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Solar power sources and electric vehicles (EVs) are increasingly used
because of their environmental friendliness and sustainability. They are
typically connected to the power grid through devices such as inverters and
chargers to either generate or receive electrical energy. These devices
contain a DC voltage bus. Therefore, the combined control of these two
types of devices can improve their overall operational efficiency. This article
proposes a grid-connected converter with an integrated battery-charging
function. In addition, it presents a control strategy for the coordinated
operation of this converter during both charging and power generation at the
DC bus. In this algorithm, the battery is treated as a priority load, which
allows the system to eliminate the AC-DC converter used in conventional
chargers. A total peak power of 9 kWp is used to investigate the processes of
power generation and battery charging. The total harmonic distortions of
grid current are less than 2.86% in different operational cases and meet the
grid codes. The obtained results are analyzed under varying irradiance

conditions to verify the effectiveness of the proposed control method.
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1. INTRODUCTION

In recent years, along with the global shift toward green energy, single-phase grid-connected
inverters used in rooftop photovoltaic (PV) systems have become increasingly popular around the
world [1]-[6]. Households and small businesses install these systems to take advantage of the abundant solar
energy, reduce electricity costs, and contribute to environmental protection [7], [8]. The inverter plays a
crucial role in converting direct current (DC) generated by solar panels into alternating current (AC) [9] that
is synchronized with the utility grid, allowing power to be fed into the grid, supplied to local loads, or even
sold back to the electricity provider [8]. At the same time, the rapid development of electric vehicles (EVs)
has driven a growing demand for smart battery chargers [10], [11]. Charging stations, from residential to
public ones, are being widely deployed to support the transition to electric mobility. An electric vehicle (EV)
charger converts grid power into a stable DC to charge the vehicle’s battery and integrates protection,
monitoring, and communication functions into the energy management system [12], [13].

Notably, the circuit structures of grid-connected inverters and EV battery chargers share many
similarities. Both are based on DC/DC and DC/AC power conversion stages that utilize high-power
semiconductor devices such as IGBTs or MOSFETS, combined with filtering circuits and digital control
systems. In many current studies, researchers are aiming to integrate these two devices into a single hybrid
structure [14]-[17], which can perform both grid connection and battery charging functions, thereby
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optimizing energy utilization efficiency and reducing investment costs for future smart power systems [18]-
[21]. Most of the control methods of these devices in [8], [22]-[30] essentially focus on the control of
chargers and consider the effect of irradiance on power quality [30]. The technique in [31] presented on
hybrid PV-grid systems with inverters for EV charging, emphasizing control strategies like maximum power
point tracking (MPPT) and pulse-width modulation (PWM). The strategies in [32], [33] used the 3-phase grid
sources to charge the battery. In addition, the method in [34] integrated PV and wind into a DC smart grid for
EV/PHEV charging via ring topology and hybrid multilevel inverters. In the meantime, the single-phase grid-
connected inverters used in rooftop PV systems have become increasingly common in residential
applications. The single-phase battery charging and grid-connected systems have not yet been
comprehensively investigated or analyzed to develop effective control strategies. Moreover, the reactive
power generation to support the grid has also not been comprehensively considered.

Therefore, this article introduces a grid-connected converter equipped with an integrated battery-
charging capability. It also proposes a control strategy that enables coordinated operation of the converter
during both energy generation and battery charging through the DC bus. In the proposed approach, the
battery is treated as a priority load, allowing the system to eliminate the separate AC-DC conversion stage
commonly used in traditional chargers. The DC bus voltage is boosted from the solar panels and directed to
charge the battery via a dual active bridge (DAB) configuration. Meanwhile, the grid-connected inverter
utilizes the same DC bus to regulate power generation or absorption from the grid, ensuring efficient and
unified system operation. Thus, the novelty and contribution of this article are a recommendation to the
manufacturers of grid-connected inverters on the integration of the battery charging function and the battery
treatment as a priority load. This helps remove the rectifier and booster from the charger. Then, the effective
control and operation of these systems will open up avenues for future research. The structures of the grid-
connected inverter and battery charger are shown in section 2. The proposed system structure using the DC
point of common coupling is presented in section 3, and the strategy of combined control is presented in
detail in this section. Section 4 shows the investigated results in cases of changes of irradiance conditions and
the process of battery charging. Additionally, the results are also discussed and analyzed in detail. Section 5
presents the advantages of the proposed structure and control strategy.

