy transition.
This effectively preserves the stability of the internal voltage and frequency of the microgrid, facilitating
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stable operation in off-grid mode. The MATLAB/Simulink simulation platform is employed to construct the
photovoltaic energy storage system, and a parallel/oft-grid simulation analysis is conducted to validate the
stability and feasibility of the system control.

The design framework of this article will be delineated in the subsequent chapters: The second chapter
introduces the MPPT control technique with the particle swarm optimization algorithm. The third portion
establishes the mathematical model of the solar energy storage microgrid structure, together with the three-
phase voltage source PWM converter and the bidirectional DC/DC converter. The fourth section examines
the control strategies of solar inverters, bidirectional DC/DC converters, and energy storage converters in
both grid-connected and off-grid scenarios. Ultimately, in the fifth portion, the simulation validation is
conducted on the MATLAB/Simulink platform, which substantiates the viability of the system’s control
strategy coordination.

2 Photovoltaic Maximum Power Point Tracking Principle and Control Strategy
2.1 Photovoltaic Maximum Power Point Tracking Principle

The photovoltaic cell produces free electrons and holes via the photovoltaic effect of the semiconductor
PN junction, converting light energy into electrical energy [24]. The output power characteristic curve is
a single peak function, with the maximum power point representing the extreme value. To optimize the
performance of solar cells and enhance the conversion of light energy into electrical energy; it is essential to
use control strategies that adapt the photovoltaic system in real time, ensuring sustained operational output
at peak power points.

The infinitesimal technique posits that the characteristic curve of photovoltaic cells can be considered
a linear system over a brief duration. As seen in Fig. 1, Uj represents the solar voltage source, Ry denotes the
output impedance of the photovoltaic cell, and R; signifies the load impedance.
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Figure 1: Photovoltaic source impedance circuit

The power P of the load resistor is defined as:

b= (RolfrORl) R W

The derivation of Eq. (1) can be attained:

dP, Ry-R

2 _pyr. et (2)
de 0 (R() + R1)3
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To achieve dP/dR, = 0, If and only if Ry = Ry, At this time, P = Py,,x, and the power production is at
its maximum capacity. The MPPT control process of photovoltaic power generation system is the process of
matching the output impedance and load impedance.

2.2 MPPT Control Strategy Based on Particle Swarm Optimization Algorithm

The particle swarm optimization algorithm is a numerical optimization technique grounded in swarm
intelligence. The concept is inspired by the collective behavior of birds or fish, particularly their cooperative
actions while foraging. The particle swarm optimization approach is applicable to both multi-peak convex
optimization issues and single-peak problems. The program delineates a collection of N particles traversing
at a specific velocity within the D-dimensional search space. Each ‘particle’ in the exploration space signifies a
potential solution within the solution space. Every particle possesses a fitness value calculated by the objective
function. A solitary particle acquires the ideal solution by iteratively refining the two parameters of position
and velocity, thereafter, comparing them to ultimately identify the global optimum position.

In the context of maximizing value, a higher objective function value correlates with an improved fitness
value In the particle swarm optimization process, the individual ideal position PV for particle i, after ¢
repetitions, is defined by Eq. (3):

{xi(t) f[xi(f)] >f[pi(t—1)]

©)
P O] < f[p)]

The optimal location G() of the population is ascertained by the maximum value of the set of all
particles P;(), and this optimal position is defined by Formulas (4) and (5):

= (7[2]) @
G - p;(t) ®)

According to the definition, the formula for updating the position and velocity of an individual particle
in the PSO algorithm is:

xi(t+1) _ xi(t) +Vi(t+1) (6)

Vl'(t+1) =W - V,'(t) + C117 (P,(t) - Xi(t)) + C1p - (G(t) —X,'(t)) (7)

In the formula previously mentioned, x; ") and v;(*) represent the position and velocity of the i particle
at the t iteration; P;(*) denotes the individual experience optimal position of the first particle; G() represents
the optimal place of population experience; ¢ is the number of iterations; w represents the inertia weight, and
the magnitude of w significantly impacts both local and global search capabilities; ¢; denotes the acceleration
coefficient of the particle moving towards the individual’s optimal position; ¢, signifies the acceleration
coefficient of the particle advancing towards the global optimal position; r;, r, are random numbers inside
the interval [0, 1].

Certain parameters in the PSO algorithm can influence its performance and perhaps compromise the
correctness of the answer. A bigger population size increases the number of particles, enhancing global
search capabilities, but incurs higher computing costs. A reduced population size results in fewer particles,
accelerates convergence speed, but increases the likelihood of succumbing to local optima. To mitigate the
deficiencies of various elements, the particle count N in the PSO algorithm presented in this paper is 30; To
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attain a relative equilibrium between exploration and development, w is established at 0.5; Assign ¢; = ¢, = 2;
accord equal consideration to individual experience and collective experience. The direction of the speed
update can be calculated from Formula (7), as illustrated in Fig. 2:

Group optimal direction New direction of particles

direction of inertia
particle @ e @

Sum vector

Individual optimal direction
Figure 2: Speed direction update diagram

Fig. 3 illustrates the flowchart of the PSO algorithm:
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Figure 3: Flow chart of PSO algorithm

The crux of the maximum power point tracking issue in solar power generating systems is the
optimization of the photovoltaic array’s output power. Consequently, the PSO_MPPT algorithm is applicable
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to solar MPPT. The position x; of the particle denotes the reference value of the output voltage of the
photovoltaic array, while the velocity v; of the particle signifies the adjustment step and direction of the output
voltage. To assess the efficacy of the algorithm, the circuit diagram of the photovoltaic power generating
system regulated by PSO_MPPT, as depicted in Fig. 4, is utilized. The system comprises four components:
solar array, Boost circuit, PSO algorithm module, and load.

