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Abstract: The utilization of photovoltaic (PV) generation to charge storage batteries in recreational
vehicles (RVs) is becoming increasingly prevalent. However, the performance of PV generation
systems is hindered by the mismatch caused by different module types and varying environmental
conditions. This discrepancy negatively impacts the output performance of PV modules, resulting
in reduced system efficiency. To address this issue, this paper explored the series–parallel output
characteristics of different types of PV modules and summarized the methods for configuring PV
modules in a mixed-structure PV generation system for RV energy supplementation. Building upon
this foundation, a novel equalization scheme based on extremum-seeking control (ESC) is introduced.
The scheme initially employs a forward–flyback converter (FFC) to equalize the current among series-
connected PV modules, followed by matching the voltage between parallel-connected PV module
strings. Finally, the ESC is utilized to optimize the real-time output power of the PV generation
system, thereby enhancing overall system efficiency. Through simulation experiments conducted
on a PV generation system with four types of mixed-connection PV modules employing the PLECS
simulation platform, simulated results demonstrate the effectiveness of the proposed scheme in
improving PV module output performance and maximum power tracking efficiency. The simulation
data reveal that the proposed scheme achieves an impressive average tracking efficiency of 99.15%,
surpassing the efficiency of the global maximum power point tracking scheme based on an enhanced
perturb and observe algorithm.

Keywords: photovoltaic modules; current equalization; voltage matching; extremum-seeking control;
forward–flyback converter; PLECS

1. Introduction

Recreational vehicles (RVs) possess a distinct characteristic of mobility and serve
as living spaces, necessitating reliable power sources. Typically, RVs are equipped with
two types of batteries: a starting battery for vehicle power and a storage battery for daily
living, as depicted in Figure 1a. Throughout history, supplementary energy storage for RVs
has relied on various methods, including power generated during travel, charging from
an external power grid, and power generated by onboard generators [1]. However, the
advancement in solar cell efficiency, decreasing cost of PV panels, and environmentally
friendly and noiseless nature of PV power generation have sparked interest in the use of
solar power to supplement RV energy. This rising trend has garnered considerable attention
and is widely recognized as an inevitable development in RVs. Typically, power generation
systems in RVs employ a parallel connection structure, as illustrated in Figure 1b. However,
due to limitations in roof installation conditions or the need for capacity upgrades, certain
RVs integrate different types of PV modules. Consequently, mixed-connection systems have
emerged, combining series–parallel connections of various PV module types, as shown
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in Figure 1c. The performance disparities between different PV module types, as well as
external factors like fallen leaves, shading from surrounding buildings, lamp posts, and
trees, can lead to a decrease in the output performance of the PV modules. Moreover,
these factors introduce complexity to the output power characteristics of the PV generation
system. Traditional maximum power point tracking (MPPT) algorithms fail to accurately
track the system’s maximum power, thus adversely impacting the overall efficiency of the
PV generation system.
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fallen leaves, and (e) scenario of partially shaded PV module.

In the practical implementation of PV generation systems, the initial design takes
into account the consistency of PV module types to prevent mismatch issues caused by
variations in PV module parameters [2]. The research and development of efficient and
cost-effective solar cells for electric vehicles (EV) play a crucial role in the integrated
development of PV generation technology and electric vehicle technology [3], and there
has been significant research on modeling grid-connected EV–PV systems [4]. However,
research specifically focused on PV generation systems applied to independent energy
supply for RVs is extremely limited, with few related publications [5]. For the PV generation
system depicted in Figure 1c, which comprises series–parallel connections of multiple types
of PV modules, addressing mismatch issues caused by different PV module types is of
paramount importance. This includes addressing current mismatches between PV modules
in series, voltage mismatches between parallel connections, and mismatch issues arising
from different environmental factors in order to enhance the output performance of each
PV module. Additionally, the application of MPPT algorithms can improve the overall
efficiency of the system.

In the existing research, the problem of mismatch in PV modules caused by environ-
mental factors has been addressed through three types of power optimization schemes [6].
The first scheme is known as global maximum power point tracking (GMPPT) [7], which
is suitable for PV generation systems with series-connected PV modules. However, this
scheme is ineffective for PV generation systems with mixed connections, as each PV mod-
ule string has its own global maximum power point (GMPP). The second scheme is the
distributed maximum power point tracking (DMPPT) [8], which assigns a maximum power
point tracker to each PV module to ensure maximum power output. However, this scheme
has some drawbacks, including the requirement for multiple detection components and
power devices, complex structure and control, and high cost. Moreover, the power con-
verter used in the DMPPT scheme, known as the full power processor (FPP), processes
the total power of all PV modules in the system, leading to power loss proportional to
the processed power. This limitation hinders the overall efficiency improvement of the
system [9]. The third scheme is the differential power processor (DPP) [10]. Compared
to FPP, DPP only processes the power differences between series-connected PV modules,
thereby reducing power loss and contributing to the overall efficiency enhancement of
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the system. The application of DPP in PV generation systems can be categorized into
three types: PV module–PV module (PV–PV), PV module–DC bus (PV–DC bus), and PV
module–isolation port (PV–IP). In the PV–PV-based DPP structure, each DPP achieves
power equalization between adjacent PV modules. However, for power balance between
PV modules that are far apart, multiple power conversion processes need to be performed
through intermediate DPPs, resulting in increased power loss, slower equalization speed,
and lower efficiency [11]. In the PV–DC-bus-based DPP structure, energy equalization
occurs directly between the PV modules and the DC bus, resulting in faster equalization
speed and higher efficiency [12]. In the PV–IP-based DPP structure, electrical isolation is
introduced between the PV modules and the isolated DC bus, thereby enhancing the safety
of the system [13]. These two DPP structures commonly utilize bidirectional isolated DC
converters, with flyback converters being the most frequently used [14,15]. However, the
use of an isolated converter for each PV module in the system increases the overall cost.
Furthermore, the necessity of detecting the voltage and current of the PV modules and
controlling bidirectional energy flow adds complexity to the system structure and control.

PV generation systems consisting of multi-type PV modules with mixed connec-
tions face issues of current mismatch among series-connected PV modules and voltage
mismatch between parallel-connected PV module strings. To enhance the output perfor-
mance of each PV module, it is crucial to address both of these issues simultaneously.
The single-switch multi-winding forward–flyback converter (FFC) can equalize the circuit
for series-connected PV modules, while the multi-switch multi-winding forward–flyback
converter can resolve the voltage mismatch problem for parallel-connected PV module
strings. By considering the characteristics of both types of FFC, a proposed solution is the
single-switch multi-transformer FFC, which can effectively tackle the mismatch problems
in PV generation systems with mixed-connection PV modules, thereby improving the
output performance of each PV module. Additionally, to achieve the maximum output
power, it is necessary to incorporate the maximum power point tracking (MPPT) control
technology. Traditional MPPT algorithms for PV generation systems, such as the incremen-
tal conductance algorithm [16] and the perturb and observe algorithm [17], primarily focus
on controlling the power output of a single characteristic PV generation system. On the
other hand, the GMPPT algorithm, like the enhanced perturb and observe (EPO) algorithm,
is capable of performing segmented scanning on multi-peak characteristic PV generation
systems to search for the GMPP of the system [18]. However, this algorithm necessitates
many voltage- and current-sensing elements and microcontrollers and presents a complex
circuit structure, leading to high costs. An alternative approach is extremum-seeking
control (ESC), a nonlinear optimization technique that does not require detailed system
knowledge [19]. ESC has been widely employed in various research fields, including
industrial process control [20], source detection or localization [21], and energy conver-
sion [22]. In one study [23], a sinusoidal ESC was implemented in a PV generation system
using an analog circuit, resulting in oscillations near the maximum power point. Another
study proposed a perturbation-based ESC algorithm, achieving efficiency up to 99.6% for
GMPPT [24]. However, this algorithm necessitates multiple filtering and mean modules, as
well as complex control parameter settings.

