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ABSTRACT This article introduces a parallel differential power processing (PDPP) architecture for photo-
voltaic (PV)/battery applications. The PV to Virtual Bus (PV2VB) architecture enables the integration of a
battery and manages its power while performing maximum power point tracking on the PV strings. In the
proposed PV2VB PDPP architecture, the battery is positioned at the virtual bus, acting as the input for all
string-level converters (SLCs). By selecting a lower voltage for the battery at the virtual bus compared to
the PV string or the main bus voltages, component voltage ratings can be reduced. The architecture employs
dual active bridge converters connected to bridgeless (BL) converters as SLCs to generate both positive and
negative output voltages while providing isolation. These SLCs track the maximum power point of each PV
string, while the central converter manages battery charging and discharging. Experimental results confirm
the performance and effectiveness of the proposed PV2VB PDPP architecture, achieving efficiencies between
95.5% and 99%.

INDEX TERMS Battery charger, differential power processing, partial shading, photovoltaic (PV) system,
photovoltatronics.

I. INTRODUCTION
Over a century of dedicated research and development has
resulted in high penetration of photovoltaic (PV) energy re-
sources in the power system. A multitude of advantages
underpins their widespread adoption, including abundance of
free solar energy, eco-friendly operation, longevity (> 25
years), sustainable materials, simplicity in installation, min-
imal maintenance, and remote accessibility [1].

However, on one hand, PV systems have a high initial cost,
so it is crucial to design and install PV with both high energy
yield and low initial cost to enhance Levelized Cost of Energy
(LCOE) [2], [3]. One innovative concept contributing to low-
ering LCOE is the DPP approach, which can be categorized
as a facet of Distributed Maximum Power Point Tracking [4],
[5], [6]. They are able to mitigate mismatch-related losses
caused by factors such as partial shading, disparate PV mod-
ule tilt angles, dust accumulation, and PV cell degradation.
Moreover, they only process part of the power generated by

the PV modules, while the remaining part (ideally, the ma-
jority) is directly delivered to the output. This brings two
main advantages for DPPs: 1) improved cost and system’s
efficiency [7], [8], and 2) reduction of the stress on the com-
ponents, which results in higher reliability and lifespan [9].

On the other hand, PV systems produce fluctuating and
unreliable power due to their inherent intermittency. To ad-
dress this issue, energy storage devices (ESDs) are commonly
used alongside PV systems to stabilize output and enhance
system reliability [10], [11]. As the penetration of PV systems
increases, integrating them with ESDs becomes essential for
grid connectivity. Amongst different technologies of ESDs,
batteries are attracting much attention owing to advancements
in battery technology, economies of scale in manufacturing,
significant cost reductions, and efficiency improvements.

In a PV/battery architecture, along with two independent
control variables, at least three power transmission branches
exist: PV to load (PV-L), PV to battery (PV-B), and battery
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FIGURE 1. Four topological PV/battery architectures with indication of the
power flow distribution. (a) 3U. (b) 2U. (c) 1U1B-I. (d) 1U1B-II. (e) 1B2U
architectures. Ochre and blue DC–DC blocks represent unidirectional and
bidirectional DC–DC converters, respectively.

to load (B-L). It is useful to note that the average power
transmitted through the PV-L branch is typically significantly
larger than that transmitted through the other two branches.
Based on power transmission paths, PV/battery architectures
can be typically categorized into four different architectures
(see Fig. 1).

1) 3U, consisting of three unidirectional DC–DC convert-
ers [12], [13].

2) 2U, consisting of two unidirectional DC–DC converters
[14], [15].

3) 1B1U, consisting of one bidirectional and one unidirec-
tional DC–DC converter [16], [17], [18], [19].

4) 1B2U, consisting of one bidirectional and two unidirec-
tional DC–DC converters [20], [21].

In the 3U architecture [see Fig. 1(a)], power transmission
for each branch is achieved using a unidirectional two-port
DC–DC converter, each with at least one independent con-
trol variable. Allocating one path for PV-L (high power) and
another for PV-B/B-L (low power) allows the architecture
to process less power overall (PTP), resulting in high effi-
ciency. However, the presence of three unidirectional DC–DC
converters, and consequently three controllers, increases the
system and control complexity and cost. To reduce complex-
ity associated with the number of DC–DC converters, 2U
architectures use the same path for all three power transmis-
sion branches [see Fig. 1(b)]. However, in this architecture,
the power produced by the PV elements is processed twice to
reach the load through the PV-L branch.

This deteriorates efficiency and increases converter’s cost
due to the requirement for two high-power DC–DC convert-
ers.