~ L Boost |
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Figure 4: Circuit diagram of photovoltaic power generation system based on PSO_MPPT control

When solar irradiance and temperature are specified, the theory of maximum power point tracking
dictates that the photovoltaic array delivers maximum power when the output impedance is equivalently
matched to the load impedance. A simulation model in MATLAB/Simulink employing the particle swarm
optimization approach for MPPT control has been developed. As illustrated in Fig. 5. The Function module
encapsulates the prepared particle swarm optimization method within a subsystem. The system utilizes the
output voltage and current of the photovoltaic cell as inputs, which subsequently regulate the duty cycle of the
DC chopper switch to manage the pulse. The output impedance is adjusted to match the internal resistance
by modifying the duty cycle, thereby enabling the photovoltaic cell to operate at its maximum power point.

i i

Figure 5: Simulation model of photovoltaic power generation based on PSO_MPPT control
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3 The Establishment of Topology and Mathematical Model of Photovoltaic Energy Storage Microgrid
System

3.1 Optical Storage Micro-Grid Structure

The configuration of the optical storage microgrid presented in this paper is illustrated in Fig. 6. The
photovoltaic system functions as the primary power source for the load. The energy storage module regulates
charge and discharge via the bidirectional Buck-Boost circuit, interfaces with the critical load through
the bidirectional AC/DC converter and ultimately integrates into the distribution network at the Point of
Common Coupling. The photovoltaic power generating system employs MPPT control utilizing a particle
swarm optimization technique to maximize power output, while the photovoltaic inverter implements
double closed-loop control with feedforward decoupling. The energy storage converter employs PQ control
in grid-connected mode to achieve a stable power connection and maintain the system’s power quality. In
off-grid mode, the energy storage converter is transitioned to VSG management to maintain system voltage
and frequency stability, hence facilitating the reliable operation of the microgrid.

PV Array | MPPT | | Dual-loop Control |

= I I
%H DC/DC |—| DC/AC } } filter }

r—{oads]

«—PCC

G °—| Grids
DC/DC |—| DC/AC} } filter } ]

Battery PQ Control
o A
fal
VSG | {5 - Switching
Control signa'

Figure 6: Structure diagram of photovoltaic energy storage microgrid system

3.2 Topology and Mathematical Model of Voltage Source PWM Converter

The three-phase voltage source PWM inverter comprises six power switching components. The AC side
employs a three-phase symmetrical connection method, directly interfacing with the three-phase lines of
the power grid. The entire system demonstrates robust coupling properties and nonlinearity. The six switch
tubes operate in a complimentary conduction mode of the upper and lower half bridges, with the switch tube
signals created by space vector pulse width modulation technology to achieve the desired control effect. Fig. 7
illustrates the configuration of the primary circuit of the photovoltaic energy storage system.

In Fig. 7, §;~Se are the power switch transistors of the three-phase PWM converter utilized in the
photovoltaic system. S5 serves as the power switch tube for the Boost circuit, while U, represents the DC
bus voltage of the photovoltaic system. S;~S;, are the PWM converter power switch tubes of the energy
storage system. S;3 and Sy4 function as bidirectional DC/DC power switches, while U* ;. represents the DC
bus voltage of the energy storage system.L and L, are filter inductors, and R, R, are parasitic resistors.
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Figure 7: Main circuit topology

Fig. 7 demonstrates that the mathematical model of the three-phase stationary coordinate system is
established using Kirchhoft’s theorem:

4[| |ea fa| |Ua
L— ib =|ép -R ih — | Uy (8)
dt | . .
1c €. Ic Uc

In Formula (8), i,, ip, i, represent the phase currents g, b, c at the grid side; e,, e;, e, denote the grid
phase voltages a, b, ¢; u,, uy, u. signify the phase voltages a, b, c between the converter’s input terminal and
the neutral point N; L indicates the network side filter inductance; R refers to parasitic resistance.

In the three-phase stationary coordinate system, the three-phase variables are interdependent and vary
throughout time. The analysis of one phase’s behavior is frequently influenced by the other two phases. To
address this issue and enhance the efficiency and stability of the system control, the three-phase stationary
coordinate system (a — b — ¢ coordinate system) is converted into a two-phase stationary coordinate system
(a — B coordinate system) via Clarke transformation, followed by the transformation of the two-phase
stationary coordinate system into a two-phase rotating coordinate system (d — g coordinate system) through
Park transformation. The previously mentioned transformation enables the conversion of the original AC
quantity into a DC quantity, significantly simplifying the design of the control strategy and enhancing the
system’s dynamic response performance.

The link between the three-phase stationary coordinate system and the two-phase stationary coordinate
system is established through Clarke transformation:

R
Xa| 2 2 2 || o)
Y BVCRRVEY |

0 = 2[x
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In Eq. (9), the variables x, and xz denote the a« and f3 axis variables in the « — 8 coordinate system,
whereas x,, xp, and x. signify the g, b, and ¢ phase variables in the a — b — ¢ coordinate system.

The mathematical model of the & — 8 coordinate system can be derived by integrating Formula (8)
with Formula (9):

d i :

L_ Z'Dt — eoc _ R l'oc _ u(x (10)
dt|ig] |ep ig] [up

In Formula (10), i, and ig denote the current components in the & — 8 coordinate system derived from

the Clarke transformation of three-phase AC current; e, and e signify the voltage components obtained

from the transformation of three-phase AC voltage; u, and ug represent the voltage components of the
converter’s AC side voltage post-conversion.

The correlation between Eq. (10) and the d — g coordinate system via Park transformation is:
Xa| | coswt sinwt||xg (1)
Xq ~|[-sinwt coswt Xp

In Eq. (11), the physical quantities x4 and x,; denote the d and g axis components in the d — g coordinate
system; w represents the angular velocity of rotation.

