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Abstract: Solar electricity has become one of the most important renewable power sources due to
rapid developments in the manufacturing of photovoltaic (PV) cells and power electronic techniques
as well as the consciousness of environmental protection. In general, PV panels are connected
to DC-DC converters and/or DC-AC inverters to implement the maximum power point tracking
algorithm and to fulfill the load requirements. Thus, power conversion efficiency and power density
need to be taken into consideration when designing PV systems. Three-port and partial power
conversion technologies are proposed to improve the efficiency of a whole PV system and its power
density. In this paper, three types of three-port converters (TPCs), including fully isolated, partly
isolated, and non-isolated TPCs, are studied with detailed discussions of advantages, disadvantages,
and comparisons. In addition, based on partial power conversion technologies, partial power
two-port and three-port topologies are analyzed in detail. Their efficiency and power density can
be further improved by the combination of three-port and partial power conversion technologies.
Moreover, comparisons among seven different types of distributed PV systems are presented with
their advantages and disadvantages. Compared to distributed PV systems without energy storage,
distributed PV systems with hybridization of energy storage and with partial power regulation can
use solar energy in a more efficient way.

Keywords: battery storage system; distributed PV system; partial power regulation; three-port converter

1. Introduction

Photovoltaic (PV) systems are well known for their potential in green energy with
the advantages of pollution-free power generation and low-cost operation and mainte-
nance [1,2]. The main problem with PV systems is the uncertainty of the generated power,
which depends on the weather [3,4]. To avoid energy waste and fulfil output requirements,
energy storage-integrated PV power systems are used, normally with two individual DC-
DC power converters [5–7]. One of the converters delivers the PV power to the load and/or
battery with the implementation of maximum power point tracking (MPPT) algorithms.
The other converter functions as a load power regulator. All the power generated by PV
modules and/or battery is processed through these DC-DC converters, leading to limited
efficiency of the whole PV system, low power density, and high costs [8,9].

Up to now, a variety of three-port converters (TPCs)—with a renewable energy in-
put port, an energy storage input/output port, and a load port—have been proposed to
improve power conversion efficiency and the power density of the overall circuit [10,11].
They can be categorized into three types: fully isolated, partly isolated, and non-isolated
TPCs [12–14]. With the advantages of galvanic isolation between the ports and high voltage
gain, fully isolated TPCs are commonly equipped with multi-winding transformers and
groups of active power switches [15]. However, using transformers and multiple switches
increases both the system’s volume and cost. In applications where not all ports need
isolation, partly isolated TPCs are an option, allowing for higher power density and re-
duced volume [16]. In cases where galvanic isolation is unnecessary, non-isolated TPCs
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are preferred, offering benefits such as greater efficiency, higher power density, smaller
size, lower costs, and simpler control compared to the other types of TPCs [17]. In addition,
some TPCs with partial power regulation (PPR) have been proposed to further improve
the power conversion efficiency of the whole PV power system [18,19].

Moreover, PV panels are usually connected in series to cope with high voltage and
power requirements [20]. For these internal connections of PV panels, partial shading
situations are frequently encountered, causing some issues such as the diminution of the
output voltage and power, some hot spots in the panels, and reduction of the system
lifetime [21]. To overcome these problems, the distributed PV system with distributed
maximum power point tracking (DMPPT) was introduced [22,23]. In this system, each
solar panel is connected to an individual DC-DC converter to supply the energy to the load.
With such a configuration, every PV panel can be operated at the maximum power point
(MPP) by regulating its associated converter, avoiding energy waste. However, since the
energy generated by the PV panel highly depends on the weather conditions, the PV power
varies with the time. Mismatches between the generated PV power and the required load
power may happen. When the power generated by the PV panels is higher than the load
power, to maintain the generated and delivered power at the same level, either a PV power
curtailment algorithm [24] is needed to reduce the generated PV power to the load power
level, or a BESS is required to be connected to the PV systems to absorb the surplus PV
power. Compared to the employment of a PV power curtailment algorithm, the PV power
in BESS-integrated PV systems is optimally used, avoiding energy waste [25].