To address the issues of 2U architectures, 1B1U-I does not
increase the processed power unlike in 2U architectures, since
B-L power is lower than PV-L power transmission branches.
Depending on the connection of the bidirectional DC–DC
converter to either the PV or the load port, two different 1B1U
architectures are possible: 1) 1B1U-I [16], [17] [see Fig. 1(c)]
and 2) 1B1U-II [18] [see Fig. 1(d)]. Although the B-L power
may be processed twice in 1B1U-I, it does not increase the
processed power unlike in 2U architectures, since B-L power
is lower than PV-L power, and there are still only two DC–DC
converters as in 2U.

Considering both charging and discharging states, neither
1B1U-I nor 1B1U-II demonstrates a significant advantage
over the other in terms of total processed power. 1B1U-I
has a strong ability to adapt to variations in the output port,
while in the 1B1U-II architectures, the PV port is well reg-
ulated with a dedicated bidirectional converter to adapt to
changes in the output voltage/power of PV modules caused
by different weather conditions. Unlike 1B1U-I, where the
load is regulated solely by the unidirectional converter, 1B1U-
II regulates the load voltage using either the unidirectional
or bidirectional converter. This increases controller switch-
ing from one operation mode to another, leading to control
complexity. Moreover, for AC grid connection, unlike 1B1U-
II [22], 1B1U-I allows the integration of the unidirectional
DC–DC converters’ duties into the DC–AC inverters [16],
improving cost and efficiency.

Eventually, the literature has reported on the 1B2U
architectures [23] [see Fig. 1(e)]. This architecture suf-
fers from several drawbacks. These include high architec-
ture and control complexity, increased processing power,
lower efficiency, and higher costs compared to other
architectures.
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TABLE 1. Comparison of PV/Battery Architectures

Based on the aforementioned analysis, the main charac-
teristics of architectures are summarized in Table 1. It can
be concluded that the 1B1U-I architecture generally offers
the best overall performance. However, it still has three main
downsides.

1) In applications where the PV voltage is higher than
the battery voltage, the unidirectional converters in the
1B1U-I architecture must tolerate the high PV voltage.
This requirement leads to increased losses and system
costs.

2) If the PV part consists of PV strings and additional PV
modules need to be added to a PV string, the converters
must be replaced to handle the new PV string voltage.
This necessity decreases the scalability of the architec-
ture.

3) Last but not least, it is not feasible to extend the
architecture to systems with multiple PV strings and
independently track the maximum power point (MPP)
of each PV string.

This article proposes a new system based on the PV to
virtual bus parallel differential power processing (PV2VB
PDPP) architecture. This architecture is closely aligned with
the 1B1U-I architecture and retains all its advantages. Yet, it
fully exploits the benefits of the PV2VB PDPP architecture to
remove the weakness of 1B1U-I architectures, such as:

1) components requiring low blocking voltage in the bidi-
rectional converter, leading to high efficiency and the
advantages of low-voltage converters;

2) superior scalability and adaptability for integrating new
PV modules to the PV strings [24], [25], [26], [27],
which facilitates mass production and is expected to
result in low production costs;

3) ability to perform string-level MPPT.
Besides, the lower component voltage ratings also help de-

crease repair expenses. By reducing stress on components and
improving reliability and lifespan, the architecture ensures
high availability and minimizes financial losses from down-
time. Furthermore, its high efficiency reduces losses from
power conversion, making it a cost-effective and versatile
solution overall.

The remainder of this article is structured as follows:
Section II introduces the proposed architecture for a single PV
string, extends the architecture for multiple PV strings, and
provides an in-depth analysis of the steady-state operation of

FIGURE 2. Proposed architectures for a single PV string connected to
(a) DC and (b) AC grids. Ochre and blue DC–DC blocks represent
unidirectional and bidirectional DC-DC converters, respectively.

FIGURE 3. Bidirectional converter for the architecture of Fig. 2.
(a) Required operational regions. (b) Implementation using a BL converter
(Blue dashed-line: S is ON-state, Red dashed-line: S is OFF-state).

both the central converter and SLCs, outlining their respec-
tive control objectives. Section III elaborates on all possible
operational states of the architecture and provides a thorough
analysis of the converters processed power and their losses.
Section IV discusses the battery charging and discharging
rate and the operational regions in which the architecture can
function. Section V presents experimental results to validate
the system’s performance. Section VI concludes the article.

II. OPERATION OF THE PROPOSED PV2VB PDPP
ARCHITECTURE
A. FOR A SINGLE PV STRING
In 1B1U-I architectures, the bidirectional converter operates
in parallel with the PV string, adding or subtracting current to
manage battery power injection or withdrawal. In contrast, the
proposed architecture design utilizes a bidirectional converter
that adds or subtracts surplus voltage to the PV string voltage
to manage battery power injection or withdrawal (see Fig. 2).
Consequently, this bidirectional converter must generate both
positive and negative voltages, operating within the first and
fourth quadrants of the V-I curve [see Fig. 3(a)], making a BL
converter [see Fig. 3(b)] a suitable option.

