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Depending on the PV power, load power, and battery status, the system may
operate in different modes. The control loop may have to switch between
operating modes. In practice, it is difficult to implement control loop
switching because the transition and dynamic process are difficult to control.
As a result, this paper presents a generalized mode control method that avoids
loop switching across modes. First, system structure and topology are
introduced. The operating conditions for both grid-connected and off-grid
modes are then divided into six sub-cases. Furthermore, the control
architecture, control loop, and reference transition for various scenarios are
described. Finally, an experimental platform is built, and the results are presented
to verify the proposed method.
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1 Introduction

As part of the global green mission, an increasing number of renewable energy sources
are being installed. As renewable energy sources gain traction, power electronic converters
become increasingly popular (Zhang et al.,, 2023a). The combination of solar panels and
energy storage will be a trend in future energy development, and many experts have
conducted extensive research on photovoltaic and energy storage hybrid systems (Zhang
et al,, 2023b). The system operates in a variety of modes depending on the operational
conditions of photovoltaic, energy storage, and the power grid. The seamless transition
between modes has also become a research topic (Hmad et al.,, 2023).

Several papers investigate the transition between grid-connected and offline modes; one
of the mode transition control strategies relies on a virtual switch located between two
functional modes (Balaguer-Alvarez et al., 2014). During grid-connected mode, the inverter
functions solely as a current source, utilizing the current controller loop. When an islanding
condition is detected, the virtual switch is assigned to the voltage loop. As a result, the
inverter operates as a voltage source (Qinfei et al., 2017). The anti-islanding method has a
strong influence on the transition performance. The majority of islanding detection
methods rely on continuous monitoring of system characteristics at the point of
common coupling (PCC), including current, voltage, frequency, and harmonics
(Ahmad et al, 2013). These transition approaches can be classified into three
categories: passive, active, and hybrid (Koohi-Kamali and Rahim, 2016; Aillane et al,
2023) presents an improved mode transition approach. During the transition, a super-
twisting algorithm approach was used to ensure load voltage and manage the inverter’s
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nonlinear properties, resulting in a smooth transition with minimal
disruption impacts. Ashabani and Mohamed (2014) investigates
another switching-based method. Three different approaches are
considered: power drooping current controlled, power drooping
voltage controlled, and current drooping voltage controlled.
Furthermore, to aid smooth mode transitions by dampening
power, frequency, voltage, and current signals, an approach based
on a supplement controller employing port-controlled hamiltonian
(PCH) modeling and control was developed in (Azimi and Lotfifard,
2021). Another approach to achieving a seamless transition is to
employ an extra distributed generation (DG) system, which is often
a specialized storage unit (Jihed et al., 2019). The premise behind this
technique entailed deploying a supplemental energy unit to relieve
the transient, which, however, incurs additional expenditures.
The second set of solutions for dealing with the transition
problem includes the use of an extra feedforward compensator
(Tran et al, 2013). The basic idea behind this control structure
group is to include a voltage loop in addition to the current loop
when a grid fault occurs. In Hwang and Park (2013), an improved
seamless transition based on a phase-locked loop (PLL) mechanism
was developed for a three-phase grid-connected inverter. The
control strategy entails modifying the PLL depending on the
operating mode, synchronizing the output inverter voltage to the
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grid voltage in grid-connected mode, and generating an angle at the
required frequency in off-grid mode. In Harirchi et al. (2015), a
similar PLL-based transfer was performed, with feedforward voltage
used to mitigate the transition’s negative effects on a three-phase
grid-connected PV inverter.

Various research studies have developed transition control
without reconfiguring the control structure, also known as
unified control (Yi et al, 2018). The overall goal of this
technique was to use the voltage control loop as a reference
current generator when connected to the grid and as a voltage
regulator when off-grid. Unlike previous transition structures, this
technique does not necessitate any changes at the control level.
Variants of the universal control system have been proposed as a
solution to transition issues. In Liu and Liu (2014), the authors
developed an indirect current control loop with an applied voltage
loop for a three-phase inverter to ensure smooth transfer. In Sowa
et al. (2021), a three-phase universal controller for flexible
microgrids was presented, ensuring operation in all operating
modes without the need for control structure reconfiguration. In
Yi et al. (2018), the authors described a unified control and power
management system for a hybrid PV-battery application that
included both DC and AC charging buses. In Li et al. (2020), a
non-linear-simplex method was proposed for determining the

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1435310

Zhang et al.

