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ABSTRACT: The rapid growth of distributed photovoltaic (PV) power generation has led to higher requirements
for reliable and efficient photovoltaic-storage integrated converters. Traditional half bridge sub-module structures face
significant challenges, including limited DC fault-blocking capability and uneven loss distribution among sub-modules
due to variations in the conduction characteristics of power devices. To address these issues, this study proposes
innovations in both topology and control strategy. A clamp double energy storage submodule (CDESSM) with inherent
fault self-blocking capability is designed, improving system safety under fault conditions. Furthermore, a nearest level
modulation (NLM) algorithm based on conduction time equalization is developed, combined with a dual-layer sub-
module capacitor voltage balancing scheme to maintain uniform voltage distribution across sub-modules. The proposed
design effectively reduces voltage deviation, balances losses, and enhances overall converter performance. Simulation
demonstrates that the improved system maintains stable output under normal operating conditions and can isolate
DC faults within milliseconds, validating its reliability. RT-LAB testing further confirms the engineering feasibility of
the proposed topology and control strategy, indicating its potential for practical applications in PV-storage integrated
systems. The combination of structural innovation and advanced control methods provides a promising approach for
enhancing the performance, safety, and longevity of next generation PV-storage converters.

KEYWORDS: Integrated photovoltaic and energy storage converter; clamp double energy storage submodule;
capacitive voltage equalization strategy; fault blocking

1 Introduction
In recent years, the development of clean energy has gained increasing attention. Among them, solar

power generation technology has occupied a significant position in the field of distributed energy due to its
economic efficiency and environmental friendliness [1,2]. However, this technology has inherent defects such
as large output fluctuations and uncontrollability, which restrict its large-scale development. To address this
technical bottleneck, the photovoltaic (PV) and energy storage collaborative system has emerged, becoming
a key technical solution to maintain the stable operation of the power grid [3,4].

As the core component of this system, traditional two-level converters exhibit significant limitations
when applied to large-capacity, high-voltage scenarios [5–7]. The multi-module cascading approach not
only increases harmonic distortion and reduces efficiency but also introduces the risk of system failure due
to single-point faults, thereby compromising power supply reliability. In contrast, the Modular Multilevel
Converter (MMC) offers an effective solution for photovoltaic-storage systems, thanks to its superior
output waveform quality, high efficiency, and modular architecture. Its unique submodule design supports
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redundancy and enables distributed integration of energy storage units, substantially reducing the voltage
and capacity requirements for individual batteries [8–10].

Research on MMC has made progress in multiple aspects. In terms of topological structures, scholars
have proposed different technical schemes: Reference [11] designed a bidirectional switch diode-clamped
submodule, which can effectively clear DC faults. However, the increase in the number of nonlinear devices
leads to a decline in the steady-state operation performance of the system. The clamp double energy storage
submodule structures studied in References [12,13] have prominent economy and simple structures, but
suffer from insufficient fault isolation response speed. In the field of control strategies, References [14,15]
improved the traditional voltage balancing algorithm, significantly enhancing calculation efficiency, but the
program implementation is relatively complex. Reference [16] applied the NLC-SHE hybrid modulation
strategy to improve harmonic characteristics, but this offline algorithm struggles to adapt to the fluctuating
characteristics of new energy power generation. Aiming at DC fault issues, References [17–19] studied
the half-full bridge hybrid sub-module topology and determined the optimal configuration ratio of full-
bridge sub-modules. The virtual impedance method proposed in Reference [20,21] has adaptive adjustment
capabilities, enabling simultaneous control of fault current and arm current, but requires additional current
limiting devices, increasing system costs. Research on coordinated PV–ES scheduling [22,23] has focused
on optimizing multi-energy interactions and improving energy utilization efficiency in distributed systems.
Existing studies show that the MMC topologies suitable for photovoltaic-storage systems are limited, control
methods are difficult to match the characteristics of new energy power generation, and the DC fault
suppression effect needs improvement.

This study focuses on the topological characteristics of the clamp double energy storage submodule,
innovatively combining nearest level modulation (NLM) with double-layer capacitor voltage balancing
control. By establishing a complete control system, it realizes dynamic balance of capacitor voltage and rapid
isolation of DC faults, providing new ideas for the optimization of photovoltaic-storage integrated con-
verters. Simulation and experimental results show that the proposed control strategy has good engineering
application value.