In the BL converter, during the switche ON state, the volt-
age before the LC output filter (vIB) polarity aligns with the
intermediate bus voltage, discharging the capacitor. When the
switches are OFF, the BL converter inverts the intermediate bus
voltage, charging the capacitor. Predominantly maintaining
the switches in the ON state during each switching period
results in a positive voltage being added to the PV string, thus
allowing average power flow from the battery to the string
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FIGURE 4. Proposed PV2VB PDPP architecture for multiple PV strings.
Ochre and blue DC–DC blocks represent unidirectional and bidirectional
DC–DC converters, respectively.

and vice versa. While the BL converter provides a straightfor-
ward and simple solution, it does not offer isolation between
the battery and the PV strings. Depending on the topologies
chosen for the bidirectional and unidirectional converters, the
architecture can be designed to be nonisolated, partially iso-
lated, or fully isolated.

Generally, two independent control variables are required
for PV/battery architectures to perform battery charging and
discharging with given profiles and MPPT. Traditionally, the
bidirectional converter is used as an actuator to perform bat-
tery charging/discharging, while the unidirectional converter
tracks the MPP of the PV string. However, in the proposed
design, the bidirectional converter is used to perform MPPT,
while the unidirectional converter controls the operation of the
battery. The advantages will become clear in the next section
when the proposed architecture with multiple PV strings is
discussed.

B. FOR MULTIPLE PV STRINGS
To extend the proposed architectures for multiple PV strings,
the storage ports can be paralleled as well as the grid ports,
while each PV port is independently connected to a PV string.
Then, it is possible to integrate all the unidirectional DC–DC
converters, which are common among architectures, into a
single central converter, as shown in Fig. 4. The final archi-
tecture, shown in Fig. 4, is called PV2VB PDPP architecture.
With NPV PV strings, this architecture has NPV + 1 control
objectives (NPV PV strings and one battery), NPV bidirectional
converters (referred to as SLCs), and one unidirectional con-
verter (referred to as the central converter), resulting in NPV

+ 1 actuators. As mentioned previously, the SLCs primar-
ily provide the required differential voltage between the PV
strings and the main bus voltage to independently track each
PV string’s MPP. These SLCs are interconnected to a shared
storage port, also known as the virtual bus, where the batteries
are placed.

1) CENTRAL CONVERTER
The central converter controller is actuator to provide battery
profile control, which is done by regulating the main bus

voltage. If the assumption of lossless converters is considered
for the sake of simplicity, the following relationship can be
derived for the proposed architecture:

pout = pin + pB. (1)

In the context of the PV2VB PDPP architecture, pB, pout,
and pin represent the battery power, the power delivered to
the main bus, and the power generated by the PV strings,
respectively. These powers can be computed as follows:

pout = vS × iS = vs ×
NPV∑
i=1

iPVi (2)

pin =
N∑

i=1

vPVi × iPVi (3)

where vs, is, vPVi , and iPVi are the main bus voltage, the main
bus current, the ith PV string’s voltage, and the ith PV string’s
current, respectively. The following steady-state equation can
be obtained by substituting (2) and (3) in (1)

PB = VS ×
NPV∑
i=1

IPVi −
NPV∑
i=1

VPVi × IPVi. (4)

Note that, in (4) and in the rest of the manuscript, capital
letters indicate the steady-state value of the variables. Since
it is desirable for the PV strings to operate at their MPP in
order to maximize system efficiency and the main bus current
equals the summation of PV strings’ current, the main bus
voltage (VS) serves as the sole actuator to control charging and
discharging of the battery. An increase in the main bus voltage
signifies greater energy demand, resulting in either reduced
charging rate of the battery or increasing discharging rate of
the battery.

The output voltage of the ith SLC can be expressed as

VSLCi = VS − VPVi. (5)

By substituting (5) in (4), we have

PB =
NPV∑
i=1

VSLCi × IPVi (6)

given that IPVi is consistently positive, (6) shows that SLCs
must generate negative and positive output voltage to charge
and discharge the battery. To clarify further, if the ith SLC
generates a negative output voltage, the associated PV string
assists in charging the battery, and conversely, when the output
voltage is positive, the string discharges the battery.