A

A

SOC<10%

A

10.3389/fenrg.2024.1435310

A

e PV feeds load and
extra power to the
grid

e Battery power is 0

e PV feeds load and
extra power to the
battery

e Grid power is 0

e PV feeds load and
load power shortage
is provided by battery|

e Grid power is 0

e PV feeds load and
load power shortage
is supplied by the grid]

e Battery power is 0

e PV poweris 0

e Load power is
supplied by battery

e Grid power is 0

PV power is 0
Battery power is 0
Load power is
supplied by the grid

Scenario Al Scenario A2 Scenario A3 Scenario A4 Scenario A5 Scenario A6
FIGURE 3
Six different scenarios under the grid-connected mode.
Pp
PV lVPVlPV DC/DC
DC/DC Control Loop
MPPT M&: Voltage Loop Mf@%ﬁ Current Loop ﬂ
Controller Controller
’ P Pg
— —
Bi- l
- x|V, ;
Battery Py DC/DC de DC/AC éGrld
Y
Bi-DC/DC Control Loop p DC/AC Control Loop
Vic_rer Vae Voltage | | Current g'g Prosiqds | Power | | Current |d
Loop Loop Loop Loop

FIGURE 4
System control architecture under grid-connected mode.

optimal controller settings with the goal of reducing voltage
variation and achieving a seamless state transition. In the
literature (Singh et al., 2017; Jihed et al,, 2019), a unified system
with droop control approach is investigated. The concept of
droop methods has been widely applied to the parallel
operation of DG inverters with voltage and/or current control
loops. However, one major disadvantage of this method is its
poor dynamic performance.

PV-battery hybrid systems operate in a variety of scenarios
based on PV power, load power, and battery status, and the control
loop may need to switch. Because transition and dynamic processes
are difficult to control, it is difficult to implement control loop
switching in practice. As a result, this paper proposes a generalized
mode control method that avoids loop switching in a variety of
scenarios. The main contributions are as follows.
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1) This paper describes a generalized operating mode control
method. The conditions in grid-connected and off-grid modes
are classified into six scenarios based on the values of PV
power Ppy, load power Py,,q, battery state of charge (SOC), and
so on. Furthermore, the control architecture, control loop, and
reference transition for various scenarios are discussed.

2) In grid-connected mode, the battery-side DC/DC controls the DC-
bus voltage, the PV-side DC/DC applies Maximum Power Point
Tracking (MPPT) mode to maximize PV output power, and the
grid-side DC/AC controls the output power. The control loops for
DC/DC and Bi-DC/DC do not need to change in different
operating scenarios; only the DC/AC output power reference does.

3) In off-grid mode, the battery-side DC/DC regulates the DC-
bus voltage, the PV-side DC/DC uses power point tracking
(PPT) mode to track the PV output power reference, and the

frontiersin.org
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Scenario A2.

grid-side DC/AC regulates the output voltage. The DC/AC and
Bi-DC/DC control loops do not need to change in different
operating scenarios, while only the PV-side DC/DC power
reference does.

4) An experimental platform is built, and the results are
presented to support the proposed method.

2 System structure and topology

Figure 1 depicts the architecture of a typical PV-battery hybrid
system, which is a common DC-bus structure. PVs, batteries, and
the grid and load are connected to the DC-bus through DC/DC,
bidirectional DC/DC, and DC/AC, respectively.

Figure 2 presents the system topology. The Boost topology is
used for the PV-side DC/DC. A two-stage structure with LLC plus
Buck/Boost is used for the battery-side Bi-DC/DC. The Highly
Efficient Reliable Inverter Concept (HERIC) topology is chosen
for the DC/AC side.

Frontiers in Energy Research 04

There are two operating modes for the system, which are grid-
connected mode and off-grid mode. In the grid-connected mode, the
grid is normal, and the system operates in current source mode,
feeding power to the grid. In off-grid mode, the grid is not present,
and the system operates in voltage source mode to ensure load
voltage. Furthermore, depending on PV power, load power, and
battery status, the system operates in different scenarios.
Furthermore, the control loop may have to switch for different
scenarios. Since the transition and dynamic process is difficult to
control, it is relatively challenging to implement the control loop
switching. Therefore, the following presents a generalized mode
control method for avoiding loop switching for different scenarios.

3 System control

Before introducing specific methods, we set basic control
prerequisites first. One of them is the priorities of power sources,
including three points.

frontiersin.org
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Control architecture for six scenarios for the grid-connected mode.

TABLE 1 Summary of six scenarios for the grid-connected mode.