2.  GRID-CONNECTED CONVERTERS

In the conventional converters, the grid-connected inverter is used to generate the active power from
the solar panels into the grid, while the charger is used to convert the active power from the grid to charge the
vehicle’s battery. Though both connect to the power grid, they independently operate. The following is their
structure.

2.1. Grid-connected inverter structure using solar panels

A single-phase grid-connected solar inverter system, shown in Figure 1, integrates solar array, a
DC-DC hooster to optimizes the power from the solar array via MPPT, an inverter to convert DC to grid-
compatible AC, filtering circuit to ensure clean output, a control system including a DC voltage controller
and a current controller, a grid interface to enable safe grid connection through a phase-locked loop (PLL),
and a DC voltage bus. These components work together to deliver efficient, stable, and safe power from solar
energy to the grid, supporting renewable energy adoption.
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Figure 1. Single-phase grid-connected solar inverter system

2.2. Battery charger structure
In residential areas, the battery charging converters conventionally consist of the basic blocks as
shown in Figure 2. Where a rectifier is used to convert the power from the grid into DC power, and a
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converter to boost the DC voltage up to 400 V with a function of power factor correction (PFC). In addition,
a DAB converter is used to charge the battery via a high-frequency isolation transformer.
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Figure 2. Structure of a battery charger using a single-phase grid

3. PROPOSED CONTROL STRATEGY

In section 2, Figures 1 and 2 show that both the grid-connected inverter and battery charger contain
a DC voltage bus. The voltage of these DC buses is about 400 V. Therefore, the combination of these two
devices helps remove the components, surrounded by the dashed line, from the charger in Figure 2, such as
the booster with PFC, rectifier, and input filter. Besides removing the hardware from the charger, the
controllers for these components also reduce the burden of computation. Thus, this paper proposes a structure
as shown in Figure 3(a). The main circuit of the inverter is shown in Figure 3(b), and the impulses from the
PWM2 generator use the unipolar modulation technique as shown in Figure 3(c). In this system, a grid-
connected inverter using a solar array with the function of battery charging is used to generate the active and
reactive powers into the grid. When a battery is connected to the system, it is treated as a priority load,
whether the power of the solar array is high or low.
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Figure 3. Proposed system: (a) structure of the system, (b) main circuit of the inverter,
and (c) PWM2 generator

3.1. Control of battery charger
To control the charger current and voltage, a DC/DC converter uses two active H-bridges as shown
in Figure 4(a). To ensure safety at the charger output side, the DAB converter has its input and output
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isolated from each other through a high-frequency transformer with a 1:1 turn-down ratio. Where Lr is the
primary side resonant filter inductance. The impulses for these two H-bridges have the same switching
frequency fsw and 50% pulse width.

The power transmitted from the primary side input with voltage V to the secondary side output
with voltage Vs is adjusted by the method of shifting the secondary side impulse. The impulses for the
primary side H-bridge transistors with the symbol Gsix have a fixed phase. The impulses for the secondary
side H-bridge transistors with the symbol G use the method of shifting the phase with a 50% pulse width
Grix1 = Grix; Grixe = inverse of Grix; Gshit = Gsni; Gshiz = inverse of Ggni. Then, the power transmitted through the
converter is determined as (1).

P = Vpr*Vse
Lr

sina 1)

Where o is the phase-shifted angle between the impulses of Grix and Ggshi. The primary and secondary
voltages are as (2) and (3). Then, the power can be deduced from (1)-(3) as (4). The current and voltage
regulation of the charger can also be defined as (5) and (6) based on the small signal model with the constants
Cy and C; through the derivatives of voltage AVya, current Alpa, and phase-shifted angle Aa. The impulse
generation principle is also shown in Figure 4(b).
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Figure 4. Dual active bridge and generation of impulses: (a) DAB and (b) principle of impulse generation

The EVs commonly run on lithium-ion batteries. This type is charged in two stages. In the first
stage, the constant current (CC) control is used, and the second one uses the constant voltage (CV) control to
charge, as shown in Figure 5(a). When the charging current decreases small enough, the trickle current, the
system stops charging the battery. The control principle is also presented in Figure 5(b). Where Ky, and Kiy
are the coefficients of the PI controller in the CV control mode. The K and Kii are the coefficients of the PI
controller in the CC control.
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Figure 5. Control principle of charger: (a) charging characteristics and (b) principal diagram of charging
controllers in MATLAB/Simulink

3.2. Control of grid-connected converter system

In Figure 3, the PLL block is used to estimate the parameters of the grid voltage, such as the
magnitude VVmax, angular frequency 0, and phase angle 6, to synchronize the system with the grid. The
control principal diagram of the grid-connected converter is also shown in Figure 6. The voltage quantities,
Va and Vb, are defined as (7) and (8).