The block diagram in Fig. 5 illustrates the PV2VB PDPP
architecture alongside its control structures. A desired algo-
rithm sets the battery’s current/voltage reference, which is
compared to actual values. Errors are sent to the central con-
troller, which adjusts the main bus voltage via the central
converter to achieve the desired battery parameters. Vari-
ous charging/discharging methods, including constant current,
constant voltage, and multistage charging [28], [29], can be
applied to the PV2VB PDPP architecture.
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FIGURE 5. PV2VB PDPP architecture with its control loop block diagrams
for PV/Battery system (∗: indicates reference value).

TABLE 2. Operation Modes of PV/Battery Architectures

2) STRING-LEVEL CONVERTERS
When the architecture is extended for multiple PV strings,
the SLCs must include an additional feature: isolation. This
isolation is essential to prevent the current from the PV strings
from circulating through incorrect paths. Therefore, in the
proposed SLC topology, illustrated in Fig. 5, two stages are
employed: a DAB converter followed by a BL converter, with
capacitors forming an intermediate bus to decouple their per-
formance. BL converters are responsible for tracking MPP of
voltage (vIB), DAB converters with single phase shift modula-
tion [30] are utilized, facilitating power transfer between the
virtual bus and the intermediate bus, which are the primary
and secondary sides, respectively. Thus, the DAB converter
must effectively regulate these intermediate bus voltages to
ensure stable and efficient operation [24]. The architecture has
at least partial isolation within the system, between the battery
and PV elements. This isolation is crucial for onboard battery
chargers to ensure double-fault protection and enhance user
safety in plug-in hybrid electric vehicles [31].

III. PROPOSED ARCHITECTURE STATES, PROCESSED
POWER, AND LOSS ANALYSIS
A. STATES
Generally, when the system directs power from one port
to the other two, the architecture operates in single-input
dual-output (SIDO) mode. In dual-input single-output (DISO)
mode, power flows from two ports to the remaining one.

FIGURE 6. Simplified PV2VB PDPP architecture when the architecture is in
state (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, (g) 7, and (h) 8.

When a port does not participate, the architecture is in single-
input single-output (SISO) mode. Table 2 shows the operation
modes and port statuses.

The proposed architecture does not allow for the simulta-
neous operation of PV and grid as input, making the DISO-II
mode outlined in Table 2 unfeasible within this framework.
In SISO-I mode, the central converter is bypassed, allowing
the PV string to connect directly to the input of the SLCs
and charge the battery. Since the maximum voltage of the
SLCs is lower than the nominal MPP voltage of the PV
string, the PV string will not operate at its MPP. However,
this limitation is not necessarily a disadvantage, as in other
architectures, where in this mode the power output is con-
strained by the battery’s demand, which may also prevent
the PV strings, to ensure stability of the intermediate bus,
the PV strings are prevented from operating at their MPP. To
enable SISO-IV mode, the PV string must be bypassed (see
Fig. 10), allowing the battery to supply power directly to the
grid.

If the central converter is bidirectional, it is possible to
operate in SISO-III mode through this architecture; however,
this aspect falls outside the scope of this article. Therefore,
this section mainly focuses on the architecture operation in
SIDO-I, DISO-I, and SISO-II modes. These subset of oper-
ation modes results in the architecture possibly operating in
eight distinct states, outlined in Table 3.
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TABLE 3. States of PV2VB PDPP Architecture Based on Battery Status and Mismatches Among PV String MPP Voltages

FIGURE 7. Influence of voltage difference among PV strings on processed
power of DAB converters (a) connected to the shaded PV strings, and

(b) connected to the unshaded PV strings (NPV = 6,
IPVsh
IPVun

= 1).

Generally, the power delivered to the virtual bus from the
ith PV string (PPVi2VB) and the battery charging rate (PB)are
given by

PPVi2VB = (
VS − VPVi

)× IPVi (7)

PB =
NPV∑
i=1

((
VS − VPVi

)× IPVi

)
. (8)

1) STATE 1
No MPP voltage mismatch, battery charging [see Fig. 6(a)]:
Central controller lowers the main bus voltage below PV
string voltages, producing negative SLC voltages. Power
flows from the PV strings to the battery, with each string’s
contribution proportional to its MPP current

PPVi2VB = (VS − VMPP) × IMPPi ,VS < VMPP (9)

PB = (VS − VMPP)
NPV∑
i=1

IMPPi ,VS < VMPP (10)

where IMPPi represents the MPP current of the ith PV string
and VMPP is the MPP voltage of all PV strings. In this state,
the contribution of each PV string to the power supplied to the
battery is directly proportional to its current.

2) STATE 2
Small MPP voltage mismatch, battery charging [see
Fig. 6(b)]: Each PV string’s contribution depends on both
its current and voltage. Higher voltage strings generate larger
negative SLC voltages, contributing more power to the battery

PPVi2VB = (
VS − VMPPi

)× IMPPi ,VS < VMPPi (11)

PB =
NPV∑
i=1

((
VS − VMPPi

)× IMPPi

)
,VS < VMPPi (12)

where VMPPi represents the MPP voltage of the ith PV string.