In summary, although various MMC-based converter topologies and control strategies have been
reported in recent years, most of them either focus on improving fault blocking capability [11–13] or
enhancing voltage balancing performance [14–16], but few studies integrate both aspects in a unified
framework suitable for photovoltaic–storage systems. To address these gaps, this work makes the following
key contributions:

(1) A novel clamp double energy storage submodule (CDESSM) is proposed, featuring an intrinsic
fault self-blocking mechanism. Compared with conventional half-bridge and diode-clamped struc-
tures [11–13], the CDESSM effectively suppresses DC-side fault currents without relying on external
current-limiting devices.

(2) A conduction-time-equalized nearest level modulation (NLM) scheme is developed to ensure uniform
loss distribution among power devices, overcoming the uneven switching losses commonly observed
in conventional NLM-based MMCs [14,15].

(3) An internal–external double-layer capacitor voltage balancing control strategy is designed, which
achieves fast voltage equalization between submodules and capacitors, enhancing overall system
stability under dynamic photovoltaic and storage conditions.

The proposed topology and control framework are comprehensively validated through both detailed
simulations and real-time RT-LAB experiments, demonstrating strong potential for scalable application in
next-generation photovoltaic–energy storage integrated converters.
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2 Structure and Mathematical Model of Photovoltaic-Storage Integration System

2.1 Overall Structure of Photovoltaic-Storage Integration System
Fig. 1a presents the overall architecture of the photovoltaic-storage integration system. The key compo-

nent of this system is the MMC-based photovoltaic-storage power conversion device, whose main function
is to regulate the direction of energy flow within the system. Structurally, the conversion device includes
six power arms in three phases, while integrating a photovoltaic cell array PV and a parallel DC filter
capacitor. Each power arm adopts a modular design, consisting of several Energy Storage Submodules
(ESSMs) connected in series with an inductive component Larm.

PV

ESSMA

ESSMA

ESSMA

ESSMA

ESSMA

ESSMA

ESSMB

ESSMB

ESSMB

ESSMB

ESSMB

ESSMB

ESSMC

ESSMC

ESSMC

ESSMC

ESSMC

ESSMC

C1

C2

La
Ls

~

~

~

C0

T1

T2

i

Figure 1: The topology of MMC. (a) Topology of MMC-type Integrated PV and ES converter. (b) Topology of the ESSM

2.2 Topology Design of CDESSM
Fig. 2 illustrates the specific circuit design of the improved energy storage unit clamp double energy

storage submodule (CDESSM), which aims to address the inherent defects of the traditional half-bridge
structure. The traditional ESSM adopts the half-bridge architecture shown in Fig. 1b, comprising a pair of
IGBT switching tubes (T1, T2), parallel diodes (D1, D2), a support capacitor, and a battery pack. This design
has obvious limitations: due to the effect of the freewheeling diodes, it is difficult to quickly cut off the current
when a short-circuit fault occurs in the DC side, thus threatening the operational stability of the system. In
contrast, the newly proposed clamp double energy storage submodule effectively overcomes this technical
bottleneck through innovative topology optimization.

CDESSM adopts a multi-device composite structure, including four groups of IGBT switches (T1–
T4), corresponding anti-parallel diodes (D1–D4), RB-IGBT with reverse blocking capability (T5), parallel
capacitor banks (C1, C2), and dual battery configurations (Bat1, Bat2). By controlling the conduction com-
bination of power switching tubes, the circuit produces three discrete voltage levels, which corresponding
to the submodule switching states: 0, single-capacitor voltage (UC), and dual-capacitor voltage (2 UC). 2 UC
represents the terminal voltage when the arm current flows in the forward direction, and −2 UC represents
the terminal voltage when the current flows in the reverse direction. The specific operation modes can be
divided into four typical working conditions, and the detailed parameter correspondence is shown in Table 1.
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Figure 2: The topology of CDESSM

Table 1: CDESSM working status

Working status T1 T2 T3 T4 T5 U
Switching 1 1 0 1 1 0 2 UC
Switching 2 1 0 0 1 1 UC
Switching 3 0 1 1 1 0 UC
Switching 4 0 1 0 1 1 0
Switching 5 0 0 0 0 0 2 UC/−2 UC

2.3 Mathematical Model of Photovoltaic-Storage Integration System Converter
Existing studies have established a relatively complete mathematical description system for MMC.