The mathematical model of the d — g coordinate system can be derived by integrating Formula (10)
with Formula (11).

b R b R R e
dt | ig eq ig Ug —iy

In Eq. (12), ig and i, represent the components of the three-phase AC current in the d — g coordinate
system after transformation; e; and e, signify the voltage component in the d — g coordinate system; u, and
u4 indicate the converter AC side voltage component in the d — g coordinate system.

The Laplace transform is used to Eq. (12), resulting in the mathematical model in the corresponding
frequency domain as follows:

{SLid =ug—eg — Rig+ wLiy, (13)

SLiq =Ug—eq— Riq + wLid
In type (13), s is the Laplace complex variable.

3.3 The Mathematical Model of Bidirectional DC/DC Converter Is Established

A bidirectional DC/DC converter is a power conversion apparatus capable of facilitating bidirectional
energy transfer. The prevalent architecture is the Buck/Boost circuit. Its primary role is to regulate the output
duty cycle by modifying the space vector pulse modulation signal that influences the power switch transistor.
The boost and buck are successfully implemented, fulfilling the objectives of charging and draining the
energy storage battery. Fig. 8 is the circuit structure diagram:

The energy storage battery is currently in discharge mode. The bidirectional DC/DC converter functions
as a boost chopper circuit to elevate the lower voltage of the battery to the higher voltage demanded by
the grid or load. At its interior, the inductor stores and subsequently releases energy, thereby increasing the
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voltage through the high-speed switching of the switch tube. Currently, S14 is turned off and the freewheeling
diode D3 is turned on. According to Kirchhoft’s theorem:

i
L& i ryi+Ey, =0 (14)
dt

bat —|' 2 S14 J

Figure 8: Bidirectional DC/DC converter circuit structure diagram

In type (14), i is expressed as discharge current; Ej,; represents the electromotive force of the energy
storage battery; ro corresponds to the internal resistance of the battery, and L; signifies the inductance of the
DC side.

Eq. (14) is resolved using three elements to determine i. When the power diode S5 is deactivated, the
current i attains its maximum value I,.

i=TLet+ Evar (1-e77)
o

ton E ton
12 = 116_T + bat (1 - e_T)
To

(15)

In Formula (15), T = Lo /Ry is defined as a time constant; I; represents the starting current value when
D3 is activated, and t,,, denotes the switch tube’s on-time.

Upon deactivation of the power diode Sy3, the Dy4 is engaged to establish a transfer pathway. The first
maximum current value during the transient phase is designated as I, while L, discharges energy.

i
le—; +roi+ Epgr = U' g, (16)

In Eq. (16), U* 4. is the DC bus voltage of the energy storage system.

Eq. (16) is resolved using three elements to determine i. When D4 is deactivated, the current i equals
the original current value I; at the moment S is activated.

if U%4.—E foff
i=Le il 2 de” Shat (1 - e‘%)
o
(17)
i U%y.—E foff
L=hLe = + = de” Zhat (1 - e_r)
o

In Eq. (17), t, 77 indicates the switch’s turn-off time.
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Combining Eq. (15) with Eq. (17), we can get:

% T 1
U de = —offEbat = Ebat = _Ebat (18)

toff toff l1-«a

When T'/t, s > 1, the circuit is in the boost state, and the energy storage battery discharges.

The energy storage battery is in charging mode. To safely and reliably decrease the elevated grid voltage
to a lower voltage suitable for the battery, the bidirectional DC/DC converter functions as a step-down
chopper circuit. The calculation steps are the same as above. The process is no longer described here. The
final formula is:

ton t

Urge = ——Epar = —Epa = aEp, 19
d ton+toffbt T Ebar bat (19)

When T/t, s <1, the circuit is in a step-down state, and the energy storage battery is charged.

3.4 Output Power Analysis

During normal circuit operation, four power units are produced. The photovoltaic system’s output
power is denoted as P,,, the energy storage system’s output power as Py, the load’s power as P}, .4, and the
grid’s power as Py, ;4.

3.4.1 Grid-Connected Operation of Photovoltaic Energy Storage System
va+Pbut_Pload_pgrid:0 (20)

In the photovoltaic system, the photovoltaic component consistently generates power in a positive state.
In the energy storage system, the energy storage battery exhibits a positive condition during discharge and
a negative state during charging. The load consistently consumes power, maintaining a negative state, while
the photovoltaic output exceeds the load consumption.

The Formula (20) elucidates the link among the four variables and facilitates the assessment of the
energy storage battery’s operational status:

1. When Py, > Pgyig + Pioqas then Pyo < 0, Ppy = Pyrig + Proag — Pyars at this time, the battery is in charge
state, the state of charge increases, and the bidirectional DC/DC converter is in step-down state.

2. When Py, < Pgrig + Pioga> then Pygp > 0, Ppy + Pyat = Proaa + Pyria, the battery is in the discharge
state, the state of charge is reduced, and the bidirectional DC/DC converter is in the boost state.

3. When Py, = Pyyig + Pioads Ppar = 0, the state of charge of the battery remains unchanged, and there is
no energy flow.

3.4.2 Photovoltaic Energy Storage System Off-Grid Operation
va+Phat_Pload:0 (21)

The Formula (21) elucidates the link among the three variables and enables the assessment of the energy
storage battery’s operational state:

1. When Py, > Pj,q4, then Pygy < 0, Py, = Ploaa + Ppay, currently, the battery absorbs excess power, is in
a state of charge, the state of charge increases, and the bidirectional DC/DC converter is in a state of buck.
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2. When Py, < Pjya4, then Pya; > 0, Ppy + Pyay = Proqq, the battery releases power, is in a discharge state,
the state of charge is reduced, and the bidirectional DC/DC converter is in a boost state.