This work explores three-port and partial power conversion technologies for PV gen-
erators. The main contributions include a detailed discussion and comparison of various
TPCs, focusing on power conversion efficiency and component characteristics. It also ana-
lyzes TPCs with partial power regulation through prototype examples, highlighting their
advantages and disadvantages. Additionally, the benefits and drawbacks of distributed
PV systems with and without a BESS are examined in detail. This study aims to provide
foundational knowledge in the field of three-port and partial power conversion, serving as
a reference and groundwork for future developments.

The paper is organized as follows. Section 2 presents PV power systems. Section 3 de-
scribes three-port electrical converter technologies. Section 4 presents three-port converters
with partial power regulation. Section 5 presents PV systems with distributed architecture.
Finally, Section 6 summarizes the conclusions.

2. PV Power Systems

In general, PV power conversion systems can be categorized into three types: stand-
alone, hybrid, and grid-connected power systems, depending on the load types [26].

2.1. Stand-Alone PV Systems

The stand-alone systems are usually located on a remote area without a connection
to the utility mains [27]. Because the power generated by PV panels is unstable and
unpredictable, an imbalance between the generated and the delivered power may occur.
This imbalance may cause power fluctuations that can damage the equipment connected to
the PV system. Thus, to solve imbalance issues, energy storage is commonly integrated
into the system as a back-up power supply that can complement the PV power [28]. When
the generated PV power is higher than the required load power, the energy storage absorbs
the excess energy, whereas the stored energy in the energy storage is delivered to the load
to complement the lack of power when the power generated by the PV panels is lower
than the load power requirements. The energy storage in PV systems could be a BESS,
supercapacitors, flywheels, pumped hydro, superconductors, or compressed air [29].

Figure 1 shows the configuration of a stand-alone PV power conversion system.
The generated PV power is transmitted to the load through a DC-DC converter with the
implementation of an MPPT algorithm. Also, the BESS is equipped with a DC-DC converter
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to supply the energy to the load or absorb the surplus power generated by the PV panels.
The load could be DC loads or/and AC loads through a DC-AC inverter.
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2.2. Hybrid PV Systems

Generally, hybrid PV systems are composed of several different types of power sources,
such as diesel fuel generators, with the integration of energy storage [30]. Due to the
employment of auxiliary generators, the systems have high supply reliability as the utility
mains, but the costs increase.

Figure 2 depicts the configuration of a hybrid PV power conversion system, consisting
of PV panels, a BESS, two DC-DC converters, a DC-AC inverter and auxiliary generators.
Under a high solar radiation level situation, the total load power is supplied by the PV
panels and the surplus generated PV power is stored in the BESS. When there is a situation
of insufficient sunlight and the energy storage can no longer supply the load power
requirements, the generators provide the energy to the load and charge the battery.
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2.3. Grid-Connected PV Systems

The output of grid-connected PV systems is connected to the AC grid through a
DC-AC inverter, as shown in Figure 3. The system can be subdivided into two types:
central and decentralized grid-connected PV systems [31]. Compared to the decentralized
grid-connected PV systems, the central grid-connected PV systems have a wide power
range that can feed directly into medium- and high-voltage grids [32,33].

For power systems with a high share of PV generation, frequency fluctuation is a
frequently encountered issue, which can negatively impact the power system, because
PV power is highly affected by weather conditions and the incidence angle of light and
shading [34]. Introducing power curtailment and providing energy storage systems are the
most common solutions for frequency stability problems [35].
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• PV power curtailment methods

Figure 4 illustrates an alternative grid-connected PV system with a power curtailment
control algorithm. The advantages of this method are a more straightforward imple-
mentation and a lower initial investment. When the PV power curtailment method is
implemented, the power generated by the PV panels is lower than the maximum PV power,
meaning that the operating point is at a suboptimal power level [36]. Therefore, the current–
voltage (I-V) curve and the actual MPP need to be estimated to determine the available
power. There are several existing and proposed methods for estimating the maximum
available power point while operating suboptimally, which can be categorized into two
types: measurement-based and curve-fitting-based methods [37,38].
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In measurement-based methods, additional sensors, such as temperature and irradi-
ance sensors, are required for measuring the real-time operating point [39]. With these
additional sensors, the measurements are more accurate. Thus, the implementation of the
control strategy is effective. However, due to the employment of additional sensors in the
PV system, its cost and complexity may increase.