3) STATE 3
Large MPP voltage mismatch, battery charging [see
Fig. 6(c)]: Some PV strings’ voltages drop, so they draw
power from the virtual bus to operate at MPP, while others
still transfer power to the battery. Overall, the battery is still
charged. Equations are same as (7) and (8).

4) STATE 4
No MPP voltage mismatch, battery resting [see Fig. 6(d)]:
SLCs ideally generate zero voltage or low negative voltage
to compensate for converter losses. Central converter tracks
MPP of all PV strings

PPVi2VB = PB = 0,VS ∼= VMPP . (13)

5) STATE 5
MPP voltage mismatch, battery resting [see Fig. 6(e)]: PV
strings with higher MPP voltages inject energy, while strings
with lower MPP voltage draw energy via the virtual bus.
Battery is idle; parallel capacitors, typically situated in that
position for power smoothing and stabilization, handle energy
exchange. Main bus voltage is the weighted average of PV
voltages

PPVi2VB = (
VS − VMPPi

)× IMPPi , PB = 0 (14)

VS =
∑NPV

i=1 VMPPi × IMPPi∑NPV
i=1 IMPPi

. (15)

6) STATE 6
No MPP voltage mismatch, battery discharging [see
Fig. 6(f)]: Main bus voltage is higher than PV voltages, pro-
ducing positive SLC voltages. Power flows from the battery to
PV strings

PPVi2VB = (VS − VMPP) × IMPPi ,VS > VMPP (16)

PB = (VS − VMPP)
NPV∑
i=1

IMPPi ,VS > VMPP. (17)

7) STATE 7
Small MPP voltage mismatch, battery discharging [see
Fig. 6(g)]: Strings with lower MPP voltage produce higher
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positive SLC voltages, contributing more to discharge. Power
contribution depends on both voltage and current

PPVi2VB = (
VS − VMPPi

)× IMPPi ,VS > VMPPi (18)

PB =
NPV∑
i=1

((
VS − VMPPi

)× IMPPi

)
,VS > VMPPi . (19)

8) STATE 8
Large MPP voltage mismatch, battery discharging [see
Fig. 6(h)]: Some PV strings inject energy to the virtual bus
while others draw energy. Battery still provides net power to
the system. Equations are the same as (7) and (8).

B. PROCESSED POWER ANALYSIS
A complete analysis of processed power was conducted in
[24] for the PV2VB PDPP for a purely capacitive virtual
bus, which represents only the resting state of the architecture
proposed in this article. To extend the analysis to charging and
discharging statuses, (16) in [24] must be modified as follows:

PDAB j =
(

PB +∑NPV
j=1 VPV j × IPV j∑NPV

j=1 IPV j

− VPV j

)
× IPV j . (20)

Similarly to the analysis in [24], in a PV system consist-
ing of NPV PV strings, let k of these PV strings be shaded,
producing voltage and currents of

IPV j

∣∣
j=1,2,..,k

= IPVsh VPV j

∣∣
j=1,2,..,k

= VPVsh . (21)

The remaining unshaded strings generate a current and a
voltage of

IPV j

∣∣
j=k+1,...,NPV

= IPVun VPV j

∣∣
j=k+1,...,NPV

= VPVun . (22)

Considering (20)–(22), the power processed by DAB con-
verters connected to the shaded and unshaded PV strings is
determined as

PDABsh = PB + (NPV−k) × IPVun × (
VPVun −VPVsh

)
(
(NPV−k) × IPVun + k × IPVsh

) ×IPVsh

(23)

PDABun = PB + k × IPVsh × (
VPVsh − VPVun

)
(
(NPV − k) × IPVun + k × IPVsh

) × IPVun . (24)

Figs. 7(a) and 8(a), generated using (23), show the effect
of voltage and current variations among PV strings on the
processed power of DAB converters connected to shaded PV
strings under different battery conditions. Similarly, Figs. 7(b)
and 8(b), based on (24), illustrate the corresponding effect
on the processed power of DAB converters connected to un-
shaded PV strings. It should be noted that in these figures, the
sign of the normalized power indicates the direction of power
flow: a positive value corresponds to power transfer from
the battery to the PV string, while a negative value indicates
power transfer from the PV string to the battery.

FIGURE 8. Influence of current difference among PV strings on processed
power of DAB converters (a) connected to the shaded PV strings

(b) connected to the unshaded PV strings (NPV = 6,
VPVsh
VPVun

= 0.6 ).