3. When Py, = Pjya45 Pyar = 0, the battery has no energy flow, and the state of charge remains stable.

4 Research on Grid-Connected and Off-Grid Control Strategy of Photovoltaic Energy Storage System
4.1 Control Strategy of Voltage Source PWM Converter for Photovoltaic System

The three-phase voltage source PWM converter in a photovoltaic system has a dual closed-loop control
strategy consisting of an outer voltage loop and an inner current loop. The voltage outer loop output dictates
the input for the current inner loop. The synchronous phase locking technique is employed to guarantee
frequency synchronization and phase alignment between the inverter and the grid. The space vector pulse
technology is employed to produce the signals for six power switches. As illustrated in Fig. 9:
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Figure 9: Photovoltaic system converter control block diagram

The mathematical model of the d — g coordinate system (12) reveals a coupling relationship between
the d-axis and the g-axis. To attain independent control of the coupling variable separation, the existing
inner loop control approach utilizing feedforward decoupling is implemented. The autonomous and precise
regulation of the direct currents iy and i, is achieved, and components that can mitigate the coupling effects
are incorporated. The equation is as follows:

K.
Uy =— (K,-p + —’I) (i*g—1ig)+ wLiy +eq4
o (22)
Ug=— (K,.p + —I) (i*y—iq) — wLig + e
S

In Formula (22), K;p is the proportional regulation gain of the current inner loop, while K;; represents
the integral regulation gain; i*; is the d-axis current reference value, and i*, is the g-axis current reference
value; wLiy and wLi, are coupling variables.

The feed-forward decoupling model of three-phase voltage source PWM converter in d — g coordinate
system can be derived by integrating Eq. (22) with Eq. (12):
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L% = (Kip + &) (i* 4 — ig)
N
23
dig 23)

O Y
(s )0

Eq. (23) demonstrates the elimination of the two coupling quantities in the d — g axis of the current
inner loop, hence achieving decoupling control of the current inner loop. Fig. 10 illustrates the control block
diagram of the current feedforward decoupling loop. Among them, i*; regulates active power, while i*,
governs reactive power. To achieve a unit power factor in the system, let i*, = 0.

v

Figure 10: Current feed-forward decoupling loop control block diagram

The prior study indicates that the existing inner loop control can enhance the dynamic reaction speed
of the converter and mitigate voltage fluctuations post-decoupling. Fig. 11 illustrates the control procedure
of the d-axis current loop after decoupling.

lqg + I
X, () K g 15T +1 :]+LS/R ”

Iq

Figure 11: D-axis current loop control process

The image illustrates Xp; (s), which denotes the transfer function of the current loop PI regulator;
Kpwum/1.5T; + 1 denotes the pulse width modulation link, where Kpy ;s signifies the converter’s equivalent
gain, T; indicates the switching cycle, and 1/1.5T; + 1 illustrates the delay link, with 1.5T; accounting for the
equivalent delay time following PWM generation and dead time; 1/sL + R denotes the regulated system. The
transfer function of Xp; (s) can be derived by analysis:

K; sT;+1
Xpr(s) =Kip+ TII = Kip—

(24)
ST

In Eq. (24), K;p denotes the proportional gain of the current loop PI control, while K;; signifies the
integral gain of the current loop. 7; = K;p/K;; = L/R represents the time constant.
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Then the open loop transfer function of the inner loop can be derived:

Kpwum 1

: (25)
15T, +1 sL+R

Xci (S) = Xp[ (S) .

To satisfy the requirements of the present inner loop for high current tracking, the current loop is
engineered in accordance with the type I system. The specific parameters are shown in Table 1:

Table 1: Type I system dynamic indicators

Parameter name Parameter value

Damping ratio £=0.707
Overshoot o=43%
Rise time t, =4.721

Phase margin y =65.5

Cut-off frequency  w, =0.455/7

Among the parameters of the type I system, the damping ratio £ = 0.707 is brought in to obtain:

l.STSK,'prWM 1

_1 26
RT,’ 2 ( )
The formula for determining the parameters of a PI regulator can be derived concurrently:
RTi
K = 3T Kot
sINPWM
2
Ko R (27)
Kir=—= 77—
7 3T Kpwm
The simplified transfer function of the current loop, as per this design, is:
M (5) = — 8)
“ 1+3T.s

Eq. (28) indicates that the current inner loop, created in accordance with the type I system, can be
approximated as an inertial link, with an inertia constant of 3T;. The inner current loop exhibits a rapid
dynamic reaction when the switching frequency is sufficiently high, and its bandwidth f,; is:

111
" 27(3T,) 6nT, 20T, 20

foi fs (29)

In Formula (29): f; is the current inner loop PWM switching modulation frequency.
Through computational integration, we can obtain: K;p = 5, K;; = 300.

The voltage outer loop ensures the stability of the output voltage; it mitigates overshoot and fluctuations
during load or input voltage variations, hence enhancing the system’s resistance to interference. The voltage
loop is engineered in accordance with a type II system. The voltage loop control procedure is illustrated
in Fig. 12:
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Figure 12: Voltage loop control block diagram

In the diagram, X}; (s) = K,p - (Tys +1) /Tys denotes the transfer function of the voltage loop PI
regulator; K, p signifies the proportional gain of the voltage loop PI control, and K, indicates the integral
gain; T,, denotes inertial properties; 1/Cs signifies the integral characteristics of the capacitor. M,; (s) =
1/1+ 3Ts In contrast to the inner loop, the voltage loop incorporates a time variable 0.75 m cos 0. To address
this issue and prevent complications in the design of the voltage loop, the maximum proportional gain is
utilized. Due to m <1 and 0 < cos 8 < 1, the maximum value of 0.75 m cos 0 is 0.75; thus, 0.75 is chosen to
substitute the connection. To simplify the structure, the time constant 7, of the outer loop and the equivalent
delay time constant 37; of the inner loop are summed, that is, Ty, = 7, + 3T5.