Scenarios S1 DC/AC power reference P,e¢
Scenario Al “1” Ppy
Scenario A2 “2” Py
Scenario A3 “2” Py
Scenario A4 “17 Ppy
Scenario A5 “2” Py
Scenario A6 “3” 0

1) PVsare set as the first priority power source. The output power
of PV modules should be prioritized to feed the load.

2) Batteries are set as the second priority power source. When
there is a surplus or shortage of PV power to the load, the
battery is then used to achieve power balance.

Frontiers in Energy Research

3) The grid is set as the third priority power source. When both
the PV modules and the batteries reach their limits, the grid is
then employed to power the load.

Furthermore, the output power of PV modules, the SOC of
batteries, and the charging and discharging power of batteries are
restricted as follows.

1) When the PV output power Ppy is less than the set minimum
threshold Ppy_min, the PV is considered to have no power and
the PV side is shut off; otherwise, the PV side should be used to
generate power.

2) If the battery SOC is greater than 90%, the battery should not
be charged further; if the battery SOC is less than 10%, the
battery should not be drained further.

The following will analyze the grid-connected mode and off-grid
mode, respectively.
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System control architecture under off-grid mode.

3.1 Grid-connected mode

Based on the values of PV power Ppy, load power Pj,,q4, battery
SOGC, etc., the operating conditions under the grid-connected mode
are divided into six scenarios, as shown in Figure 3.

Figure 4 depicts the control architecture in grid-connected
mode, where the battery-side DC/DC controls the DC-bus
voltage V., the PV-side DC/DC operates in MPPT mode to
maximize the PV output power Ppy, and the grid side DC/AC
controls the output power P. The advantage of the control
architecture shown in Figure 4 is that the control loops for DC/
DC and Bi-DC/DC do not need to change in different operating
scenarios, with only the DC/AC output power reference P,.¢ needed
to change. This reduces the control loops switching during different
scenarios, making it simple to implement.
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It is worth mentioning that, in this paper, v, is PV voltage, v,
ref 18 PV voltage reference, ipy is PV current, i,y rf is PV current
reference, Vy. reris DC-bus voltage reference, d; is output duty cycle
of the DC/DC control loop, d, is output duty cycle of the Bi-DC/
DC control loop, and d; is output duty cycle of the DC/AC
control loop.

3.1.1 Scenario Al

In this scenario, Ppy > Pj,.q and SOC > 90%, where the PV
power is larger than the load power and the battery cannot be
charged. In the control loop, as shown in Figure 5, the DC/AC power
reference P, is set to Ppy. This can result in that the DC/AC outputs
the PV-side power Ppy and the battery power Py is zero.
Furthermore, the PV powers the load Pp, and the extra power
(Ppy-Py) is fed to the grid, and the grid power is Pg.
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3.1.2 Scenario A2

In this scenario, Ppy > Pj,.q and SOC < 90%, where the PV
power is higher than the load power and the battery can be charged.
In the control loop, as shown in Figure 6, the DC/AC power

Frontiers in Energy Research
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reference P is set to Pp. This can result in that the DC/AC
outputs the load power P; and the power fed into the grid is 0.
Furthermore, the battery automatically absorbs the remaining
power generated by PV, which is Ppy-P;.
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3.1.3 Scenario A3

In this scenario, Ppy < Pro.g and SOC > 10%, where the PV
power is less than the load power and the battery can be discharged.
In the control loop, as shown in Figure 7, the DC/AC power
reference P is set to Pp. This can result in that the DC/AC
outputs the load power P; and the power fed into the grid is 0.
Furthermore, the battery automatically provides the remaining
power P;—Ppy.

3.1.4 Scenario A4

In this scenario, Ppy < Pj;,.q and SOC < 10%, where
the PV power is less than the load power and the
battery cannot be discharged. In the control loop, as
shown in Figure 8, the DC/AC power reference P, is
set to Ppy. This can result in that the DC/AC outputs the
PV power Ppy and the power that the battery provides is 0.

Furthermore, the grid provides the remaining load
power PL-Ppy.
Frontiers in Energy Research
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3.1.5 Scenario A5

In this scenario, Ppy < Ppy i, and SOC > 10%, where the PV
cannot generate power and the battery can be discharged to feed the
load. In the control loop, as shown in Figure 9, the DC/AC power
reference P, is set to Py. This can result in that the DC/AC outputs
the load power Py and the power from the grid is 0. Furthermore, the
battery automatically provides the load power P;.