In Fig. 7, when the battery power is zero (resting, blue
curves), the analysis of processed power by the DAB convert-
ers matches the results discussed in [24]. When the battery
is charging (red curves, PB < 0) and no shading is present

(
VPVsh
VPVun

= 1), all DAB converters equally process power to-
ward the battery (State 1). As the voltage difference between

shaded and unshaded PV strings increases (
VPVsh
VPVun

→ 0), the
unshaded converters process more power than the shaded
ones (State 2). Eventually, the DAB converters connected to
shaded strings begin transferring power from the battery to
the PV strings, marking the transition to State 3. Similarly,
when the battery is discharging (black curves, PB > 0) and no
shading is present, all DAB converters equally process power
toward the strings (State 6). As the voltage difference grows,
the DAB converters connected to shaded PV strings process
more power than the unshaded ones (State 7). At some point,
the DAB converters connected to the unshaded strings begin
transferring power from the PV strings to the battery, which
corresponds to State 8.

Fig. 8 shows that when the battery is either charging or
discharging, the magnitude of the DAB processed power in-
creases (i.e., more curves shift toward negative or positive
values) compared to when the battery is resting. Another im-
portant trend to observe is that as the current of a shaded PV
string increases, its processed power also increases. This is
because, as expressed by (23) and (24), the processed power
of each DAB is directly dependent on the current of its cor-
responding PV string. The explanation for the behavior of the
individual curves is similar to [24]. Thus, the DAB converters
may only need to be rated for a fraction of the PV string’s peak
power, which allows for reductions in both converter size and
overall system cost. It should be noted that as the battery’s
nominal power increases, the rating of DAB converters will
also need to increase.

BL converters differ from DAB converters in their rating
approach, which is relatively simple to determine. Since BL
converters must always conduct the current from their associ-
ated PV string, their current rating is directly defined by the
current of such string. The voltage rating, however, depends
on the chosen intermediate bus voltage. Because this bus volt-
age can be set lower than the PV string voltage, the component
ratings of a BL converter can be reduced compared to the PV
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string rating. Note that the PV string rating determines the
power rating of the SLCs in a full power processing (FPP)
architecture.

C. LOSS ANALYSIS
The DAB converter contains an isolated transformer and a
larger number of switches compared to the BL converter;
therefore, it would incur higher losses if both would process
the same amount of power. However, as shown in the previous
section, the DAB converter processes less power than the
BL converter, (and the BL stage still processes less power
compared to an FPP architecture [24]).

Specifically, the power PPVi2VB is processed by the DAB
converter. Accordingly, the DAB losses (PlossDABi

) can be ex-
pressed as

PlossDABi
= (1 − ηDAB) PPVi2VB (25)

where ηDAB is the efficiency of the DAB converters.
On the other hand, the power processed by the BL stage is

defined by the current from its associated PV string and the
intermediate bus voltage. Therefore, the BL losses (PlossBLi

)
are given by

PlossBLi
= (1 − ηBL) VIBi × IMPPi (26)

where ηBL is the efficiency of the BL converters. Therefore,
the SLCs’ power losses (PlossSLCi

) can be calculated as

PlossSLCi
= (1 − ηDAB) PPVi2VB + (1 − ηBL)VIBi × IMPPi .

(27)

IV. RATE OF THE BATTERY CHARGE AND DISCHARGE
In Section III, different states in which the architecture can
operate are presented, being imposed by weather conditions
and the battery charging/discharging statutes. However, if the
SLCs voltage ratings are not designed properly, the architec-
ture can be unable to fulfill the expected duties. Therefore, an
analysis similar to [24], where the virtual bus consists solely
of capacitors, is required to properly design the PV/battery
system.

Let VPVMPPmin
and VPVMPPmax

be the minimum and maxi-
mum MPP voltage of PV strings, respectively. If the SLC’s
maximum voltage (±VSLCmax )is selected properly, five regions
emerge, separated by points A, B, D, and E (see Fig. 9) [24]

A =
(
VPVMPPmin

− VSLCmax

)
, B = (

VPVMPPmax
− VSLCmax

)
(28)

D =
(
VPVMPPmin

+ VSLCmax

)
, E = (

VPVOCmax
+ VSLCmax

)
.

In the first two regions, a low vs causes all or some SLCs
to operate at their maximum inverted voltage (−VSLCmax ).
Consequently, none of the PV strings operate at their
MPP (no MPPT region), or a subset (N1) operates at their MPP
while the remaining N2 PV strings do not (pre-complete MPP
region). In these regions, the battery is being continuously

FIGURE 9. Rate of the battery charging/discharging.

charged

PB =
NPV∑
i=1

VSLCmax × IMPPi , 0 ≤ vs < A (29)

PB =
N1∑
i=1

(
VMPPi − vs

)
IMPPi + VSLCmax

N2∑
i=1

ISCi , A ≤ vs < B.