Based on this theoretical foundation, this section focuses on deriving the mathematical characterization of
CDESSM and its operation mechanism. With reference to the circuit parameter definitions shown in Fig. 1,
the current characteristics of the topology’s AC side can be fully described by Eqs. (1)–(4).

iP j = IDC/3 + is j/2 + iZ j (1)
iN j = IDC/3 − is j/2 + iZ j (2)
is j = iN j − iP j (3)
iC j = IDC/3 + iZ j (4)

Among them, IDC represents the DC-side current component, iCj represents the arm circulating current,
and isj corresponds to the current of the j-phase AC port. During the operation of the converter, the currents
of the upper and lower arms are recorded as iPj and iNj, respectively. The arm circulating current izj, as a
current component, transfers active power between the upper and lower arms to ensure that the voltage of
each arm remains dynamically balanced.
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Regarding the voltage characteristics of CDESSM, the mathematical constraint relationship between the
arm output voltage and the AC-side voltage is as follows:

uP j =
UDC

2
− u j − La

diP j

dt
− Ra iP j (5)

uN j =
UDC

2
+ u j − La

diN j

dt
− Ra iN j (6)

Among them, Ra represents the arm equivalent impedance parameter, and UDC is the DC bus voltage. In
the working state of phase j, the output voltage of the converter’s AC side is denoted as uj, while the voltages
of the upper and lower arms are expressed as uPj and uNj, respectively.

By performing addition and subtraction operations on Eqs. (5) and (6), it can be derived that:

u j =
uN j − uP j

2
− La

2
di j

dt
− Ra

2
i j (7)

UDC = uP j + uN j + 2La
diC j

dt
+ 2Ra iC j (8)

Analysis of the above mathematical expressions shows that under normal operating conditions, the
working mechanism of CDESSM is highly consistent with that of the traditional MMC. However, when
a short-circuit anomaly occurs in the DC side, the traditional structure struggles to achieve fault ride-
through capability. Aiming at this critical issue, based on the unique circuit architecture of CDESSM, an
effective fault blocking strategy must be designed to reliably cut off the fault current path. Table 2 presents
the Nomenclature table for the a forementioned mathematical analysis.

Table 2: Nomenclature

Symbol Description
UDC DC bus voltage
iCj Arm circulating current

iPj, iNj Upper/lower arm currents of phase j
isj Circulating current in phase j

Ra, La Equivalent resistance and inductance of arm
uPj, uNj Voltages of upper and lower arms

uj AC-side output voltage of phase j

3 Fault Blocking Mechanism
DC-side faults that may occur in flexible DC transmission systems mainly include three types: bipolar

short circuit, monopolar grounding, and DC disconnection. Among them, bipolar short-circuit faults pose
the most serious threat to system operation. Based on this consideration, this study selects the bipolar
short-circuit condition as a typical case to deeply discuss the dynamic response and blocking mechanism
of CDESSM under fault conditions. Fig. 3 shows the current path distribution of this topology in the
locked state.
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Figure 3: Fault current flow path

When a fault is detected, all submodule IGBTs in the converter are blocked. When the fault current flows
forward into the submodule, the current passes through diodes D1, D3, and D4, charging capacitors C1 and C2
in the circuit. The charged capacitors generate a reverse electromotive force (EMF) that suppresses the fault
current. Conversely, when the fault current flows in the reverse direction, it conducts through diodes D2, D5,
and D6, charging the same capacitors C1 and C2, which again provide a reverse EMF to interrupt the fault
current. It is noteworthy that, regardless of the current direction, the submodule is electrically equivalent to
two series-connected capacitors, supplying twice the EMF to block the fault current, as illustrated in Fig. 3.

During the continuous operation of the CDESSM system, the DC bus status is continuously detected by
the real-time monitoring device. When a short-circuit fault is identified, the control unit immediately issues
a blocking command to make all IGBTs enter the blocking state to cut off the fault path. For transient faults,
the system automatically releases the blocking after the current is blocked, and reactivates the power devices
to restore the DC voltage establishment process; for permanent faults, it maintains the IGBT trigger pulse
blocking state, and at the same time disconnects the AC side circuit breaker to achieve the safe isolation of
the converter device and the power grid. The complete fault handling logic is shown in the control flow chart
of Fig. 4.
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Figure 4: Control flow chart of DC fault