From this, the open loop transfer function of the outer ring can be derived:

0.75K, (T,s +1)

X = 30
ov (5) CT,s? (Toys +1) (30)
Voltage outer ring bandwidth:
T,
hy = — 31
T (1)
According to the integration of type II system design parameters:
0.75K. h, +1
vP + (32)

CT,  2h2,T2,,

Based on the attributes of the voltage outer loop, h, is frequently assigned a value of 5 in engineering,
which is substituted into Eq. (31) to provide 7, = 5T, subsequently leading to the derivation of the PI
regulator parameter solution formula:

. 4c
5(1, +3T))

K 4C
Ky=—"%=—""—
Ty 25(TV+3T5)

KVP
(33)

In the design of the voltage loop utilizing a conventional type II system, the cut-off frequency w. is:

1(1+1) (34)
we ===
C2\T, T,

When 7, = Ts:

T, = h, Ty, =5 (1, +3T,) = 20T, (35)
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The frequency bandwidth f,, of the voltage outer loop control system is:

~ =—~0.024 36
2n 20T, x 27 ;s (36)

Through computational integration, we can obtain: K,p = 2, K, = 50.

4.2 Control Strategy of Voltage Source PWM Converter for Energy Storage System
4.2.1 Grid-Connected Operation Mode

The energy storage system employs PQ control in grid-connected mode, comprising a phase-locked
loop module, a coordinate transformation module, a power control loop, and a current control loop as its
primary components. The power outer loop primarily oversees and dynamically modifies the output power
in real time to attain zero-error control, thereby integrating into the grid with a stable power 0f 10,000 W. As

seen in
I/’\\ //\\ ~
o ‘ 22
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™ L2 \ /’ v/ €c
SYPVYM d I'jﬂ 'abc
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Figure 13: Grid-connected control block diagram of energy storage system converter

The energy storage system is similarly regulated by the PI controller, akin to the solar system, as detailed
below:

) 2 Kyr
dref = 37 (KPP + —p) (Pref~P)
! Ké, (37)
. )4
lqrefzg( pP+T)(Qref_Q)
q



Energy Eng. 2026;123(7):15 17

In Formula (37): igr. s denotes the d-axis current reference value in the energy storage system, whereas
igre s signifies the g-axis reference value; Kj,p represents the proportional adjustment gain of the power outer
loop, and K indicates the integral adjustment gain; P, r denotes the active power setting value, while Q,,
signifies the reactive power setting value; P denotes the actual value of the active power of the photovoltaic
system, while Q represents the actual value of the reactive power; To achieve a unit power factor, i, s is
set to 0, and the control block diagram, which is based on the power outer loop and current inner loop, is
illustrated in Fig. 14.

P
ref Pl Pl
P olLi,
olLi’
Q q
PI PI
Qref_|_

Figure 14: Control block diagram based on power outer loop and current inner loop

The energy storage system’s power outer loop control principle parallels the voltage outer loop control
principle of the photovoltaic system, while the current inner loop control principle aligns with that of the
photovoltaic system; thus, this aspect will not be examined in detail here. By analyzing the integration
solution, the proportional gain K;p =10 and the integral gain K;; = 1000 of the current loop PI regulation
can be obtained. The proportional gain K,p = 0.01 and the integral gain K,; = 0.5 of the power loop
PI adjustment.

4.2.2 Off-Grid Mode

The energy storage system operating in off-grid mode is regulated by VSG, primarily consisting of
an active power-frequency loop, a reactive power-voltage loop, and a dual closed-loop control for voltage
and current. Currently, energy storage is employed as the main power supply to maintain the voltage and
frequency stability of the microgrid and support the microgrid to run stably in the off-grid mode. As
illustrated on Fig. 15:

VSG control aims to attain stable regulation of the power grid by emulating the operational charac-
teristics of classic synchronous generators using converters from renewable energy generation equipment,
facilitated by algorithms and power electronic control technology. The conventional synchronous generator
depends on the mechanical inertia of the rotor and the damping winding to uphold system frequency and
voltage stability. The VSG emulates the characteristics of rotor motion equations and excitation regulation
via a mathematical model, thereby simulating inertia ] and damping D. Formula (38) represents the equation
governing rotor motion:

s _
dr (38)
P, P,
]d—szm—Te—Dsz————D(w—wo)
w w
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Figure 15: Off-grid control block diagram of energy storage system converter

In : § is the virtual power angle, which represents the phase difference of the system;
w is the virtual rotor angular frequency; w, is the rated angular frequency; T,, and T, are mechanical,
electromagnetic and torque respectively; ] is the virtual moment of inertia; D is the virtual damping
coeflicient; P, is the mechanical (active) power amplitude; P, is the electromagnetic power amplitude (the
actual output value of active power).

The block diagram of the active-frequency loop control model of the VSG is generated from the second-
order model of the traditional synchronous generator, in conjunction with , as seen in

Rotor motion equation

i (0] I)rgf i j: e _D a)o

o, NP NP 1+ 1|+ Sto|1]6
| . Kp |m\ - - > - )
! + + Lo , Js | Aw s

Figure 16: VSG active-frequency loop control block diagram

The primary objective of the excitation control system in a synchronous generator is to uphold the
stability of the generator’s terminal voltage and to allocate the excitation-induced electromotive force across
parallel operating units by modulating the excitation current. This concept is further developed in the VSG
control technique. The simulation is executed by the droop characteristics of reactive power-voltage. The
relationship between reactive power-voltage control is typically represented by the following equation:

Un = U0+kq (Qref_Q) (39)