(30)

On the other hand, in the last two regions (beyond point
D), vs is so high that some PV strings no longer operate at
their MPP. In essence, within the post-complete MPP region,
N3 PV strings reach the open circuit voltage, N4 PV strings
operate at (vs − VSLCmax ), which is between their open circuit
voltage and their MPP voltage, and N5 PV strings operate at
their MPP. In these regions, the battery is being discharged

PB =−VSLCmax

N4∑
i=1

IPVi +
N5∑
i=1

(
VMPPi −vs

)
IMPPi , D ≤ vs < E .

(31)
At point E, all PV strings reach their open-circuit voltage,

resulting in no power production.
Between points B and D is the desired operating region,

called “Complete MPPT,” where all PV strings work at MPP

PB =
NPV∑
i=1

(
VMPPi − vs

)
IMPPi , B ≤ vs < D. (32)

To ensure the existence of this region, it is imperative for
point D to be positioned to the right of point B, which means

VSLCmax ≥
VPVMPPmax

− VPVMPPmin

2
. (33)

In the complete MPPT region, the architecture can effec-
tively track the PV string MPP and manage battery charg-
ing/discharging rates as per (4). A specific range for the rate
of battery charging/discharging is depicted in Fig. 9.

When mismatches are minimal, where VPVMPPmax
is close

or equal to VPVMPPmin
, the absolute maximum rate of battery
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FIGURE 10. Reconfigured PDPP architecture during low sun irradiance and
battery discharging, such as at night.

TABLE 4. Prototype Electrical Specifications and Component Parameters

charging/discharging can be achieved by

PB = ±
NPV∑
i=1

VSLCmax × IMPPi . (34)

Based on (33) and (34), increasing VSLCmax allows for a
greater MPPT range, enhancing the system’s capability to
handle more severe mismatch conditions, and increasing the
absolute maximum rate of battery charging/discharging.

Equation (34) reveals that the rate of battery charging or
discharging is contingent upon the PV string currents. In
SISO-IV, the PV string current does not flow, so utilizing the
battery to supply the grid or vice versa becomes unfeasible. To
address the issue, bypassing the PV strings with diodes and
activating the switches of the BL converters can reconfigure
the system, as depicted in Fig. 10, enabling SISO-III and
SISO-IV modes.

V. EXPERIMENTAL RESULTS
This section highlights the proposed architecture’s ability to
perform MPPT at the string level while regulating battery
charge and discharge rates, demonstrating the feasibility of
battery integration into the PV2VB PDPP system and explor-
ing its operational states under varying conditions. Table 4
summarizes the prototype’s electrical specifications and com-
ponent values. As shown in Fig. 11, the experiments were
conducted indoors using one 6210H-600S programmable DC
supply to emulate a PV string and three SM1500-CP-30
bi-directional DC power supplies as the second PV string,
battery emulator, and DC output of the central converter (Vout

FIGURE 11. Photograph of the PV2VB PDPP architecture prototype. 1 A:
SLC1, 1 B: SLC2, 1 C: Central converter, 1 D: Micro controller. 2, 3, and 4:
SM1500-CP-30 Bi-directional DC power supplies, 5: 6210H-600S
programmable DC power supply.

TABLE 5. Experimental Operation Points for the Architecture

in Fig. 5). Both the intermediate bus voltage and the virtual
bus (battery) voltage were set to 200 V, enabling a 1:1 DAB
converter with symmetrical implementation and low-voltage
devices on both sides. Nonetheless, these voltages can also be
selected independently.

A. STRING LEVEL MPPT AND BATTERY CHARGING/
DISCHARGING
The operation of the proposed two-string PV architecture was
validated experimentally using a Perturb and Observe algo-
rithm with a 20 ms perturbation period and 5% duty cycle
step size. Under standard test conditions, each PV string pro-
duces 390 V and 5.3 A. A boost converter was selected as
the central converter to manage battery energy through a PI
controller with an 80 ms sampling time. As summarized in
Table 5, various battery charge/discharge states and PV string
mismatches were tested to cover all operating conditions. The
virtual bus, emulated as a 200 V battery stack, defines the SLC
voltage rating.
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FIGURE 12. Experimental results of the PDPP architecture in different operation states based on operation points shown in Table 5.

FIGURE 13. Averaged system efficiency (Blue line) and a single SLC
efficiency (Red line) as a function of load current.