For curve-fitting-based methods, curve fitting with a number of PV voltage and
current samples is used for the estimation of the entire I-V curve. The Newton quadratic
interpolation (NQI) or nonlinear least squares is commonly used to solve curve-fitting
problems. The accuracy of NQI, influenced by the selection of three sample points, has
been discussed in [40]. The results of the nonlinear least-squares curve-fitting technique are
highly affected by the initial values and noise, which have been analyzed in detail in [41].

In reference [40], two current–voltage points were used to estimate the open-circuit
current, allowing the MPP to be calculated using an empirical expression for power curtail-
ment. While this method is simpler to implement, it is highly sensitive to noise.

In work [41], nonlinear least-squares curve-fitting was used to estimate the actual I-V
curve, the power–voltage (P-V) characteristic, and the MPP. The operating point can be
operated on both sides of the P-V curve. A control strategy based on the PV voltage was
proposed to regulate pulse-width modulation (PWM) for adjusting the output power of the
boost converter to fulfil the grid power requirements. Additionally, an effective approach
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was proposed to address instability issues arising from sudden changes in irradiance
and temperature.

In [42], the P-V characteristic and the MPP were estimated by curve fitting. A PV power
curtailment method with the ripple control algorithm was proposed for the adjustment
of a two-stage inverter. The system is operated on the right side of the MPP, resulting in
instability of the system when step changes occur in the irradiance, but higher efficiency
is achieved.

In reference [43], one PV string within the array operated as an auxiliary string to
implement the MPPT algorithm and determine the available power. The remaining PV
strings worked together to maintain constant power generation, meeting the AC power
demand. However, this method faces challenges: variations in shading levels across strings
can lead to inconsistencies, and the communication required among strings may increase
operational complexity.

In [44], the desired power was determined through offline calculations based on PV
module datasheet values. This method enables a fast frequency response and high accuracy,
though it requires additional sensors to precisely measure temperature and irradiance.

In reference [45], a method based on the estimation of the power losses of electronic
power converters that connect the PV panel to the AC grid was proposed, avoiding mis-
matches between the generated and delivered power.

Table 1 summarizes the main characteristics of the mentioned PV power curtail-
ment methods.

Table 1. Different types of photovoltaic power curtailment methods.

Method Estimation Output Operation
Side

Controlled
Variable

PV
Configuration

Converter
Losses

[40] MPP Left Duty cycle Single-stage Neglected
[41] MPP and P-V curve Left or right PV voltage Single-stage Neglected
[42] MPP and P-V curve Right PV power Double-stage Neglected
[43] MPP Left PV voltage Double-stage Neglected
[44] MPP Right PV voltage Single-stage Neglected
[45] MPP and P-V curve Left PV voltage Double-stage Considered

• Integration of energy storage

Another approach to reduce the power system’s frequency fluctuations is the integra-
tion of energy storage with grid-connected PV systems [46–48], as shown in Figure 3 (with
the dashed lines). The power fluctuations, which may be short-term ranging from seconds
to hours, caused by the PV power variation, are absorbed by the energy storage. Thus, the
power fluctuations are not transferred to the AC grid, increasing the stability and reliability
of the power system, especially in the case of power systems that do not have a sufficient
spinning reserve [49].

Moreover, in the case of low-voltage conditions in the grid, large-scale PV systems are
required to remain connected to the power system, but the amount of power that can be
injected into the grid is limited. This causes energy accumulation in PV systems, increasing
the voltage in intermediate stages, and instabilities and stress on the power converter
system. This instability makes it difficult for PV systems to remain connected during the
recovery period. In this case, the energy storage can significantly contribute to keeping the
system stable with the capability to absorb energy during low-voltage periods as well as to
avoid energy waste [27].

Compared to the PV power curtailment method, the power fluctuation pressure on
grids with energy storage-integrated grid-connected PV systems is lower and the PV power
is used in a more efficient way [50,51].