3.1.6 Scenario A6

In this scenario, Ppy < Ppy i, and SOC < 10%, where the PV
cannot generate power and the battery cannot be discharged to feed
the load. Thus, the load power can only be provided by the grid. In
the control loop, as shown in Figure 10, the DC/AC power reference
P, is set to 0. This can result in that the DC/AC outputs no power
and the load power is from the grid.

The summary of six scenarios for the grid-connected mode is
shown in Figure 11. From it, a switch §; is introduced to assign
different DC/AC power references. In scenarios Al and A4, the

frontiersin.org
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TABLE 2 Summary of six scenarios for the off-grid mode.

Scenarios Sz DC/AC power reference
Scenario Bl “17 Py
Scenario B2 “2” Pyppr
Scenario B3 “27 Pyippr

Scenario B4 System stops

Scenario B5 PV stops
Scenario B6 System stops

switch Sy is placed to “1”. In scenarios A2, A3, and A5, the switch S;
is placed to “2”. In scenario A6, the switch S; is placed to “3”. The
details are presented in Table 1.

3.2 Off-grid mode

Based on the values of PV power Ppy, load power P4,
battery SOC, etc., the operating conditions under the off-grid

Frontiers in Energy Research

10

mode are divided into six different scenarios, as shown
in Figure 12.

Figure 13 depicts the control mode in off-grid mode, where the
battery-side Bi-DC/DC controls the DC-bus voltage V., the PV-
side DC/DC operates in power point tracking (PPT) mode to follow
the PV output power Ppy, and the grid-side DC/AC controls the
output voltage v;. The advantage of the control architecture shown
in Figure 13 is that the DC/AC and Bi-DC/DC control loops do not
need to change in different operating scenarios, with only the PV-
side DC/DC power reference Ppy s needed to change. This reduces
the control switching during different scenarios, making it simple
to implement.

3.2.1 Scenario Bl

In this scenario, Ppy > Pj,.q and SOC > 90%, where the PV
power is larger than the load power and the battery cannot be
charged. In the control loop, as shown in Figure 14, the PV-side DC/
DC power reference Ppy . is set to the load power Py. This can
result in that the PV side cannot implement MPPT function, and the
PV-side power Ppy is limited to P;. Therefore, the PV provides the
load power Py, and the power from the battery Py is zero.
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FIGURE 21
Experimental results for the grid-connected mode when there is

no PV (A) battery charging to discharging; (B) battery discharging
to charging.

3.2.2 Scenario B2

In this scenario, Ppy > Pjg.q and SOC < 90%, where the PV
power is higher than the load power and the battery can be charged.
In the control loop, as shown in , the PV-side DC/DC
performs MPPT function. This can result in that the PV-side DC/
DC outputs the maximum power Pyppr. Furthermore, the battery
automatically absorbs the extra power generated by PV, which
is Ppy—Py.

3.2.3 Scenario B3
In this scenario, Ppy < P;,.q and SOC > 10%, where the PV
power is less than the load power and the battery can be
discharged to the load. In the control loop, as shown in
, the PV-side DC/DC performs MPPT. This can
result in that the PV-side DC/DC outputs the maximum
power Pyppr. Furthermore, the battery automatically provides
the remaining power, which is P;-Ppy.
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FIGURE 22
Experimental results between grid-connected mode and off-

grid mode (A) grid-connected mode to off-grid mode; (B) off-grid
mode to grid-connected mode

3.2.4 Scenario B4

In this scenario, Ppy < Pjyuq and SOC < 10%, where the PV
power is less than the load power and the battery cannot be
discharged. Therefore, as shown in , the system

cannot operate.

3.2.5 Scenario B5

In this scenario, Ppy < Ppy i, and SOC > 10%, where the PV
cannot generate power and the battery can be discharged to feed the
load. The PV-side DC/DC stops. Furthermore, the battery
automatically provides the load power P; as shown in

3.2.6 Scenario B6

In this scenario, Ppy < Ppy i, and SOC < 10%, where the PV
cannot generate power and the battery cannot be discharged to
feed the load. Thus, as shown in , the system
cannot operate.