In : Up denotes the reference voltage output value; U signifies the rated voltage; Q¢
indicates the reactive power reference value; Q represents the actual reactive power output; k, is the reactive
power-voltage droop coeflicient.
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The phase reference value is derived from the output voltage amplitude reference of the reactive power-
voltage control block diagram in Fig. 17. The integration demonstrates that the VSG reference voltage is
represented in Eq. (40):

Urefa = Esin®
Urefp = Esin (6 - 27/3) (40)
Urefe = Esin (0 +27/3)

Figure 17: VSG reactive power-voltage loop control block diagram

The structural diagram of the VSG control technique is illustrated in Fig. 18:

Figure 18: VSG control structure block diagram

In VSG control, the converter’s output voltage and current are regulated using dual-loop control,
enhancing steady-state precision, current response velocity, and system quality. Moreover, while the essential
principles of the double closed-loop control in PWM converters within photovoltaic systems are analogous,
there exist distinctions in their primary purposes. In VSG control, it is essential to manage bidirectional
energy flow and support the power grid. The d-axis control block diagram is illustrated in Fig. 19:

I’d
Udref ,X_(‘J +é ,X_(.S)| [« | + V(sL+R +é_ s Us
u idref |’_| ﬂl ?_ I—I/(A ) G

Figure 19: Double-loop control block diagram of d-axis voltage and current

X, (s) is the voltage loop PI regulation transfer function; X; (s) is the transfer function of the current
loop regulator; Kpyy s is the converter gain.

4.3 Design and Research of Bidirectional DC/DC Converter in Energy Storage System

To guarantee the reliable functioning of the optical storage microgrid system, it is essential to investigate
the control strategy of the bidirectional DC/DC converter. The converter employs a constant current and
constant voltage charging mechanism, in conjunction with the lifespan of the energy storage battery. The
actual voltage value U”, computed by calculations, is modified by the PI controller following the discrepancy
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between the actual voltage value U* and the anticipated voltage value U* ;.. Following the restriction of the
output current reference value i*,, the discrepancy between the actual measured current and the reference
value is regulated by the PI controller. Upon constraining and contrasting with the triangle carrier wave, the
PWM generator is activated, producing the driving signal for the final output power switch, hence achieving
constant current and constant voltage charging. The control block diagram is illustrated in Fig. 20:

Figure 20: Constant current constant voltage charge control block diagram

During discharge, the converter employs constant current discharge control, utilizing just current loop
control. The present output reference value i*;,, diverges from the real current value, which is modified by
the PIregulator, then constrained by amplitude, compared to the triangle carrier wave, output from the PWM
generator, and ultimately the signal for the output switch tube. Fig. 21 illustrates the control block diagram:
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Figure 21: Constant current discharge control block diagram

5 Simulation Analysis

To assess the viability of MPPT control utilizing the particle swarm optimization algorithm, as well as
the grid-connected PQ control and off-grid VSG control of the photovoltaic energy storage system proposed
herein, a simulation model for both grid-connected and off-grid configurations of the photovoltaic energy
storage system is developed in MATLAB/Simulink, as illustrated in Fig. 22.
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Figure 22: Photovoltaic energy storage system off-grid simulation model
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5.1 MPPT Simulation Analysis Based on Particle Swarm Optimization Algorithm

In this paper, the type of photovoltaic panel is ISoltech ISTH-215-P, in which the number of parallel
connections is 5 and the number of series connections is 14. This work employs a step change in irradiance
to accurately reflect the instability of light intensity in real life. At a light intensity of 1000 W/m?, the peak
power output of an individual photovoltaic panel is around 213.15 W. The estimate indicates that the current
maximum power output of the photovoltaic array is around 14,920.5 W. At a light intensity of 700 W/m?,
the maximum power output of a single solar panel is around 150.788 W. The current maximum output of the
photovoltaic array is around 10,555.1 W. Fig. 23 illustrates the output power of the solar panel:

The solar array, serving as the primary power supply, will experience significant power fluctuations due
to variations in light intensity, whereas temperature has minimal impact on these fluctuations. Consequently,
this research establishes the temperature at 25°C, which remains constant throughout the simulation phase.
The initial light intensity is 1000 W/m?. At 0.3 s, the light intensity decreases abruptly to 700 W/m? for
the simulation.

250 PXe 1¢*
Max Power of Single PV Panel Max Power at Different Temperatures
o1 KWinf
- X29 X406
200 Y 213.15 15 . Y 14920.5
150 - X368.708 25°C
= X29.2612 z Y 13676.6
D- -
Y 150.788 = 459
100
0.7 kWinf
508
10 15 20 25 30 35 40 0 100 200 300 400 500 600
unv unv
@) (b)

Figure 23: Photovoltaic panel power and voltage diagram. (a) Power and voltage of a single photovoltaic panel under
different light intensities; (b) The power and voltage of photovoltaic array at different temperatures

This research establishes a total simulation duration of 1 s to examine the rapid response capabilities
and transient stability of the control system under varying external conditions. Fig. 24 illustrates that at
a light intensity of 1000 W/m?, the particle swarm optimization approach can locate and stabilize the
highest power point in around 0.01 s, but the conductance increment method requires about 0.08 s to
achieve the same result. Furthermore, the conductance increment approach exhibits significant oscillation
between 0 and 0.08 s, accompanied by an overshoot phenomenon, whereas the particle swarm optimiza-
tion methodology demonstrates minimal oscillation. At 0.3 s, when the light intensity decreases to 700
W /m?, the particle swarm optimization algorithm can identify and stabilize the maximum power point by
0.31 s without oscillation. In contrast, the conductance increment method tracks the maximum power and
stabilizes it only by 0.43 s, exhibiting significant oscillation between 0.3 and 0.43 s. Furthermore, between
0 and 0.3 s, the maximum power point attained by both algorithms after stabilization is approximately
the theoretical value of 14,920.5 W. After 0.3 s following the step, upon stabilization, the particle swarm
algorithm is closer to the theoretical value of 10,555.1 W, whereas the incremental conductance method
deviates significantly. The simulation confirms the efficacy of the particle swarm optimization approach,
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demonstrating superior tracking speed and stability compared to the conductance increment method. In
varying light intensity conditions, the highest power point identified by the particle swarm optimization
technique during simulation is more aligned with the theoretical calculation value, exhibiting superior
accuracy compared to the conductance increment method. Attained the required outcomes.
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Figure 24: Comparison of particle swarm optimization algorithm and incremental conductance method. (a) 0~0.3 s
local amplification map; (b) 0.3~1 s local amplification map