In recent years, many energy storage technologies, such as superconducting magnets,
pumped hydro, ultracapacitors, and BESSs, with their control methods, have been pro-
posed to smooth PV power output [52,53]. For superconducting magnetic storage systems
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and ultracapacitors, the energy densities are low, and therefore, they are usually used in
pulsed-power and system-stability applications. For pumped hydro, it has topographical
limitations, and therefore, it is not suitable for large-scale PV systems in flat areas [26].
Since BESSs have the advantages of high power density, long cycle life, and a fast response
time, they are widely used in PV systems as energy storage [27].

Also, numerous control methods for reducing power fluctuations generated by energy
storage-integrated PV systems have been proposed, for example, in [54,55].

In reference [56], a ramp rate control based on the moving average of an electric
double-layer capacitor was proposed. The PV output can be changed at a limited ramp rate,
because the rapid fluctuations generated by the PV panels are absorbed by the capacitor.
The capacitor is maintained at a specified voltage, so there is no need for a high capacitance.

Reference [57] presents a control strategy with the control of the PV output ramp rate.
To mitigate the power fluctuation, the energy storage is deployed by using PV output ramp
rate to control the PV inverter ramp rate to a desired level.

3. Three-Port Electrical Converter Technologies
3.1. Traditional Configuration of BESS-Integrated PV Systems

Conventionally, a BESS-integrated PV system consists of two individual two-port
power electronic converters [58]. One of them is interposed between the PV module and
the load, which is unidirectional, delivering the PV power to the load and/or battery
with the implementation of MPPT. The other DC-DC converter, which is bidirectional, is
connected to the BESS, and functions as a load power regulator.

The configuration of a traditional PV system with a BESS is shown in Figure 5. With
the employment of an additional two-port DC-DC converter connected to the BESS, more
components and power conversion stages are used, leading to limited efficiency, low power
density, and high costs.
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3.2. Three-Port Converters

Some circuits with TPC technology instead of two individual DC-DC converters have
been proposed to overcome the low efficiency, low power density, and high cost issues of
traditional PV systems [59,60]. DC-DC converters equipped with a PV panel and a BESS
were integrated into a TPC, resulting in only one power conversion stage between any
two ports. Figure 6 illustrates the power flow scheme of traditional TPCs, which include
three ports: a PV input port, an energy storage port, and a load port. The PV input port
is a unidirectional port that could be a string or array of PV modules. The energy storage
port is a bidirectional port that could be connected to supercapacitors and BESSs, which
can supply energy to the load and receive power from the PV source. The load port is
unidirectional and could be connected to DC loads, such as LEDs and DC motors, or AC
loads or an AC grid, through a DC-AC inverter.
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Generally, the power flows among the three ports of a TPC depend on the relationships
among the PV power, the BESS power, and the load power [61]. Figure 7 illustrates the
operational modes of a TPC (the arrows indicate the power flows), which can be divided
into three modes: single-input dual-output (SIDO), dual-input single-output (DISO), and
single-input single-output (SISO) modes. When the generated PV power is higher than the
load power, the load receives energy from the PV panel through the TPC and the excess
PV power supplies the BESS. Thus, the BESS port performs as an output port, and the
system enters SIDO mode (Figure 7a). When the PV power is lower than the load power,
the TPC is operated in the DISO mode (Figure 7b), as two input DC sources, the BESS and
PV, supply energy to the load. For the SISO mode (Figure 7c–e), only one input source and
one output port are turned on. This means that one of these three ports (PV port, load port,
and BESS port) in the PV system consumes zero power or does not generate any power.
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TPCs can be categorized into three types: fully isolated, partly isolated, and non-isolated.

• Fully isolated TPCs

Traditional full-bridge converters and half-bridge converters are commonly used to
construct fully isolated TPCs. Since multi-winding transformers and a group of active
power switches in full- and half-bridge converters are used, high voltage gain and galvanic
isolation between ports can be achieved. But this type of topology has the disadvantages
of higher complexity, higher costs, and a larger size [62–65] than partly isolated and non-
isolated TPCs. Table 2 presents a comparison of fully isolated TPCs.
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Table 2. Comparison of fully isolated TPCs.