Following the Introduction, the subsequent section examines the performance char-
acteristics of PV modules, as well as the output characteristics of multiple types of series–
parallel connections of the PV modules, and provides a summary of the methods for
configuring different types of PV modules in PV generation systems that are specifically
designed for charging recreational vehicles. The third section delves into the operating
principles of FFC used for current equalization and voltage matching and discusses their
applications in different structures of PV generation systems. The fourth section introduces
ESC algorithms, EPO algorithms, and maximum power converters. Moving forward, the
fifth section conducts modeling and simulation of the equalization circuit and control algo-
rithms using the power electronics system simulation platform PLECS. The sixth section
discusses the simulation results. Finally, the last section summarizes this paper.
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2. Characteristics of PV Modules and Methods for Configuring Multiple Types of PV
Module Systems
2.1. Characteristics of Solar Cells and PV Modules

Solar cells, as shown in Figure 2a, which consist of semiconductor diode structures,
serve as the fundamental unit of PV modules. Upon irradiation, carrier generation occurs
at the p–n junction, resulting in the flow of current in a closed circuit [25]. The widely
adopted theoretical and engineering approach employs the single-diode model, as depicted
in Figure 2b. Multiple solar cells are interconnected in series or parallel and encapsulated
into a PV module, as illustrated in Figure 2c. The I–V and P–V characteristic curves of a PV
module are displayed in Figure 2d [26]. Incorporating parameters such as the equivalent
series resistance Rs, the equivalent parallel resistance Rp, the series cell number Ns, and
the parallel cell string count Np, the I–V characteristic of a PV module can be described by
Equation (1).

World Electr. Veh. J. 2024, 15, x FOR PEER REVIEW 4 of 29 
 

forward, the fifth section conducts modeling and simulation of the equalization circuit 
and control algorithms using the power electronics system simulation platform PLECS. 
The sixth section discusses the simulation results. Finally, the last section summarizes 
this paper. 

2. Characteristics of PV Modules and Methods for Configuring Multiple Types of PV 
Module Systems 
2.1. Characteristics of Solar Cells and PV Modules 

Solar cells, as shown in Figure 2a, which consist of semiconductor diode structures, 
serve as the fundamental unit of PV modules. Upon irradiation, carrier generation oc-
curs at the p–n junction, resulting in the flow of current in a closed circuit [25]. The wide-
ly adopted theoretical and engineering approach employs the single-diode model, as 
depicted in Figure 2b. Multiple solar cells are interconnected in series or parallel and en-
capsulated into a PV module, as illustrated in Figure 2c. The I–V and P–V characteristic 
curves of a PV module are displayed in Figure 2d [26]. Incorporating parameters such as 
the equivalent series resistance Rs, the equivalent parallel resistance Rp, the series cell 
number Ns, and the parallel cell string count Np, the I–V characteristic of a PV module 
can be described by Equation (1). 

 
Figure 2. Solar cell and PV module: (a) solar cell, (b) single-diode model of solar cell, (c) PV mod-
ule, (d) output characteristics of PV module, and (e) characteristics of series–parallel connection of 
the same type of PV modules. 

0 exp 1S S
ph p p

s P

V R I V R II I N I N
N kT q Rα

  + += − − −  
  

 (1)

where the variables represent the following: 
Iph: current generated by incident light; 
I0: reverse saturation or leakage current of diode; 
q: electron charge (1.60217646 × 10−19 C); 
k: Boltzmann constant (1.3806503 × 10−23 J/K); 
T: temperature of the p–n junction (in Kelvin); 
α: diode ideality constant. 

In practical applications, the connection of PV modules in series or parallel is de-
termined by specific voltage or power requirements. When PV modules are connected in 
series, the output current i2 remains consistent with i1, while the output voltage v2 in-
creases proportionally with the number of series-connected modules, as indicated by the 
blue curve in Figure 2e. Conversely, when PV modules are connected in parallel, the 

Figure 2. Solar cell and PV module: (a) solar cell, (b) single-diode model of solar cell, (c) PV module,
(d) output characteristics of PV module, and (e) characteristics of series–parallel connection of the
same type of PV modules.

I = IphNp − I0Np

[
exp

(
V + RS I
αNskT/q

)
− 1

]
− V + RS I

RP
(1)

where the variables represent the following:

Iph: current generated by incident light;
I0: reverse saturation or leakage current of diode;
q: electron charge (1.60217646 × 10−19 C);
k: Boltzmann constant (1.3806503 × 10−23 J/K);
T: temperature of the p–n junction (in Kelvin);
α: diode ideality constant.

In practical applications, the connection of PV modules in series or parallel is deter-
mined by specific voltage or power requirements. When PV modules are connected in
series, the output current i2 remains consistent with i1, while the output voltage v2 increases
proportionally with the number of series-connected modules, as indicated by the blue curve
in Figure 2e. Conversely, when PV modules are connected in parallel, the output voltage v3
remains the same as v1, while the output current i3 is directly proportional to the number
of parallel-connected modules, as demonstrated by the green curve in Figure 2e.

2.2. Output Characteristics of Different Types of PV Modules in Series or Parallel

When PV modules of different types are connected in series or parallel, the overall
performance may decrease due to variations in their electrical characteristics [27]. To
illustrate this, we will consider two types of monocrystalline silicon PV modules, referred
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to as type-A (PV1) and type-B (PV2). Table 1 provides the key parameters of these PV
modules, including open-circuit voltage Voc, short-circuit current Isc, and maximum power
Pm under standard test conditions. From the table, it is evident that Voc1 is smaller than
Voc2, Isc1 is greater than Isc2, and Pm2 exceeds Pm1.

Table 1. Parameters of four different types of PV modules.