Vo = Vinax sin 6 (7

Vg = Vipax cos 8 (8)

The voltage of DC bus is regulated as VVdc-ref by the PI controller. This voltage is also the DC input
of the charger in Figure 4(a). Then, the optimum power is extracted from the solar array as Psolar via an

algorithm of MPPT. At the same time, the power used to charge the battery Pbat is also defined as (9). Where
Vbat and lpa are the voltage and current measured at the output of the charger in Figure 4(a).

Pbat :Vbat * Ibat (9)
Pref = Psolar - Pbat (10)
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Figure 6. Grid-connected converter system

As mentioned above, the battery is considered the priority load. Therefore, every time the battery is
connected to the charger, the battery is charged from the solar array or/and/or the grid. Then, the reference
active power of the inverter is Py and defined as (10). In case the power extracted from the solar array is
smaller than the charging power of the battery, the reference power P iS negative, and the inverter is
operated as a rectifier to consume the power from the grid for charging the battery.

_ Vo*Pref—Vp*Qref
bey =2 () a

The reference current of the inverter generating into the grid is calculated as (11) based on the
reference reactive and active powers, Qrer and Prer, and the voltages, Vo and Vg, to synchronize with the grid.
This current is regulated by the proportional resonance (PR) controller with the transfer function as (12).
Where g is the angular frequency of the grid voltage estimated by the PLL.

H(S) = Kpi + Ki‘r (12)

4. RESULTS AND DISCUSSION

The system parameters are shown in Table 1 and simulated on MATLAB/Simulink. In this system,
an algorithm of incremental conductance is used for the MPPT block with the change of irradiance, as shown
in Figure 7. The simulation results are also shown in Figures 8-17. The irradiance values vary from 0 to 1 (1
is as 1000 W/m?) in many different intervals of time from 0 to 40 s. The DC bus voltage is regulated to 400 V
in Figure 8(a), regardless of the change in irradiance. The responses of the solar array voltage and current are
shown in Figures 8(a) and 8(b). The extracted power is also shown in Figure 8(c) by the MPPT.

The reference reactive power Qg is stepped from 0 down to -2.5 kVar (consuming from the grid) at
a time of 1.5 s. Then, at the time at 8.5 s, the Qyer is Stepped up to 2.5 kVar (generating into the grid). The
active power of the inverter is generated into the grid or consumed from the grid depending on the battery
status, charging power, and irradiance.

Table 1. System parameters

Description Symbol  Value Description Symbol Value
Grid voltage Vg 220 VAC DC voltage controller coefficients Kpdc; Kige 0.3; 2
Grid frequency fq 50 Hz PR current controller koi; kir ~ 46.2; 5712
Total power of the solar array  Psoar 9157 Wp  PI controller’s coefficients of CC and CV  ky; ki 0.01;0.1
Battery lithium-ion capacitor  Cpy 4.32 Ah  Switching frequency of DAB fear 2 kHz
Initial state of charge (SOC)  SoC 30% Switching frequency of the converter fow 10 kHz
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Figure 8. Solar array responses: (a) DC bus voltage and solar array voltage, (b) current, and (c) power

The reference charging voltage Vparer is Set as 275 V while the reference charging current lpatref
varies according to the steps, in the interval of 0-3 s as 20 A, in 3-6 s as 25 A, and from 6 s to the remaining
of the charging progress in CC control stage as 35 A. The voltage and current responses of the charging
process are shown in Figures 9(a) and 9(b). The charger firstly operates in the CC control stage with different
reference currents. However, at the time 11.5 s, the battery voltage increases up to the reference voltage of
275 V, and the charger is switched to operate in the CV control stage. The SOC response of the battery is
also shown in Figure 10.
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Figure 9. Battery charging voltage and current: (a) charging voltage and (b) charging current
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In case the battery has not been plugged into the charger, the responses of power are shown in
Figure 11. Then, the inverter generates the power into the grid, Py in the red line, approximately as the power
of the solar array, Psolar in the green line. While the charging power is zero, Pya is in the black line. Thus, the

system operates as a normal grid-connected inverter.