Topologies Diodes Inductors Switches Capacitors Rated
Power (W)

Efficiencies
(%)

[62] 0 1 12 1 1000 88–96
[63] 0 3 6 6 2500 90–92
[64] 1 2 12 3 220 78–91
[65] 0 1 6 7 6000 86–91

In reference [62], an optimal idling control strategy for multi-port converters (MPCs)
was proposed. The advantages of MPCs are their simple system structure and low cost.
Moreover, MPCs provide an idling port with zero power if one of the ports is disconnected
from the system. To ensure low conduction losses, a control strategy based on phase-shift
and PWM controls is proposed with a wide soft-switching operation range.

In work [63], an asymmetrical duty cycle control method for a fully isolated TPC
with three half-bridge converters is proposed. A wide zero-voltage-switching (ZVS) range
for each port under variable ultracapacitor and battery voltages can be achieved with a
constant DC bus voltage regulated by asymmetrical duty cycle and phase shift control.

Reference [64] presents a system architecture with two modules of a three-port isolated
DC-DC converter connected in parallel. A control method with an adapted power sharing
algorithm was used to improve the global efficiency of the system.

In reference [65], an energy storage-integrated DC-DC converter with a combination
of high power density and multiple inputs was proposed. Soft switching can be achieved
without auxiliary devices and components. With the equipment of a half-bridge to each
port, the power flow between the input and output is achieved by the regulation of the
phase shift angles of the voltages across the two sides of the transformer.

• Partly isolated TPCs

As only two ports in TPCs need to be isolated, partly isolated TPCs can be used [66–69].
Partly isolated TPCs can fulfil the galvanic isolated requirements between two of the three ports.
Compared to isolated TPCs, generally fewer components are utilized, resulting in high power
density and small volume. Since the voltage difference between the PV port and the energy
storage port is usually small, circuit topology with isolation between the PV and energy storage
ports and the load port is widely used. Table 3 presents a comparison of partly isolated TPCs.

Table 3. Comparison of partly isolated TPCs.

Topologies Diodes Inductors Switches Capacitors Rated
Power (W)

Efficiencies
(%)

[67] 2 3 6 3 800 89–94
[66] 4 3 4 3 400 90–93
[68] 3 2 4 3 250 87–91.3
[69] 4 3 3 5 500 50–96

Reference [67] presented a proposal of a full-bridge TPC with PWM plus secondary
phase shift. A control strategy with two control degrees of freedom is used to regulate the
voltage and the power and to achieve ZVS of both the primary and secondary side switches.

In reference [66], a full bridge TPC with the integration of two buck-boost converters
into the primary side of the full-bridge topology was proposed. The advantages of this
topology are that the power conversion between any two of the three ports is single-stage,
and ZVS of all the primary side switches are achieved, resulting in high power density
and efficiency.

In [68], based on an improved flyback-forward circuit, a partly isolated circuit was
proposed with a decoupled port control for stand-alone PV systems. The advantages of
this topology are high power capability, system simplicity, and low cost.
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Reference [69] presented a partly isolated topology with an input boost converter
for PV–battery power supply applications. By adding an input boost converter based
on magnetic switching, the PV current is continuous, and the input voltage is stepped
up. Additionally, zero current switching (ZCS) technology is used to achieve high power
conversion efficiency.

• Non-isolated TPCs

In non-isolated TPCs, galvanic isolation is not critically required [70–75]. The topology
is mostly based on buck, boost, and buck–boost converters, resulting in limitations of the
voltage gain. To achieve high voltage gain, some non-isolated TPCs with coupled inductors
are proposed. Compared to fully and partly isolated TPCs, non-isolated TPCs use fewer
components, resulting in higher efficiency, higher power density, smaller size, lower cost,
and simpler control.

In reference [18], a TPC for energy storage-integrated PV systems was proposed with
only one inductor and two power switches. Due to the employment of partial power
regulation, the power conversion efficiency is improved.

Reference [70] presented a high voltage gain topology with the advantages of contin-
uous input current with a low ripple and low voltage stress on the switches, resulting in
high efficiency.

In reference [71], a non-isolated TPC was proposed without the use of multiple wind-
ings that reduce the costs and the volume. A power control strategy was proposed based
on large- and small-signal models.

In reference [72], a fully reconfigurable topology with a single inductor was proposed.
Since it uses just one inductor, the density is improved, and the volume is reduced. In
addition, single-stage power conversion between any two of three ports can be achieved.