Initially, PV strings operate under uniform conditions, and
the battery is charged at a rate of 480 W. Therefore, the system
is in state 1, as shown in Fig. 12 , with the main bus voltage
below both PV string voltages. It results in both SLCs generat-
ing negative voltages, meaning that both PV strings contribute
to charging the battery. After around 1.3 s, a small mismatch is
introduced between the PV strings while the battery continues
to charge at 480 W. This transition moves the system to state
2, where the main bus voltage remains below both PV string
voltages. As a result, SLCs still generate negative voltages,
and PV strings continue to charge the battery. At 4.4 s, a
significant mismatch is applied between the PV strings, and
the battery is charging at 240 W, moving the system into state
3. Therefore, the main bus voltage is lower than the PV string
2 voltage but higher than PV string 1 voltage. This means PV
string 1(shaded PV string) no longer contributes to injecting
energy into the virtual bus and instead draws energy from it to
operate at its MPP.

At 7.2 s, the battery is resting with no mismatches and
minor mismatches between PV strings voltage applied at 9.9 s.
As shown in Fig. 12, the SLCs generate a voltage close to
zero when there are no mismatches. Although it is expected
that SLCs generate absolute zero voltage based on (4), small
negative voltage has been generated because of the converter’s
losses. When mismatches occur, some SLCs generate positive
voltage while others generate negative voltage, leading to zero
average power on the virtual bus, allowing the battery to rest.

In the next approximately 4 s, the battery starts discharging,
directing power to the output. When there are no mismatches
or minor mismatches among the PV string voltages, the SLCs
generate a positive voltage. Since the current output of SLCs
is positive, the battery power can pass to the output. However,
at the 17 s, a significant mismatch among PV string voltages
occurs. Therefore, the SLC corresponding to PV string 2 (un-
shaded PV string), which has the higher voltage, generates
negative voltage, resulting in PV string 2 sending power to
the virtual bus to maintain its MPP.

Ultimately, experiments verify that the architecture is ca-
pable of setting an appropriate main bus voltage to charge,
discharge, or rest the battery, facilitating effective energy man-
agement while tracking the MPP of PV strings.

B. PV2VB PDPP ARCHITECTURE EFFICIENCY
This section analyzes the conversion efficiency of the pro-
posed architecture, excluding the MPPT efficiency (i.e., as-
suming no oscillation around the MPP). For the efficiency
analysis, the power delivered to the main bus is considered as
the power output. The input power corresponds to the power
generated by the PV strings, while the battery power is treated
as either an input or an output, depending on whether the
battery is charging or discharging. The efficiency of the SLCs
was measured under the following conditions: 200 V input
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(virtual bus) voltage, load voltage between −55 and 55 V, and
varying load current between 1 and 5 A. It shows that under
these conditions, the average efficiency of a single SLC ranges
from 84.4% to 95.1%.

Similarly, the efficiency of the PV2VB PDPP architecture
with an integrated battery was measured with the SLCs under
the same conditions. PV string 2 was kept constant at 380 V
and 5.3 A, while the battery current was adjusted from −3
A to 3 A, and PV string 1 current (called a load current)
from 1 to 5 A. Efficiency was measured at over 130 differ-
ent operating points. The yellow region in Fig. 13 illustrates
the system efficiency across these points, encompassing all
discussed states and demonstrating a range from 95.5% to
97.5%. The average measured conversion efficiency of the
architecture as a function of PV string 1 current shows ef-
ficiency ranging from 96.3% to 97%. These results confirm
that the system efficiency always exceeds that of a single
SLC. Notably, when the system is in state 4, it is possible to
deactivate the SLCs, resulting in a system efficiency of 99%.
Therefore, this architecture can provide higher efficiency
compared to the architecture discussed in the Section I and
in Table 1.

This architecture offers high efficiency, scalability, and
adaptability, low-voltage component ratings, and the ability
to perform string-level MPPT. However, the battery charging
and discharging rates are limited, and the two-stage SLC con-
verters increase system complexity. Therefore, future research
could explore new single-stage topologies that reduce initial
costs while maintaining the same functionality.

VI. CONCLUSION
This article introduced a novel PV2VB PDPP-based archi-
tecture, specifically designed for string-level MPPT while
efficiently managing battery charging and discharging. In this
architecture, the SLCs operate in fast loops to independently
track MPPT, while a central converter, such as a boost con-
verter, manages the battery in a slower loop. By exploring
all possible operational states of the system across different
battery charge/discharge rates, the architecture is shown to
function effectively in modes such as SIDO-I, DISO-I, SISO-
I, and SISO-II, while it is able to operate in SISO-III and
SISO-IV with reconfiguration. Experimental results validate
the architecture’s performance and theoretical foundations,
demonstrating string-level MPPT with system efficiency
between 95.5% and 99%.
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