On the contrary, in Figure 12, when the battery is plugged into the charger, the charging power Ppa
in the black line varies during the charging process with different values, respectively, with the change of the
reference charging current values. In the intervals of 0-4.5 s, 17.5-20 s, and 27.5-40 s, the solar array power
Psoiar is greater than the charging power Pya, the charger is supplied with some power of solar array. The
redundant power of the solar array, the positive power Py in the red line, is generated into the grid by the
inverter. However, in the intervals of 4.5-17.5 s and 20-27.5 s, the solar power Psoar is lower than the
charging power Py, then, the system switches to operate as a rectifier to consume some power from the grid,

negative values Py in the red line, to supply the charger.
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Figure 12. Power responses with battery charging
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The waveforms of grid voltage and current of the two cases, with and without a battery, are shown in
Figures 13 and 14. Figures 15 and 16 present the zoomed-in waveforms of grid voltage and current for the two
cases, without and with battery charging, respectively. The waveforms of grid voltage in Figures 13(a) and
14(a) are similar for both cases, with and without a battery plugged in. These waveforms are also zoomed in
1.48-1.54 s in Figures 15(a) and 16(a), respectively. Because the short-circuit apparent power of the grid is very
high. However, the waveform of grid current in Figure 13(b) is different from that in Figure 14(b). The grid
current magnitudes zoomed, in Figures 15(b) and 16(b), before the time 1.5 s, are lower than those after the time
1.5 s because the system only generates the active power into the grid. After 1.5 s, the system generates the
active power and consumes the reactive power. However, the operational progress smoothly switching has
shown the effectiveness of the proposed control strategy. Moreover, the values of current total harmonic
distortion (THD) in Figures 17(a) and 17(b) of both cases, measured in one fundamental period from 14.98 s
and 19.98 s, respectively, are 2.86% and 2.81% in the intervals with the lowest grid current magnitudes.
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Figure 13. Grid voltage and current without battery: (a) voltage and (b) current
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Figure 14. Grid voltage and current with battery: (a) voltage and (b) current
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Figure 15. Waveforms of grid voltage and current zoomed in 1.48-1.54 s without battery charging:
(a) grid voltage and (b) grid current
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Figure 16. Waveforms of grid voltage and current in 1.48-1.54 s with battery charging:
(a) grid voltage and (b) grid current

Selected signal: 2000 cycles. FFT window (in red): 1 cycles Selected signal: 2000 cycles. FFT window (in red): 1 cycles
50 i ‘ 50
=] o
© @
E, E 3
g s
c c
i o
.50  -50
0 5 10 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time (s) Time (s)
T Fundamental (50 Hz) = 16.22, THD= 2.86% Fundamental (50 Hz) = 17.48 , THD= 2.81%
g i 1.5 —;——v——— e —
g .
I
2 1 E 1
5 g |
= e |
5 -
2 0.5 ‘ ; 0.5 | : i
= z
© wilTaTliiA I o T
=z, \‘M\‘L‘.\Ml\ ot IR, . | = 0 Ll ” (A o, I’ ‘
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25
Frequency (Hz) x10* Frequency (Hz) x10*
@ (b)

Figure 17. Harmonic spectrum of grid current: (a) without battery charging and (b) with battery charging

5. CONCLUSION

The combined control method presented in this system offers the functions of both a charger and a
grid-connected inverter using solar panels. In the proposed structure, the boost converter with PFC, rectifier,
and input filter of the conventional battery charger are completely removed. The power to charge the battery
is supplied from a solar array and/or the grid, depending on the change of irradiance and battery charging
progress. The simulation results have validated the effective operation of the system through the responses of
powers, voltages, currents, and the battery parameters in the charging stages of CC and CV control.
Additionally, the grid current THD values are also lower than 2.86% and completely meet the grid codes.
The simulation results are also considered and analyzed quantitatively in both cases, with and without battery
charging. This structure offers expansive applications such as battery energy storage system (BESS), vehicle
to grid (V2G), or grid to vehicle (G2V) in urban areas. Then, the power quality improvements of these
systems in the charging process will open up avenues for future research.
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