In [73], the topology has the advantages of high voltage gain without the employment
of a transformer and low voltage stresses on switches. In [72], a higher voltage gain was
achieved without the use of coupled inductors and voltage multiplier cells.

Nevertheless, in [70–74], a number of components (including switches, capacitors,
transformers, and inductors) were used, resulting in higher control complexity, lower
efficiency, and higher costs. In [75], a soft-switching TPC was proposed with ZVS and
leakage inductor energy recycling. However, the complexity of the control increases with
the number of power switches and an active clamp circuit.

A summary of the characteristics of the mentioned non-isolated TPCs is shown in
Table 4.

Table 4. Comparison of non-isolated TPCs.

Topologies Diodes Inductors Switches Capacitors Rated
Power (W)

Efficiencies
(%)

[18] 0 1 2 3 15 95.4–99.68
[70] 5 2 3 4 100 91–94
[71] 2 2 2 2 100 85–94
[72] 5 1 4 3 50 87.8–93
[73] 1 2 4 4 1000 96–98
[74] 5 2 3 4 200 86–99
[75] 2 1 5 3 300 94.2–96.8

4. Three-Port Converters with Partial Power Regulation
4.1. Two-Port Partial Power Converters

Traditionally, a full power electronic converter (FPC) is connected to the PV module
to meet the load requirements and to implement the MPPT algorithm [76]. The circuit
configuration and power flow scheme are shown in Figure 8a and 8b, respectively. In a
PV system employing an FPC, all PV power is transferred to the load through a DC-DC
converter, reducing the power conversion efficiency. To improve the efficiency of the whole
PV system, partial power converters (PPCs) are proposed. Only a fraction of the PV power
is processed by the DC-DC converter to the load, which can significantly reduce the power
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losses and the volume [77,78]. Figure 9a and 9b show the circuit configuration and power
flow scheme of PPCs, respectively. As can be seen in these figures, an additional direct
power flow path from the PV to the load (red lines) is used. Since the losses on the direct
power path are negligible, the efficiency is improved, and the voltage and current pressures
on the key components, such as inductors, switches, and diodes, are reduced [79].
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Figure 9. Partial power converter. (a) Circuit configuration. (b) Power flow scheme (red arrows
indicate direct power flow).

The basic idea of PPCs is that a connection between the PV panel and the load, as
shown in Figure 10a (red arrow), is added to a FPC to reduce the power rating. As can
be seen in Figure 10a, part of the PV power is transferred to the load through this path
(red arrow) with almost 100% efficiency. Another part is processed through a full power
converter, with efficiency ηc, to the capacitor C (blue arrow) or returned to the capacitor Cpv
connected to the PV panel (green arrow), depending on the circuit operation modes. When
vc is positive, the circuit is operated in the step-up mode, whereas the step-down mode is
entered if vc is negative. Figure 10b and 10c show two examples of step-up operation with
buck–boost and flyback converters, respectively. Figure 10d and 10e illustrate two examples
of step-down operation with boost and flyback converters, respectively. Points (a), (b), (c),
and (d) in Figure 10b–e relate to the points in Figure 10a.

In fact, PPCs are special connections of full power converters [80–82]. A variety of
PPCs based on FPCs, such as CUK converters [83], SEPIC converters [84], and synchronous-
rectification LLC resonant converters [85], have been proposed. Figure 11 shows the
difference between full power boost converters and boost type PPCs as an example. Com-
pared to full power boost converters (blue dashed line) with a power rating of 1, partial
power boost converters have a reduced power rating range from 0 to 1, due to the special
connection between the PV panel and the load (red dashed line) with almost 100% efficiency.
The power rating in the partial power boost converter depends on the voltage ratio between
vpv and vL [86]. Table 5 presents a comparison of PPCs.

Table 5. Comparison of PPCs.

Topologies Diodes Inductors Switches Capacitors Rated
Power (W)

Efficiencies
(%)

[79] 4 2 5 3 822 90–99
[81] 6 1 1 2 45 93.8–95.5
[82] 0 2 12 5 3500 97.9–99.3
[83] 1 2 1 2 200 -
[84] 4 3 2 4 100 94–97
[85] 2 2 8 4 100 93–96.74
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4.2. Three-Port Converters with Partial Power Regulation

The concept of partial power regulation in two-port converters has been introduced in
TPCs. Therefore, different circuit topologies combining PPR and TPC techniques have been
proposed [18,19].