Type A B C D

Ns 18 24 36 66
Voc (V) 10.4 14.6 21.90 41.4
Isc (A) 7.5 5.41 5.14 5.55
Pm (W) 55.7 60.6 85.1 170
Vm (V) 8.1 11.95 17.72 33
Im (A) 6.88 5.07 4.80 5.16

In the case of series-connected PV modules without a bypass diode (BD), the current
under short-circuit conditions is represented as Isc2, while the open-circuit voltage Voc can
be approximated as the sum of Voc1 and Voc2. Additionally, the maximum power output
PGM is found to be less than the sum of Pm1 and Pm2, as shown in Figure 3a. With the
inclusion of a bypass diode, as depicted in Figure 3b, the output characteristics exhibit two
distinct maximum power points, namely PLM and PGM, where PLM slightly surpasses Pm1,
and PGM less than the sum of Pm1 and Pm2.
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On the other hand, the output characteristics curve of parallel-connected PV modules
presented in Figure 3c indicates that the open-circuit voltage Voc is slightly smaller than
Voc2 in the absence of a reverse diode (RD). When the output voltage is lower than Voc1,
the output current iOUT is equal to the sum of iPV1 and iPV2. However, when PV1 reaches
its maximum power, the parallel-connected PV modules exhibit a global maximum power
PGM, where Pm1 is less than PGM, and PGM is less than the sum of Pm1 and Pm2. When
the operating voltage exceeds Voc1, the output current iOUT is lower than iPV2, and when
PV2 reaches its maximum power, the output maximum power of the two PV modules
is PLM, which is less than Pm2. By introducing an RD, as displayed in Figure 3d, the
output characteristics are modified. When the output voltage is lower than Voc1, the
global maximum power PGM is the same, while the operating voltage exceeds Voc1, the
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output current iOUT is equal to iPV2, and when PV2 reaches its maximum power, the output
maximum power of the two modules is PLM, approximately equal to Pm2.

By analyzing the data in Table 2 and referring to the curves in Figure 3, it becomes
apparent that the BD has little effect on correcting the mismatch issue in series connections.
Conversely, it leads to the appearance of two peaks in the P–V curve of interconnected PV
modules. In the absence of protection provided by a BD, PV modules with a lower Voc will
transition from a power-generating state to an energy-consuming state, which may lead
to damage during prolonged operation [28]. Similarly, an RD is used to prevent damage
to PV modules with a lower Voc, although it also results in a significant decrease in the
output power of parallel-connected PV modules [29]. Considering the safety in engineering
applications, PV modules should be equipped with a BD and an RD.

Table 2. Data of the output characteristics of two types of PV modules in series–parallel connection.

Series Connection Parallel Connection

Without BD With BD Without RD With RD

Voc (V) 24.98 24.98 14.50 14.59
Isc (A) 5.44 7.46 12.85 12.85
Pm (W) 116.27 116.27 116.27 116.27

PGM (W) 107.04 107.41 100.43 100.43
PLM (W) --- 55.69 57.51 60.59

The P–V characteristic curves of three types (A, B, and C) and four types (A, B, C,
and D) of PV modules connected in series or parallel with a BD or an RD are shown in
Figure 4. Table 3 contains the relevant data for the characteristic curves shown in Figure 4.
It is observed that the BD has a minor impact on the power output of series-connected
PV modules, and the rate of mismatch loss changes minimally as the number of series-
connected PV modules increases. On the other hand, the RD has a significant impact on the
power output of parallel-connected PV modules, and the rate of mismatch loss increases
correspondingly as the number of parallel-connected PV modules increases. Therefore, in
practical engineering applications, series connections are often preferred.
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Table 3. Data of the output characteristics of multiple types of PV modules in series (with BD) or
parallel (with RD) connections.

Three Types Connected in Four Types Connected in

Series Parallel Series Parallel

Voc (V) 46.82 21.89 88.20 41.37
Isc (A) 7.46 17.97 7.46 23.49

PRM (W) 201.4 201.4 371.4 371.4
PGM (W) 189.27 144.77 357.44 194.04
PLM1 (W) 55.69 122.99 55.69 192.95
PLM2 (W) 108.16 85.02 276.78 185.15
PLM3 (W) --- --- --- 170.05
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In high-power situations, a mixed structure of series–parallel connection is often used
to ensure the output voltage of a PV generation system meets the requirements for safe
operation. Figure 5a depicts a mixed-connection PV generation system of eight type-A
PV modules under non-uniform irradiance conditions, where the irradiance of PV21 and
PV22 in PV String2 is 200 W/m2 and 600 W/m2, respectively, while the irradiance of the
remaining PV modules is 1000 W/m2. Under this condition, the output characteristics
of the PV generation system are shown in Figure 5b. It is evident that the series current
and parallel voltage mismatch problems also exist in the mixed-connection PV generation
system composed of the same type of PV modules.
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2.3. Method of Configuring PV modules in Multi-Type Mixed Connection System

The analysis of the graphs and tabular data reveals the importance of carefully se-
lecting appropriate PV modules and properly configuring them in a mixed-connection PV
generation system [30]. This selection and configuration should be based on the power
requirements and installation environment of the application, as well as the voltage of the
storage battery or load. For instance, Figure 1c demonstrates a PV generation system in an
RV that utilizes four types of PV modules. It is crucial to ensure the proper series–parallel
configuration of these PV modules to maintain the efficiency of the PV generation system.

The data presented in Table 1 indicate the relationship between the open-circuit
voltage Voc of the PV module and the number Ns of solar cells connected in series within
the PV module. Additionally, the short-circuit current Isc is influenced by the type of
solar cells utilized by the module manufacturer and the effective area of photoelectric
conversion. When establishing a PV generation system, it is generally best to select PV
modules of the same type. However, in the case of mixed series–parallel structure used for
energy supplementation in recreational vehicles, the configuration of PV modules must
also consider the voltage level of the vehicle’s energy storage system. Recreational vehicle
energy storage systems typically operate at voltage levels of 12 V, 24 V, and 48 V, with
12 V being the most common due to considerations of system structure rationality and
electrical safety [31]. According to the standard that the maximum operating voltage Vm
of the PV module should exceed 12 V, the last two types of PV modules listed in Table 1
can be configured in parallel. Conversely, PV modules with Vm lower than 12 V should be
connected in series to meet charging requirements while ensuring that the output voltage
after the series connection remains within the acceptable range for safety.

The combination of PV modules in a mixed series–parallel configuration needs to
meet certain requirements based on circuit principles. These requirements include ensuring
uniform short circuit current Isc of PV modules connected in series and consistent open
circuit voltage Voc of PV modules or output voltage Vo of PV module strings in parallel
connections. However, meeting these conditions in practical applications can be challenging.
To address this issue, the proposed solution of this paper involves implementing a forward–
flyback converter and its expanded structure to effectively resolve the mismatch issues
encountered in the mixed series–parallel configuration of PV modules.
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3. Forward–Flyback Converter-Based Equalizer
3.1. Current Equalization for Series-Connected PV Modules

Figure 6 depicts the proposed current equalizer utilized in the series connection of
PV modules. This circuit combines both forward and flyback converters with a shared
transformer, which serves to enhance efficiency. Through the parallel connection of their
outputs, a consistent voltage output is attainable, concurrently diminishing the voltage
pressure on the secondary rectifier. This approach leads to a more streamlined and effective
design, particularly in cases where galvanic isolation is necessary. Although the primary
winding configuration may be somewhat intricate, it facilitates the provision of multiple
inputs as needed [32]. In the circuit, the primary winding W1, capacitor C4, and power
switch devices S are shared. The forward converter, consisting of secondary windings
W3–W5, excitation inductors Lm1–Lm3, and diodes D4–D6, is responsible for equalizing the
current among the PV modules in series. On the other hand, the flyback converter, com-
posed of secondary winding W2, diode D8, and capacitor C5, facilitates power transmission
to the load.
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During each operation cycle of the converter, current equalization is performed during
the forward mode [33]. Assuming that PV1–PV3 correspond to the A–C type PV modules in
Table 1, and the three PV modules are operating at their maximum power points, meaning
they are charging capacitors parallel with them at the maximum operating current, the
voltages across capacitors C1–C3 are as follows:

VC1 = Im1·t/C1 (2)

VC2 = Im2·t/C2 (3)

VC3 = Im3·t/C3 (4)

Assuming that the capacitance value of capacitors C1–C3 is equal to C, the voltage
across capacitor C4 is determined as

VC4 = VC1 + VC2 + VC3 = (Im1 + Im2 + Im3)·t/C (5)

After current equalization, the PV modules continue to operate at their maximum
power points. Therefore, the output voltage of the secondary winding should match the
maximum operating voltage of the connected PV module. Thus, the turns ratio between
the primary winding W1 and the secondary windings W3–W5 is calculated as

NW1 : NW3 : NW4 : NW5 = (Vm1 + Vm2 + Vm3) : Vm1 : Vm2 : Vm3 (6)
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During the conduction period of the power switch S, the voltage VW1 on the primary
winding is equal to the voltage VC4 across capacitor C4. This allows the voltage on each
equalization winding to be calculated as

VW3 =
Vm1(Im1 + Im2 + Im3)

Vm1 + Vm2 + Vm3
· t
C

(7)

VW4 =
Vm2(Im1 + Im2 + Im3)

Vm1 + Vm2 + Vm3
· t
C

(8)

VW5 =
Vm3(Im1 + Im2 + Im3)

Vm1 + Vm2 + Vm3
· t
C

(9)

Based on the data presented in Table 1, the voltages across capacitors C1–C3 can
be computed as 6.88 t/C, 5.07 t/C, and 4.80 t/C using Equations (2)–(4), respectively.
Similarly, employing Equations (7)–(9), the voltages on the secondary windings W3–W5 are
determined as 3.59 t/C, 5.30 t/C, and 7.86 t/C, respectively. Subsequently, the operation of
the diodes in each equalization branch is as follows: D1 is off, D2 and D3 are on, providing
equalization energy to PV2 and PV3, while PV1 transfers this equalization energy to the PV
module string. When the output voltage of the equalization winding equals the voltage
across the capacitor in parallel with it, the diode in that branch is turned off. The entire
equalization process does not require voltage detection of each PV module, achieving
automatic current equalization among them. Additionally, it allows the PV modules to
operate near their maximum power points.

During the flyback mode, the power switch S is turned off, D8 is on, and the stored
energy in the transformer is released through the secondary winding W2. Thus, energy
transfer from the PV generation system to the load is achieved. Throughout this period,
the current direction in the secondary winding W2 is opposite to the current in the primary
winding W1 during the forward mode, eliminating the need for the reset winding of the
magnetic core and simplifying the structure of the transformer.

3.2. Voltage Matching for Parallel-Connected PV Modules

The diagram in Figure 7 illustrates the circuit proposed for achieving voltage matching
of parallel-connected PV modules. It utilizes a multi-switch, multi-winding forward–
flyback converter. The primary side of the transformer windings W1–W3, power switches
S1–S3, and excitation inductances Lm1–Lm3, which are shared for both the forward and
flyback converters. On the secondary side, winding W4 and inductance Lm4 are dedicated
to the flyback converter, responsible for output power and demagnetization. In the forward
conversion stage, winding W5 and diode D5 play a critical role in ensuring voltage matching
of parallel-connected PV modules.
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The fundamental principle is based on voltage matching of the transformer. Therefore,
the number of turns of each winding on the primary side is proportional to the maximum
operating voltage of the connected PV module, while the number of turns of the two wind-
ings on the secondary side is equal to the maximum number of turns of the primary side
winding. The specific calculation formula is given by Equation (10):

NW1 : NW2 : NW3 : NW4 : NW5 = Vm1 : Vm2 : Vm3 : Vmax : Vmax (10)

where Vmax is the maximum of Vm1, Vm2, and Vm3.

3.3. Power Equalization for Mixed Series–Parallel-Connected PV Modules

By connecting the outputs of multiple current equalizers in parallel, it is possible
to achieve current equalization and voltage matching in the PV generation system with
mixed-connection PV modules. However, this configuration requires multiple power
switches, leading to an increase in overall system cost and power loss. To address this issue,
a new topology based on a single-switch, multi-transformer forward–flyback converter is
proposed in this paper. The schematic diagram is illustrated in Figure 8.
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The circuit mentioned above is an extension of the current-equalization concept pro-
posed in Figure 6. It not only enhances the output performance of each series-connected PV
module but also leverages the voltage-matching effect of the transformer. By appropriately
setting the turns ratio of the transformer windings, each PV module can operate as close
as possible to its maximum power point, thereby improving the overall output power of
the PV generation system. The circuit utilizes the features of the PV–IP structure DPP by
incorporating a transformer between the input and the output to ensure electrical isolation,
thus improving system safety. Moreover, this configuration achieves automatic current
equalization and voltage matching without requiring current and voltage detection compo-
nents, utilizing only one power switch. This design simplifies the circuit layout compared
to existing approaches, facilitating implementation and significantly reducing the system’s
economic costs.
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4. Maximum Power Acquisition of PV Generation System Based on
Extremum-Seeking Control
4.1. Extremum-Seeking Control

Figure 9a illustrates the approach for implementing MPPT using the sinusoidal
ESC [23], which closely resembles the traditional perturbation and observation algorithm.
In this approach, the perturbation signal γ is denoted as γ = asin (ω0t) and is introduced
into the operating voltage of the PV generation system. In the detection block, a high-pass
filter that isolates the AC power signal g from the output power multiplies the AC power
signal g by the signal Kγ and extracts its DC component v using a low-pass filter, and then
integrates v to obtain the perturbation direction signal ∆u.
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As depicted in Figure 9b, on the left side of the maximum power point, the phase of
the AC power signal g extracted by the high-pass filter matches the signal Kγ, resulting in
both ν and ∆u being positive. This indicates that the perturbation direction is towards the
right, thereby increasing the operating voltage of the PV generation system. Conversely, on
the right side of the maximum power point, the phase of the AC power signal g is opposite
to the signal Kγ, and both ν and ∆u are negative. This signifies that the perturbation
direction is towards the left, necessitating a decrease in the operating voltage of the PV
generation system. Near the maximum power point, the frequency of g doubles, the change
amplitude is small, ν is positive or negative, and the integral value of ν, ∆u, approaches
zero. Consequently, the operating voltage fluctuates near the maximum operating voltage
of the PV generation system. The amplitude of the perturbation signal γ impacts the
tracking accuracy, while the frequency ω0 and proportional gain K impact the tracking
speed. Excessive gain K may lead to system instability or oscillation near the maximum
power point [34].