The summary of six scenarios for the off-grid mode is shown
in . From it, a switch S, is introduced to set different
DC/DC power references. In scenarios B1, the switch S, is placed
to “1”. In scenarios B2 and B3, the switch S, is placed to “2”. In
other scenarios, PV-side DC/DC stops. The details are presented

in
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FIGURE 23
Experimental results when the load steps (A) the load steps from
0 to 6 kW; (B) the load steps from 6 to 0 kW

4 Experimental verifications

A platform is built and Figures 21-23 are the experimental
results. Figure 21 depicts the experimental results for the grid-
connected mode with no PV and the battery switched between
charging and discharging. From Figure 21A, the system operates
smoothly when the battery is switched from charging to discharging
and the current is adjusted from —120 to +120 A. From Figure 21B,
the battery is transitioning from charging to discharging, and the
entire process is seamless. The battery current is changed from
+120 to —120 A, and the grid current is adjusted correspondingly.
The proposed mode transition method ensures a smooth transition
between these two operational modes.

Figure 22 depicts the experimental results of the transition
between grid-connected mode and off-grid mode. From
Figure 22A, the system operates smoothly and the load voltage
remains stable when the system switched from grid-connected to
off-grid mode. In grid-connected mode, the inverter functions as a
current source. In the off-grid mode, however, the inverter functions
as a voltage source. In addition, when the grid is normal, the battery
is charging. When the grid is offline, the battery is switched to
discharging mode to maintain the load voltage.

From Figure 22B, the system operates smoothly and the load
voltage remains stable when the system is switched from off-grid to
grid-connected mode. The inverter switches from a voltage source in
off-grid mode to a current source in grid-connected mode. In
addition, the battery is in discharging mode to maintain the load
voltage when the grid is offline. When the grid resumes to normal
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operation, the battery is switched to charging mode. The proposed
mode transition method ensures a smooth transition between grid-
connected mode and off-grid mode.

Figure 23 depicts the experimental results when the load steps.
From Figure 23A, the load steps from 0 to 6 kW. When the load
power is low, the PV power feeds into the battery and the battery is
in the charging mode. When the load power is high, the PV and
battery work together to power the load, and the battery is in
discharging mode. From Figure 23A, the system operates
smoothly when the load steps from 0 to 6 kW.

From Figure 23B, the system operates smoothly and the load
voltage remains stable when the system steps from 6 to 0 kW.
Furthermore, when the load is 6 kW, the PV and battery work
together to supply the voltage. When the load drops to 0 kW, the PV
feeds the battery and the battery is in the charging mode. The
proposed mode transition method ensures a smooth transition
between these two operational modes.

5 Conclusion

Depending on PV power, load power, and battery status, the
system operates in various scenarios, and the control loop may need
to change. Because the transition and dynamic processes are difficult
to control, implementing control loop switching can be difficult. As
a result, this paper presents a generalized mode control method that
avoids loop switching in a variety of scenarios.

First, the system structure and topology are introduced, with the
common DC-bus structure being used. The operating conditions in
grid-connected and off-grid modes are then classified into six
scenarios. Furthermore, the control architecture, control loop,
and reference transition for various scenarios are discussed. In
grid-connected mode, the battery-side DC/DC controls the DC-
bus voltage, the PV-side DC/DC uses MPPT mode to maximize PV
output power, and the grid-side DC/AC controls the output power.
The control loops for DC/DC and Bi-DC/DC do not need to change
in different operating scenarios; only the DC/AC output power
reference P, does. Furthermore, P, equals Ppy in scenarios Al
(Ppy > Proaq and SOC > 90%) and A4 (Ppy < P yaq and SOC < 10%).
P equals Py in scenarios A2 (Ppy > Ppouq and SOC < 90%), A3
(Ppy < Proaq and SOC > 10%), and A5 (Ppy < Ppy i and SOC >
10%). P, equals zero in scenario A6 (Ppy < Ppy i, and SOC <
10%). In off-grid mode, the battery-side DC/DC regulates the DC-
bus voltage, the PV-side DC/DC uses PPT mode to track the PV
output power reference, and the grid-side DC/AC regulates the
output voltage. During operating mode switching, only the PV-side
DC/DC power reference Ppy needs to change; the DC/AC and Bi-
DC/DC control loops remain unchanged. Ppy equals Py, in scenario
Bl (Ppy > Proaq and SOC > 90%). Ppy equals Pyppr in scenario B2
(Ppy > Ppoaqand SOC < 90%) and B3 (Ppy < P uq and SOC > 10%).
PV-side DC/DC stops in scenario B5 (Ppy < Ppy i and SOC >
10%). In B4 (Ppy < Ppoag and SOC < 10%) and B6 (Ppy < Ppy i
and SOC < 10%) scenarios, the system stops. Finally, an
experimental platform is built, and the proposed methodology is
validated by the experimental data. According to the experimental
findings, there are no surges during mode transitions with the
proposed method and seamless transition among operating
modes can be achieved.
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