5.2 Parallel/Off-Grid Simulation Analysis of Photovoltaic Energy Storage System

To thoroughly examine the attributes of the current and voltage in the photovoltaic energy storage
system during both grid-connected and off-grid operations depicted in Fig. 22, This work establishes a
simulation duration of 1 s, with a constant load consumption power of 4000 W, and delineates the entire
operational process into three distinct stages for research and analysis.

During the simulation process, the system temperature is maintained at a constant 25°C, while only the
light irradiance is varied to assess the system’s response. In the initial phase (0~0.3 s), the light intensity of
the photovoltaic array is established at 1000 W/m?. In the subsequent phase (0.3~0.6 s), the light intensity
is reduced to 700 W/m? at 0.3 s. In the final phase (0.6~1 s), the photovoltaic energy storage system is
deliberately disconnected from the power grid at 0.6 s and transitions to off-grid operation mode. The light
intensity of the photovoltaic array currently remains at 700 W/m?.

This document designates the battery as the energy storage unit. The fundamental specifications are a
rated voltage of 400 V, a rated capacity of 200 Ah, and an initial SOC established at 80%. In grid-connected
operation, the system delivers an active power of 10 kW and a reactive power of Q = 0 Var, in accordance
with the unit power factor needed to satisfy grid connection conditions. There are two prevalent strategies
for transitioning from grid-connected to off-grid: planned active off-grid and passive off-grid. This research
models and examines the scenario of intended active oft-grid systems. The main parameters of the system
are as follows: the grid-side filter inductance in the photovoltaic system is 2.1 x 1072 H, the grid-side filter
inductance in the energy storage system is 2.5 x 107> H, and the filter capacitance is 2 x 10~> E.

The voltage and current waveforms on the grid side during the grid-connected period are illustrated
in Fig. 25. The operational process exhibits sinusoidal characteristics, while the absence of mutation indicates
the system’s great stability. Fig. 25a illustrates that the current and voltage attain identical frequency and
phase at 0.06 s, indicating a trend towards system stability. Fig. 25b illustrates that at 0.3 s, the output power
of the photovoltaic array, prompted by the abrupt change in light intensity, is inferior to that of the power

grid, rendering it insufficient for grid connection. The voltage on the grid side remains stable, indicating
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that the energy storage battery effectively sustains voltage and current stability during this interval, thereby
mitigating system fluctuations resulting from the sudden light variation.
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Figure 25: Grid-side voltage and current waveforms. (a) 0~0.3 s voltage and current waveforms; (b) 0.3~0.6 s voltage

and current waveforms

The related power waveforms of the system grid-connected and off-grid are shown in Fig. 26. The
research indicates that in the initial phase, the photovoltaic system’s output power is approximately
14,920.5 W, with the surplus power remaining after load consumption exceeding the grid’s necessary power
by 10,000 W. The battery is charged at a power of 920.5 W, and the power value is negative. During the second
stage, the residual power output of the photovoltaic system abruptly alters to 6555.1 W, which is inferior to
the power grid’s output. The battery discharges at 3444.9 W, with a positive power value. In the third step,
the system is in an oft-grid condition. Currently, after deducing the power necessary for the critical load, the
remaining 6555.1 W is being charged to the battery, resulting in a negative power figure. The reactive power
of the energy storage system exhibits no overshoot and remains consistently steady at 0 Var.
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Figure 26: (Continued)



24 Energy Eng. 2026;123(7):15

15x10¢ 4 x10°
1.25 08}
1 0.6
0.75 04
05 02f
©
0 0.2+
0.25 0.4
-0.5 -0.6
0.75 0.8
o 0.2 0.4 0.6 0.8 1 o 0.2 0.4 06 08 1
) )
(c) (d)

Figure 26: Simulation diagram of grid-connected/oft-grid power of photovoltaic energy storage system. (a) Power grid
active power diagram; (b) Reactive power diagram of power grid; (c) Active power diagram of energy storage system;
(d) Reactive power diagram of energy storage system

The charge and discharge state diagram of the battery, as well as the waveform of the voltage and current,
are depicted in Fig. 27. The waveform exhibits sinusoidal characteristics, no discernible distortion, and no
significant current fluctuations. The figure illustrates that voltage and current stabilization commence at
around 0.06 s. Between 0 and 0.3 s, as the battery charges, the SOC increases, resulting in voltage and current
oscillating at the same frequency. During battery depletion at 0.3 to 0.6 s, the SOC diminishes, with voltage
and current exhibiting identical frequency and phase. When the battery is charged at 0.6 to 1 s, the SOC rises,
and the same frequency is reversed.