4.2. Maximum Power Converter

In the context of extremum-seeking control, the modification of the output voltage
of the PV generation system necessitates the utilization of a DC–DC converter [35]. For
this study, a buck converter is employed, and the traditional ESC control is improved to
mitigate oscillations near the maximum power point. The specific approach is depicted in
Figure 10. When the PV modules are shaded, or the irradiance changes dramatically, by
detecting fluctuations in the output current iPV of the PV generation system, integrating it,
and obtaining the absolute value, the adjustment coefficient δ of the perturbation signal
is generated. Consequently, during significant fluctuations in the output power of the PV
generation system, the amplitude of the perturbation signal δKγ increases accordingly.
Conversely, near the maximum power point, the amplitude of the perturbation signal δKγ
decreases accordingly, thereby enhancing the tracking speed and reducing oscillations near
the maximum power point. This is achieved by adjusting the duty cycle d of the driving
signal of the power switch S in the buck converter to perturb the output voltage of the PV
generation system.
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5. System Modeling and Simulation

To assess the efficiency of the proposed solution, we utilized the PLECS 4.7.7 software,
tailored for power electronics and power transmission systems, to create simulation models
and carry out simulations. PLECS provides an extensive selection of power components
and control blocks, and its optimized solver allows for faster simulations compared to other
similar software. Furthermore, it has a minimal storage requirement of approximately
750 MB, a user-friendly interface, a comprehensive waveform display, and robust data-
processing capabilities, making it highly preferred by researchers [36].

5.1. System Modeling

This section specifically focuses on various models of the simulation, including the PV
module block, equalization circuit, MPPT control, as well as signal acquisition, display, and
data storage.

5.1.1. Modeling of PV Modules

Simulation models of four types of PV modules listed in Table 1 have been developed
using PLECS [37]. These models are based on the single-diode model of the solar cell
shown in Figure 2b and utilize the characteristic parameters provided in Table 1. Figure 11
displays the parameter setting interface for the simulation model corresponding to a type-A
PV module, with the parameter settings for the other types of modules being similar to
Figure 11.
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5.1.2. Modeling of Equalization Circuit

Figure 12 depicts the model of the current equalizer for series-connected PV modules.
PV modules PV1–PV3 are linked to capacitors C1–C3 through reverse diodes D1–D3. The
equalization branch is also connected to capacitors via diodes D4–D6. Power switch S is
connected to capacitor C4 through primary winding W1. The output of the circuit comprises
secondary windings W2, diode D8, and capacitor C5. The temperature of each PV module
is determined by a constant block T, and the irradiance is regulated using the ‘From File’
block, which will be elaborated upon in the simulation section.

World Electr. Veh. J. 2024, 15, x FOR PEER REVIEW 14 of 29 
 

5.1.2. Modeling of Equalization Circuit 
Figure 12 depicts the model of the current equalizer for series-connected PV mod-

ules. PV modules PV1–PV3 are linked to capacitors C1–C3 through reverse diodes D1–D3. 
The equalization branch is also connected to capacitors via diodes D4–D6. Power switch S 
is connected to capacitor C4 through primary winding W1. The output of the circuit com-
prises secondary windings W2, diode D8, and capacitor C5. The temperature of each PV 
module is determined by a constant block T, and the irradiance is regulated using the 
‘From File’ block, which will be elaborated upon in the simulation section. 

 
Figure 12. Simulation model of current equalizer for series connection of PV modules. 

Figure 13 showcases the voltage-matching circuit for parallel-connected PV mod-
ules. The primary windings W1–W3 of the transformer are linked to capacitors C1–C3 
through power switches S1–S3. The three PV modules are connected to capacitors C1–C3 
through reverse diodes. The output comprises secondary windings W4 and W5 of the 
transformer, diodes D4 and D5, and capacitor C4. The three PV modules are independent 
and connected in parallel through the transformer. 

 
Figure 13. Simulation model of voltage-matching circuit for parallel connection of PV modules. 

Figure 14 illustrates the power equalizer for a mixed connection of six PV modules. 
String1 comprises two type-A PV modules and one type-B PV module. String2 consists of 
two type-C PV modules, and String3 solely contains one type-D PV module. The total 
maximum power of each PV module string is 170 W, and the total power of the PV gen-
eration system used for RV charging is 510 W. Each PV module string is equipped with a 
current equalizer, and the outputs of the three equalizers are connected in parallel. 

Figure 12. Simulation model of current equalizer for series connection of PV modules.

Figure 13 showcases the voltage-matching circuit for parallel-connected PV modules.
The primary windings W1–W3 of the transformer are linked to capacitors C1–C3 through
power switches S1–S3. The three PV modules are connected to capacitors C1–C3 through
reverse diodes. The output comprises secondary windings W4 and W5 of the transformer,
diodes D4 and D5, and capacitor C4. The three PV modules are independent and connected
in parallel through the transformer.
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Figure 14 illustrates the power equalizer for a mixed connection of six PV modules.
String1 comprises two type-A PV modules and one type-B PV module. String2 consists
of two type-C PV modules, and String3 solely contains one type-D PV module. The
total maximum power of each PV module string is 170 W, and the total power of the PV
generation system used for RV charging is 510 W. Each PV module string is equipped with
a current equalizer, and the outputs of the three equalizers are connected in parallel.
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corporate segmented scanning and global maximum power judgment functions based 
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5.1.3. Modeling of ESC Algorithms and Maximum Power Converter

In Figure 15, the chart illustrates the MPPT control and power converter model utilized
to achieve the maximum power of the PV generation system. The ‘Probe’ block plays a
critical role in sensing the power, voltage, and current parameters of multiple devices or
PV modules. Specifically, in Figure 15, the ‘Probe’ block is depicted detecting the voltage
vPV across capacitor C.
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Figure 15. Simulation model of extremum-seeking control and buck converter applied to MPPT.

The simulation model of the GMPPT controller for the mixed-connection PV gen-
eration system based on the EPO algorithm proposed in the literature [18] is shown in
Figure 16. The type, quantity, and irradiance of the PV modules in the figure are consistent
with those in Figure 14. The fundamental principle of the EPO algorithm is to incorporate
segmented scanning and global maximum power judgment functions based on the tradi-
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tional perturbation and observation algorithm, enabling it to track the GMPP of the PV
generation system under partial shading conditions. The ‘Probe1’ block senses the output
power of each PV module, then summed to derive the power pEPO tracked based on the
EPO algorithm.
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5.1.4. Modeling of Signal Sampling, Display, and Data Storage

Figure 17a illustrates the signal acquisition, display, and data storage model utilized
in the simulation. As presented in Figure 17b, the ‘Probe’ block is employed to detect the
voltage and power of PV1–PV3 in the current simulation model. These measured values are
then summed to acquire the output voltage vPVs and power pPVs of the PV module string.
The ‘XY Plot’ block is utilized to graph the P–V curve of the PV generation system, while
the ‘Scope’ block is used to exhibit voltage curves, as well as power and current waveforms.
Additionally, data obtained through the ‘Probe’ block can be stored in a comma-separated
value file using the ‘To File’ block [38]. Figure 17c provides detailed instructions for the
specific settings of the ‘To File’ block in the simulation, and the sampling time can be
adjusted to achieve the desired accuracy.
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5.2. Simulation Parameter Settings
5.2.1. Irradiance Settings

In the simulation model, the principal parameters of the PV modules are established
based on the details presented in Table 1. The ambient temperature is standardized to
25 ◦C, representing standard test conditions. It is important to note that the performance
of the PV modules is significantly impacted by the received irradiance. To define the
required irradiance for the PV modules, the ‘From File’ block is utilized. Initially, a comma-
separated value file is created to represent the changes in irradiance during the simulation.
Subsequently, in the block parameter setting interface shown in Figure 18, the address and
name of the file are entered under ‘Filename’ to establish a connection with the specified
irradiance setting file. Furthermore, the number of output signals is determined, and the
method of numerical variation for each time period is selected. By using the ‘From File’
module, the irradiance can be set to vary in a stepwise or linear manner.
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It is important to note that the maximum power output of the PV module is directly
proportional to the received irradiance. Therefore, the comma-separated value file can
be used to specify the output maximum power PM of the PV module under different
irradiance levels. Additionally, it can also be utilized to determine the global maximum
power PGM of the PV generation system under different connection conditions. Throughout
the simulation process, the instantaneous real maximum power pRM and global maximum
power pGM values of the PV generation system can be obtained from this file, serving as
references to calculate the maximum power tracking efficiency.