Figure 12a–c show the power flow scheme of full power TPC, step-down TPC with
PPR, and step-up TPC with PPR, respectively. Compared to full-power TPCs (Figure 12a),
two additional power flow paths are employed in TPCs with PPR (Figure 12b,c), result-
ing in high power conversion efficiency and lower voltage and current pressures on the
key components.
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Figure 13 illustrates the power flow scheme of a BESS-integrated PV system connected
to a DC-DC converter or a DC-AC inverter with PPR. As can be seen in this figure, the PV
panel, the BESS, and the output of the PV system are connected in a series; thus, a direct
power flow path (red line) is created to reduce the power rating. The power between any
two of the three ports (the PV panel, the BESS, and the output) is processed through a
DC-DC converter, which means that just one stage conversion is employed. When the BESS
voltage is positive (vb > 0), the circuit is operated under the step-down mode [18], while if
vb < 0, the circuit is operated under the step-up mode [19].
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5. PV Systems with Distributed Architecture

PV panels are generally series—and/or parallel-connected to a power electronic con-
verter to provide high voltage and power. Based on the interconnection of PV systems and
the way MPPT is implemented, PV systems can be categorized into two types: centralized
and distributed PV systems [87,88].
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5.1. Centralized PV Systems

Figure 14 shows a centralized PV power system with a string PV panel. Several PV
panels are first connected in series, and then connected to a DC-DC converter or a DC-AC
inverter to supply energy to the output. With these inter-connected panels, the output PV
current of each PV panel ipv is the same. When partial shading is encountered, not every
panel can output its maximum power, which can cause some issues, such as diminution of
the output voltage and power, some hot spots in the panels, and reduction of the system
lifetime [89].
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One approach to overcome these problems is the employment of bypass diodes;
another approach is the introduction of distributed PV system architectures with individual
converters [90].

For the employment of additional bypass diodes, connected in parallel to the PV
panels, paralleled bypass diodes provide an additional current path for the unshaded PV
panels, operating at the MPP, as shown in Figure 15. However, the shaded PV panels do
not supply any energy to the output when the bypass diodes are turned on to conduct the
PV current, resulting in diminution of the PV power [91].
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5.2. Distributed PV Systems

For the latter approach, each solar panel is connected to its associated individual
DC-DC converter to supply energy to the output [92]. Each individual converter can
achieve MPPT on the associated PV panel. Thus, each PV panel can output its maximum
power. Figure 16 shows a traditional distributed PV system with individual converters. As
can be seen in this figure, the output voltage, vo, and power, po, are limited if each solar
panel is operated at the MPP, because the generated PV power highly depends on the
weather conditions, and the output currents (io1, io2 . . . ion) of each converter are identical.
When the required output power is lower than the overall PV power, an additional power
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curtailment algorithm is required, which increases the complexity of the control and reduces
the reliability of the PV system. In addition, the use of full-power DC-DC converters in this
PV system architecture results in low power conversion efficiency.
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To improve the efficiency, some architectures with PPR have been proposed [93,94], as
shown in Figures 17–19. As can be seen in these figures, the PV panels are connected in
series with the output so that they can supply a part of the PV power to the output directly,
resulting in high efficiency.
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Figure 17a and 17b show distributed PV system architectures with each DC-DC
converter connected between a PV panel and the output and with a DC-DC converter
connected between the PV panels and the output, respectively. As can be seen in these
figures, each PV panel can output its maximum power at multiple string current levels.
However, in Figure 17a, due to the direct connection of the negative of input and output,
isolated DC-DC converters are required [95]. In Figure 17b, the DC-DC converter is a
multi-port converter, which could be different types of converters, such as a multi-winding
converter [96] or a switched-capacitor converter [97].

A switched-capacitor converter was proposed in [97] for PV systems with differential
power processing. Instead of inductors, ceramic capacitors are employed, resulting in
lower costs and smaller volume. However, the main disadvantage of this architecture is the
flexibility of the conversion ratio in most cases, reducing the reliability of the PV system
when the weather conditions frequently change.