Fig. 28 illustrates the DC bus output process of solar and energy storage systems. The system promptly
monitors the maximum power initially, resulting in transient power and bus voltage overshoots. Both
waveforms stabilize approximately at 0.1s. Upon the reduction of light at 0.3 s, the photovoltaic output power
diminishes, leading to a concomitant decline in the DC bus voltage. After 0.6 s, the residual power from
the photovoltaic output is utilized to charge the battery, leading to a transient elevation in the bus voltage
of the energy storage system, which stabilizes after around 0.05 s. The system’s voltage level is progressively
stabilized and sustained at 800 V.
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Figure 27: (Continued)
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Figure 27: The voltage and current waveforms and the state of charge diagram of the battery side. (a) 0~0.3 s voltage
and current waveforms; (b) 0.3~0.6 s voltage and current waveforms; (c¢) 0.6~1 s voltage and current waveform; (d)
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Figure 28: DC bus voltage simulation diagram. (a) DC bus voltage diagram of photovoltaic system; (b) DC bus voltage
diagram of energy storage system

In the context of the photovoltaic energy storage system integrated into the grid, when the system
is stable, the total harmonic distortion (THD) of the current, after Fourier transformation, is 3.71%, as
illustrated in Fig. 29. This value is below the regulatory threshold of 5%, thereby satisfying the criteria for
grid connection.

The examination of Fig. 30a,b indicates that at 0.6 s, the microgrid system transitions to the oft-grid
state, resulting in fluctuations currently. The frequency fluctuation difference A ~ 0.09 Hz produced by the
proposed control strategy at 0.6 s is significantly smaller than the fluctuation difference A ~ 0.2 Hz generated
by the conventional control strategy. Fig. 30c,d illustrates the single-phase current output at the AC bus for
both the control strategy and the conventional control method. There is no discernible current overshoot
observed upon switching the control strategy. The enhanced control technique demonstrates greater stability
and smoothness on the grid side during switching as compared to alternatives.
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Figure 29: FFT analysis of grid-connected current
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Figure 30: Comparison of frequency and current AC buses under different control strategies. (a) Frequency waveform
of control strategy in this paper; (b) Frequency waveform of conventional control strategy; (c) Single-phase current
waveform of control strategy in this paper; (d) Single-phase current waveform of conventional control strategy
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Fig. 31 illustrates the comparative diagram of the current output of the energy storage system: The
analysis indicates that the traditional control approach will overshoot upon switching at 0.6 s, but the control
strategy presented in this work demonstrates the benefit of a smooth transition.
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Figure 31: Comparison of current output of energy storage system under different control strategies. (a) The current
output waveform of the energy storage terminal under the control strategy of this paper; (b) The current output
waveform of the energy storage terminal under the conventional control strategy

Comparison with Reference [25] and traditional control strategies, as illustrated in Table 2, demon-
strates that the control method mitigates the impact of voltage, current, and frequency on the system.

Table 2: The influence of voltage, current and frequency on the system under different control strategies

. The control strategy of e Smooth transition
Attribute . i Traditional control strategy
this article control strategy [25]
uv 4.2% 5.7% 8.09%
/A 20% 46.7% 80%
f/Hz 0.09 Hz 0.2 Hz 0.3Hz

6 Discussion

This paper employs the particle swarm optimization algorithm for maximum power point tracking in
photovoltaic systems, excluding the consideration of local shading effects. It analyzes the control strategy
transition of photovoltaic energy storage systems from grid-connected to off-grid but does not examine the
reverse transition. Furthermore, it verifies only the feasibility of the overall system control strategy, without
an in-depth investigation of the power grid’s harmonic issues. Considering the constraints of this study and
the prospective advancement of photovoltaic energy storage microgrid systems, the course group members
intend to engage in comprehensive research and discourse in the subsequent areas:

1. To address the issue of local shading conditions, a refined particle swarm optimization approach is
employed to attain more precise maximum power point tracking.

2. The simulation study comparing off-grid and grid-connected systems has been incorporated, and a
pre-synchronization control plan module has been introduced to mitigate the transient effects on the
system. Attain seamless grid integration.

3. The three-level or multi-level architecture of the three-phase voltage source PWM converter is
engineered to diminish grid-connected current harmonics, minimize losses, and enhance conver-
sion efficiency.
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7 Conclusions

This work focuses on the maximum power point tracking of solar arrays and the switching between grid-

connected and off-grid modes in photovoltaic energy storage microgrids. The contents encompass the MPPT
control technique, the three-phase voltage source PWM converter control method, and the bidirectional
DC/DC converter. The mathematical modeling, topology, and operational mode of the control strategy are

presented. Through theoretical study and simulation validation, the following findings are derived:

1.

The suggested MPPT control technique utilizing a particle swarm optimization algorithm attains
enhanced response speed, superior tracking precision, and reduced oscillation, hence maximizing the
output efficiency of photovoltaic cells.

A control technique utilizing feedforward decoupling of the voltage outer loop and current inner
loop in a double closed-loop configuration is proposed for a three-phase voltage source PWM
converter in solar systems. The converter employs a PQ control approach in the energy storage system
when interfaced with the grid. Following the active off-grid phase, the system transitions to a VSG
control strategy, with each control strategy operating in conjunction with the others. During the grid-
connected phase, it can be integrated into an extensive power system, resulting in stable power output.
When the solar cell’s power is higher than that of the power grid, the extra energy can be used to charge
the energy storage battery and power the grid at the same time. This way, no energy is wasted. When
the power is inferior to the power grid, energy storage compensates for the deficit to prevent power
fluctuations. Throughout the oft-grid duration, energy storage serves as the primary power source to
uphold the voltage and frequency stability of the microgrid system. The residual energy from the solar
cell utilized by the critical load is still directed into the energy storage battery to compensate for future
power deficits or outages.

A constant voltage charging and discharging control approach is given for the bidirectional DC/DC
converter, which significantly enhances the stability of the DC bus voltage and the charging and
discharging efficiency of the energy storage battery.

The synchronized implementation of each control technique successfully mitigates power fluctuations.
Upon transitioning the grid to off-grid mode, the enhanced control method minimizes transient effects,
thereby significantly enhancing power quality and ensuring system stability.
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