Table 4 presents the maximum power of each type of PV module at the corresponding
irradiance levels, as well as the real maximum power and global maximum power of the
PV generation system under three different connection modes.

Table 4. Maximum power of PV modules at different levels of irradiance and global maximum power
of PV generation systems with various connection methods.

Power
Irradiance (W/m2)

1000 800 600 400 200

PMA (W) 55.70 44.86 33.67 22.27 10.81
PMB (W) 60.57 48.59 36.40 24.08 11.75
PMC (W) 85.02 68.25 51.15 33.84 16.50
PMD (W) 170.02 136.63 102.45 67.78 32.99

PMA + PMB + PMC (W) 201.29 161.70 121.22 80.19 39.06
PGMS (W) 189.27 151.72 113.39 74.46 35.33
PGMP (W) 144.76 116.25 86.99 57.11 26.95

2PMA + PMB + 2PMC + PMD (W) 512.03 411.44 308.49 204.08 99.36
PGMM (W) 469.47 376.42 281.51 185.18 88.40

Note: PMA–PMD represents the maximum power of each type of PV module, PGMS represents the global maximum
power in series connection, PGMP represents the global maximum power in parallel connection, and PGMM
represents the global maximum power in mixed connection.

5.2.2. Model Parameter Settings

It is noteworthy that the component parameters in the simulated models of differ-
ent equalization circuits, buck converters, and control blocks proposed in this study are
fundamentally identical. The specific settings for these parameters can be found in Table 5.

Table 5. Parameters of components in the simulation model.

Model Type Name Value Unit

Series/
Parallel

Connection

Capacitor C1, C2, C3 0.1 F
Capacitor C4, C5 1000 µF
Inductor Lm1, Lm2, Lm3 10 µH
Inductor Lm4 2.2 mH

Transformer NW1:NW:2NW3:NW4:NW5 (Series) 38:−38:8:12:18 ---
Transformer NW1:NW2:NW3:NW4:NW5 (Parallel) 8:12:18:−18:18 ---
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Table 5. Cont.

Model Type Name Value Unit

Mixed
Connection

Capacitor C11, C12, C13 0.1 F
Capacitor C21, C22 0.066 F
Capacitor C31 0.033 F
Capacitor C14, C15 1000 µF
Inductor Lm11, Lm12, Lm13, Lm21, Lm22, Lm31 100 µH
Inductor Lm14 2.2 mH
Inductor Lm23 3.3 mH
Inductor m32 2.7 mH

Transformer NW11:NW12:NW13:NW14:NW15 (Tr1) 113:−142:32:32:49 ---
Transformer NW21:NW22:NW23:NW24 (Tr2) 142:−142:71:71 ---
Transformer NW31:NW32:NW33 (Tr3) 134:−142:134

Buck
Converter

Inductor L 0.2 mH
Resistor R 0.01 Ω
Battery VBat 12 V
Driving
Signal

f 100 KkHz
D 0.48 ---

ESC
Controller

HPF1, HPF2 τ 0.01 s
LPF1, LPF2 τ 0.02 s

Gain K/K1 50/40,000 ---
Sine Wave a/f 0.0005/50 V/Hz
Tri Wave f 50 kHz

GMPPT
Controller

Satu Upper limit/Lower limit 0.5/0.32 ---
Tri Wave f 50 kHz

5.3. Simulation of Series/Parallel-Connected PV Generation System

The simulation can be categorized into two situations, uniform irradiance (0–12 s)
and non-uniform irradiance (12–22 s), as illustrated in Table 6, each of which can be
further classified into step changes and linear changes. Table 6 provides the values for
the irradiance settings during the simulation period, as well as the real maximum power
PRM and global maximum power PGM of the PV generation system at each corresponding
irradiance level.

Table 6. Irradiance of each PV module, real maximum power, and global maximum power of the PV
generation system in series or parallel connection.

Scenarios Change
Mode

Time
(s)

G1
(W/m2)

G2
(W/m2)

G3
(W/m2)

PRM
(W)

PGMS
(W)

PGMP
(W)

Uniform
Irradiance

Step

0–1 1000 1000 1000 201.29 189.27 144.76
1–2 800 800 800 161.70 151.72 116.25
2–3 600 600 600 121.22 113.39 86.99
3–4 400 400 400 80.19 74.46 57.11
4–5 200 200 200 39.06 35.33 26.95
5–6 600 600 600 121.22 113.39 86.99
6–7 1000 1000 1000 201.29 189.27 144.76

Linear

8 800 800 800 161.70 151.72 116.25
9 600 600 600 121.22 113.39 86.99
10 400 400 400 80.19 74.46 57.11
11 200 200 200 39.06 35.33 26.95
12 1000 1000 1000 201.29 189.27 144.76

Non-Uniform
Irradiance

Step

12–13 1000 1000 800 184.52 156.14 135.74
13–14 1000 1000 600 167.42 118.92 126.77
14–15 1000 1000 400 150.11 107.04 117.84
15–16 1000 1000 200 132.77 107.04 109.00
16–17 1000 800 400 138.13 87.02 108.51
17–18 1000 600 200 108.60 65.86 90.54
18–19 1000 400 200 96.28 55.69 81.44

Linear
20 1000 600 400 125.94 78.44 99.28
21 1000 800 600 155.44 117.90 117.35
22 1000 1000 800 184.52 156.14 135.74
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5.3.1. Simulation of Series-Connected PV Generation System

The simulation results of the series-connected PV generation system are illustrated in
Figure 19.
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Figure 19a depicts the changes in irradiance over the simulation period. Meanwhile,
Figure 19b displays the simulated waveforms of the various powers of the PV generation
system. The pRM represents the sum of the instantaneous real maximum power of each PV
module under different irradiance levels, as specified in Table 6, signifying the real-time
maximum power output of the PV generation system. On the other hand, pGM denotes
the instantaneous global maximum power of the PV generation system, showing linear
proportional changes with irradiance. Additionally, pSM showcases the instantaneous
maximum power output of the series-connected PV modules using current-equalization
technology, while pCH represents the instantaneous power of battery charging detected by
the ‘Probe’ block. Analysis of the graphs reveals that pSM is slightly smaller than pRM but
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significantly greater than pGM. Moreover, pCH exhibits oscillations in response to sudden
changes in irradiance but stabilizes quickly, with the stabilized pCH surpassing pGM.