An architecture based on battery equalizer was proposed in [98], with the advantage
of just using one inductive storage element. However, only one inductor to process the PV
power to the output results in high current pressure on the inductor.

Additionally, since the output voltage, vo, is the sum of the PV voltages on n solar
panels (vpv1, vpv2 . . . vpvn), the voltage difference between the output and each PV panel
is high if a long-string PV module is used. Therefore, a high voltage step-up ratio of each
DC-DC converter is needed, increasing the pressures on the converters.

Figure 18 shows a distributed PV system architecture with a DC-DC converter con-
nected between each PV panel. The main advantage of this architecture is that the voltage
ratios of DC-DC converters are not affected by the load voltage, reducing the voltage
rating [99]. However, when the PV string length increases, the maximum power processed
by any DC-DC converter increases [100]. This causes an increase in the required current
rating with the PV string length. Moreover, the distributed MPPT algorithm is required for
easy scalability.

Figure 19 shows a distributed PV system architecture with DC-DC converters con-
nected between each PV panel and a DC bus. Compared to the architecture in Figure 17,
the outputs of DC-DC converters are connected to a DC bus, which is independent from
the load. This means that a high voltage ratio is not critically required, reducing the costs.
However, bidirectional DC-DC converters are needed to draw the power into and out of
the independent DC bus to maintain the DC bus voltage [101,102]. Since the power balance
on the DC bus has to be kept, an accurate MPPT may not be achieved at any given PV
string current [103].

For the system architectures in Figures 16–19, the load power varies when the weather
conditions change. When the power generated by the PV panels is higher than the load
power, a PV power curtailment algorithm is implemented, or a BESS is integrated into the
PV systems. By introducing the BESS, when the power generated by the PV panels exceeds
the required load power, the surplus PV power can be absorbed by the BESS. When the
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generated PV power is lower than the required load power, the BESS can supply energy to
the load to keep the load voltage and power constant, avoiding energy waste.

Distributed PV systems with a hybridization of a BESS and PPR were proposed
in [18,19]. Figure 20 shows the circuit configuration of the distributed PV system with
a BESS and PPR. Each PV panel with an individual DC-DC converter is connected to
a BESS in series as a PV-BESS module to supply energy to the load. Since PV panels
and BESSs are connected in series, part of the PV power is supplied to the output and
BESSs directly, improving efficiency. Moreover, due to the employment of a BESS and an
independent DC-DC converter in each module, the implementation of the MPPT algorithm
is not affected by the output requirements or the input PV power. This means that each PV
panel can supply its maximum power even if the required output power is lower than the
generated PV power, utilizing the PV power in an efficient way. A step-up distributed PV
system architecture with its detailed circuit analysis was proposed in [19] for the DMPPT.
A step-down topology for distributed PV systems was also proposed in [18], which can
reduce the voltage pressure on the output when a long string of PV-BESS modules is used.
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6. Conclusions

In this paper, the advantages and disadvantages of three-port and partial power
conversion technologies have been analyzed in detail to help in the selection and design
of PV systems. A comparison of TPCs and distributed PV systems has been presented.
Compared to PV systems with two-port converters, PV systems with TPCs have the
advantages of higher efficiency and power density. Based on the need for galvanic isolation,
TPCs can be classified into three types: fully isolated, partly isolated, and non-isolated.
Fully isolated TPCs typically achieve high voltage gain but come with a larger volume
and higher cost. Partly isolated TPCs provide partial isolation between two of the three
ports, offering higher efficiency and power density. Compared to the other two types, non-
isolated TPCs have the advantages of higher efficiency, greater power density, a smaller
size, and lower cost.

In addition, compared to FPCs, PPCs reduce power losses and volume. By employ-
ing partial power technology in TPCs, the efficiency and power density can be further
improved. Moreover, solar energy can be used in an efficient way by employing TPCs and
partial power regulation in distributed PV systems with energy storage. This setup also
simplifies the implementation of the DMPPT, as each PV panel is equipped with its own
energy storage.

This article can be used as a guide for selecting TPCs and distributed PV system
architectures for different applications.
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