Figure 19c presents the waveforms of the output voltage of each PV module and the
PV module string in the series-connected PV generation system. It is evident that, after sta-
bilization, the output voltage of each PV module is maintained at the maximum operating
voltage, ensuring the overall stability of the PV generation system’s output voltage.

Figure 19d depicts the simulated waveforms of the output current, equalization cur-
rent, and equalized current of each PV module in the series-connected PV generation
system. Here, iPV1, iPV2, and iPV3 represent the output currents of PV1, PV2, and PV3,
respectively. Correspondingly, iCE1, iCE2, and iCE3 represent the equalization currents of the
PV modules. Additionally, iSM1, iSM2, and iSM3 represent the sum of the output current and
equalization current of each PV module, known as the equalized current of the PV module.
The value of iCE1 is consistently zero, indicating no equalization current on PV1, and the
diode D4 on the corresponding equalization branch is always in the off-state. Conversely,
the values of iCE2 and iCE3 also vary with changes in irradiance. Importantly, when the
system stabilizes, the values of iSM1, iSM2, and iSM3 are equal, achieving current equaliza-
tion among the series-connected PV modules. The simulated waveforms offer empirical
evidence supporting the principle of current equalization mentioned above.

Figure 20 illustrates the trajectories of the maximum power point of each PV module
and the series-connected PV generation system. The figure demonstrates the stability of the
maximum operating voltage of each PV module, with minor fluctuations occurring during
sudden irradiance changes. This emphasizes the effectiveness of the current equalizer in
achieving current equalization within the PV module string and ensuring each PV module
operates at its maximum power point, thereby stabilizing the output voltage.
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5.3.2. Simulation of Parallel-Connected PV Generation System

The simulation results of the parallel-connected PV generation system are presented
in Figure 21. Figure 21a shows that the pSM and pCH are slightly smaller than pRM, while
the pGM is significantly smaller than these values. This highlights the crucial role of the
voltage-matching circuit in enhancing the output performance of PV modules and the
overall system efficiency. The waveforms of the output voltage of each PV module, as
depicted in Figure 21b, further support this observation, where after stabilization, the
output voltage of each PV module stabilizes at its maximum operating voltage.
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Figure 22 illustrates the trajectories of the maximum power point of each PV module
in the parallel-connected PV generation system. Once the system stabilizes, each parallel-
connected PV module operates at the maximum power point, maintaining a consistent
maximum operating voltage despite significant variations in irradiance.
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ance 

Step 
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4–5 200 200 200 200 200 200 99.36 88.40 
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Figure 22. MPP trajectories of parallel-connected PV power system: (a) PV1, (b) PV2, and (c) PV3.

5.4. Simulation of Mixed-Connection PV Generation System

Table 7 provides the irradiance of each PV module in a mixed-connection PV genera-
tion system, along with real maximum power PRM and global maximum power and PGM.
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Table 7. Irradiance of each PV module, real maximum power, and global maximum power of the PV
generation system in mixed connection.

Scenarios Change
Mode

Time
(s)

G11
(W/m2)

G12
(W/m2)

G13
(W/m2)

G21
(W/m2)

G22
(W/m2)

G31
(W/m2)

PRM
(W)

PGM
(W)

Uniform
Irradiance

Step

0–1 1000 1000 1000 1000 1000 1000 512.03 469.47
1–2 800 800 800 800 800 800 411.44 376.42
2–3 600 600 600 600 600 600 308.49 281.51
3–4 400 400 400 400 400 400 204.08 185.18
4–5 200 200 200 200 200 200 99.36 88.40
5–6 600 600 600 600 600 600 308.49 281.51
6–7 1000 1000 1000 1000 1000 1000 512.03 469.47

Linear

8 800 800 800 800 800 800 411.44 376.42
9 600 600 600 600 600 600 308.49 281.51

10 400 400 400 400 400 400 204.08 185.18
11 200 200 200 200 200 200 99.36 88.40
12 1000 1000 1000 1000 1000 1000 512.03 469.47

Non-Uniform
Irradiance

Step

12–13 800 1000 1000 1000 800 1000 484.42 433.17
13–14 600 1000 1000 1000 600 1000 456.13 383.10
14–15 400 1000 1000 1000 400 1000 427.42 316.84
15–16 200 1000 1000 1000 200 1000 398.62 286.10
16–17 800 1000 400 800 400 800 363.36 262.22
17–18 600 1000 200 600 200 600 271.22 181.29
18–19 400 1000 200 400 200 400 207.84 128.52

Linear
20 600 1000 400 600 400 600 300.89 227.02
21 800 1000 600 800 600 800 392.99 323.20
22 1000 1000 800 1000 800 1000 483.28 416.39

Figure 23 depicts the simulated waveforms of the mixed-connection PV generation
system. Figure 23a shows the irradiance variation curves during the simulation period,
while Figure 23b displays the waveforms of various powers. The instantaneous maximum
power pSM tracked by the proposed scheme is slightly lower than the instantaneous real
maximum power pRM. Although the instantaneous charging power pCH of the battery
is lower than that of pSM and pRM, it still remains higher than the instantaneous global
maximum power pGM and the instantaneous maximum power pEPO tracked by the EPO
algorithm. Additionally, pEPO exhibits oscillations throughout the process, particularly
during sudden changes in irradiance.
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Figure 24a showcases the voltage waveforms, indicating that the PV module strings in
the PV generation system, using equalization technology, as well as each PV module within
the PV module string, operate at the maximum operating voltage and vary accordingly
with changes in irradiance. Meanwhile, Figure 24b presents the voltage waveforms of each
PV module based on the EPO algorithm, showing different degrees of fluctuations, with the
magnitude of the fluctuations related to the maximum operating voltage of the PV modules
and the changes in received irradiance. This suggests that the EPO-based algorithm is
constantly regulating the operating voltage of each PV module in the PV generation system,
particularly during sudden changes in irradiance, with a significantly increased magnitude
of regulation.
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Figure 25 depicts the simulated waveforms of the output current, equalization current,
and equalized current of each PV module in String1 of the mixed-connection PV generation
system. The equalization effect mirrors that of Figure 19d, except for the equalization
current iCE12, which is consistently zero, signifying the absence of equalization current
on PV12, and the corresponding diode D15 on the equalization branch remains in the off-
state. In contrast, the values of iCE11 and iCE13 change correspondingly with variations
in irradiance.

World Electr. Veh. J. 2024, 15, x FOR PEER REVIEW 24 of 29 
 

 
Figure 24. Simulated voltage waveforms of mixed-connection PV generation system: (a) proposed 
scheme and (b) EPO-algorithm-based GMPPT scheme. 

Figure 25 depicts the simulated waveforms of the output current, equalization cur-
rent, and equalized current of each PV module in String1 of the mixed-connection PV 
generation system. The equalization effect mirrors that of Figure 19d, except for the 
equalization current iCE12, which is consistently zero, signifying the absence of equaliza-
tion current on PV12, and the corresponding diode D15 on the equalization branch re-
mains in the off-state. In contrast, the values of iCE11 and iCE13 change correspondingly 
with variations in irradiance. 

 
Figure 25. Simulated current waveforms of mixed-connection PV generation system. 

Figure 26 illustrates the detailed trajectories of the maximum power points of each 
PV module or PV module string in the mixed-connection PV generation system using 
the proposed scheme. At the initial stage of the system startup, the maximum power 
point undergoes several oscillations before stabilizing. There is a slight oscillation during 
sudden changes in irradiance, while the rest of the time remains relatively stable. 

Figure 25. Simulated current waveforms of mixed-connection PV generation system.



World Electr. Veh. J. 2024, 15, 125 23 of 27

Figure 26 illustrates the detailed trajectories of the maximum power points of each
PV module or PV module string in the mixed-connection PV generation system using the
proposed scheme. At the initial stage of the system startup, the maximum power point
undergoes several oscillations before stabilizing. There is a slight oscillation during sudden
changes in irradiance, while the rest of the time remains relatively stable.
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Figure 27 shows the trajectories of the maximum power points of each PV module or
PV module string in the mixed-connection PV generation system using the EPO algorithm.
Except for the maximum power point of PV12, which fluctuates slightly, as its received irra-
diance remains constant during non-uniform irradiation conditions, the maximum power
point trajectories of the other PV modules or PV module strings exhibit severe oscillations.
This is due to the variation in the global maximum power point of the PV generation system
under varying conditions and the continuous adjustment of the system’s operating voltage
by the EPO algorithm, leading to the continuous variation in the maximum operating
voltage of each PV module.
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5.5. Simulation Data Processing

The data retrieved from the ‘To File’ block are utilized for computing various parame-
ters in the PV generation system. These parameters encompass the mean real maximum
power PRM, the mean maximum power PSM obtained through the proposed scheme, the
mean charging power PCH to the battery, the mean global maximum power PGM, and the
mean maximum power PEPO based on the EPO algorithm. Subsequently, the maximum
power tracking efficiency ηT of the proposed scheme, the overall efficiency ηS of the system,
the ideal GMPPT efficiency ηG, and the tracking efficiency ηE of the EPO-based algorithm
are determined and presented in Table 8.

Table 8. Mean power and scheme efficiencies.

Power (W) Efficiency (%)

PRM PSM PCH PGM PEPO ηT ηS ηG ηE

342.74 339.84 327.11 289.42 277.65 99.15 95.44 84.44 81.01

The data presented in Table 8 disclose that the average MPPT efficiency ηT of the
proposed scheme is 99.15%, the average overall efficiency ηS of the system is determined to
be 95.44%, and under ideal conditions, the average efficiency ηG of the GMPPT scheme is
84.44%, while the average efficiency ηE based on the EPO algorithm is only 81.01%.

6. Discussion of Simulation Results

The simulated waveforms and data results illustrate the efficacy of the proposed
solution. Whether the PV modules in the PV generation system are of the same type or
different types, and whether they are connected in series, parallel, or a combination of both,
as well as whether the PV generation system is under uniform or non-uniform irradiance
and other complex environmental conditions, the appropriate solution put forth in this
paper can address various mismatch problems encountered in practical applications.

The proposed solution initially utilizes current-equalization technology or voltage-
matching methods to address mismatches caused by variations in PV module parameters
and operating conditions (e.g., temperature fluctuations, aging effects, and exceeding the
system’s lifespan) to ensure that each PV module in the PV generation system produces
adequate output power. Simultaneously, it transforms the output characteristics of the
PV generation system under complex conditions from multi-peak characteristics to single-
peak characteristics to enable the application of the extremum-seeking control to track the
real maximum power of the PV generation system and achieve optimal overall efficiency.
Hence, it is simpler, easier to implement, and more efficient than the traditional MPPT
algorithm. However, the GMPPT scheme only tracks the global maximum power point
of the PV generation system. Based on the analysis and simulation of the maximum
power point principle described above, it is evident that the global maximum power
is not the maximum value of the actual generated power of the PV generation system,
and the voltage at the global maximum power point changes with environmental factors.
The output characteristics of the PV generation system exhibit time-varying multi-peak
characteristics, leading to significant oscillations in the tracked power.

The single-switch multi-winding forward–flyback converter effectively addresses
the current mismatch in series-connected PV modules and stabilizes operating voltage.
The multi-switch multi-winding forward–flyback converter achieves voltage matching
for parallel connection of PV modules or module strings, enabling each PV module to
operate at its maximum power point. The single-switch multi-transformer forward–flyback
converter achieves both current equalization for series-connected PV modules and voltage
matching among PV modules or PV module strings. Each type of converter can operate
independently or be connected in series or parallel to accommodate the requirements of PV
generation systems with different voltage or power levels, subject to the electrical safety for
practical applications and the consideration of overcharge protection of the storage battery.
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The improved extremum-seeking control used in this paper only introduces distur-
bances to the PV generation system’s operating voltage. By detecting the disturbance
amount in the system’s power and current, the direction of the perturbation voltage can
be determined, and the magnitude can be adjusted according to the varying irradiance,
improving the tracking speed and eliminating power oscillation without requiring exten-
sive knowledge about the system, making it convenient for system designers to apply.
Furthermore, this control method can be implemented using analog circuits or digital
methods, making it suitable for personnel from different technical backgrounds.

This paper presents a solution to address the mismatch issue in PV generation systems
that consist of diverse PV modules, using the charging of RV storage batteries as an
illustration. While this specific case may not be widely encountered in practical applications,
the problem of mismatch in PV generation systems with mixed connections of the same type
of PV modules under non-uniform illumination conditions is quite common, as mentioned
in the last paragraph of Section 2.2. Consequently, the solution proposed in this paper is
also applicable to PV generation systems with the same type of PV modules.

7. Conclusions

This paper briefly reviews the development trends and existing issues of PV gen-
eration technology in the context of RV electrical energy supplementation. It evaluates
the merits and demerits of existing schemes (e.g., GMPPT algorithms, DMPPT methods,
and DPP techniques) in achieving optimal power for multi-type mixed-connection PV
systems. By considering the distinctive output characteristics of PV modules with different
configurations (series, parallel, and mixed connections), it summarizes the configuration
methods of PV modules for mixed-connection PV generation systems applied to RV power
supplementation. Building on this foundation, a novel equalization solution based on
extremum-seeking control is introduced and assessed using the PLECS simulation platform.
The simulation results demonstrate a substantial enhancement in the output efficiency of
PV modules, leading to an impressive system efficiency of 95.44%, marking a substantial
14.43% improvement over GMPPT schemes utilizing the EPO algorithm. The innovation
of the proposed solution is distinguished by three key aspects. Firstly, the equalization
circuit based on a forward–flyback converter achieves current equalization among series PV
modules or voltage matching between parallel PV module strings during power transfer,
eliminating the necessity for current or voltage detection. This feature streamlines circuit
design, thereby reducing system costs. Secondly, the equalization circuit simplifies the
multi-peak characteristic of the output power of the PV generation system into a single-peak
characteristic. This transformation facilitates real-time attainment of the maximum output
power through ESC without mandating extensive system expertise. Lastly, the improved
ESC enhances the system’s responsiveness to environmental fluctuations, thereby optimiz-
ing its operational efficiency. This innovative solution addresses a crucial gap in power
optimization research concerning multi-type, mixed-connection PV generation systems
and serves as a valuable resource for design engineers and researchers involved in the
development of PV generation systems.
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