4 Control Strategy of Photovoltaic-Storage Integration System Converter
Based on the traditional nearest level modulation principle, this section proposes an improved NLM

control scheme to adapt to the special working characteristics of CDESSM. Considering that this topology
has dual-level output capability, a time-division conduction technology is adopted. By accurately allocating
the conduction periods of each device, the unbalanced loss caused by differences in switching probability
is improved. Furthermore, combined with this time-division modulation method, a new capacitor voltage
balancing control system is developed. Using an internal and external double-layer regulation architecture,
it realizes more precise voltage equalization management.
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4.1 NLM Strategy for Time-Equally-Conducted CDESSM
Aiming at the modular architecture of CDESSM, take the a-phase circuit shown in Fig. 1 as an example

for analysis. This phase includes two symmetric arms, each arm contains N energy storage modules, and each
module is equipped with two capacitor elements, so the total number of capacitors n = 2 N. During system
operation, each phase always keeps n capacitors in working state. In the balanced working condition, when
the number of capacitors in the upper and lower arms is equal, the phase voltage output is zero, as shown
in Fig. 5. With the dynamic adjustment of the modulation signal, the number of capacitors invested in the
arm changes accordingly, so as to achieve the precise tracking of the output voltage to the modulation wave.
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Figure 5: Principle of nearest level modulation

The number of capacitors required to be invested in the upper and lower arms at any time can be
determined by the following formula:

ndow n = round ( 1
2

Ud c [1 +m sin (wt + φ)]) (9)

nu p = round ( 1
2

Ud c [1 −m sin (wt + φ)]) (10)

This expression uses the round(x) function to implement numerical rounding operations, where Udc
represents the amplitude of the DC bus voltage, m denotes the modulation ratio, and φ is the phase angle of
the current phase modulation signal.

At a certain moment, it is assumed that the upper arm of phase a needs to invest K energy storage
modules. Considering that CDESSM has the capability to output three levels of 0, UC, and 2 UC, which is
fundamentally different from the traditional half-bridge structure, the simple input/resect control mode is
no longer applicable. To address this issue, this study adopts a grouping modulation method, dividing the
sub-modules into three working states: the first type outputs 2 UC, the second type generates UC, and the
third type maintains zero-level output. Let the quantities of these three types of modules be K1, K2, and K3,
and their mathematical relationships can be expressed as:

K1 = K/2 (11)
K2 = K%2 (12)
K3 = N − K1 − K2 (13)
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Among them, K1 is the integer part of K divided by two, K2 corresponds to the remainder of K divided
by two, and K3 represents the number of remaining modules not put into operation.

To achieve the balanced operation of Switching 2 and Switching 3 listed in Table 1, a time-division
scheme is designed: the working cycle of the second-type modules is divided into two equal periods.
The first half-period is provided with UC level by Switching 2, and the second half-period is switched to
Switching 3. This alternating working mode significantly improves the loss distribution characteristics among
power devices.

4.2 Internal and External Double-Layer Balance Control Strategy for CDESSM Capacitor Voltage
Aiming at the three-level output characteristics of CDESSM, the working state allocation of sub-

modules requires a special control strategy. After obtaining the required number of capacitors through
modulation wave setting, differentiated processing should be adopted according to the parity of the value.
The voltage balancing control architecture shown in Fig. 6 uses a sorting algorithm to dynamically select the
sub-modules put into operation and their internal capacitor configurations.

The specific implementation process is as follows: it is assumed that after time-division modulation, the
upper arm of phase a needs to invest k capacitors, and the arm current iarm is greater than 0. The system first
sorts and detects the internal and external capacitor voltages of all sub-modules. When k is odd, select k/2
sub-modules with the lowest voltage to output 2 UC, and specify a module with the lowest internal capacitor
voltage to output UC, while the rest remain in a zero state. If k is even, only k/2 sub-modules are required to
output 2 UC. At the beginning of each control cycle, the system re-executes the dynamic selection process to
ensure voltage balance and uniform loss distribution.
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Figure 6: Double-layer equalization control strategy of internal and external capacitor voltage of SM

5 Simulation and Experimental Verification

5.1 System Steady-State Operation Simulation
This section verifies the steady-state performance of the CDESSM system through simulation experi-

ments, adopting the improved time-division NLM modulation method and the dual-layer capacitor voltage
balancing control scheme. A 0.2-s simulation test is conducted under a single-terminal system architecture,
and the obtained steady-state operation characteristics are shown in Figs. 7–9, fully presenting the dynamic
waveforms of key electrical parameters.
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Figure 7: Waveform of steady-state running. (a) Waveform of active and reactive power. (b) Waveform of AC side
voltage. (c) Waveform of AC side current

Figure 8: SM voltage waveform of upper bridge arm of phase A

Figure 9: Arm current of bridge A
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Fig. 7a illustrates the dynamic response process of the system’s power characteristics, where the reference
value of active power on the AC side is set to 6 mw, and the reactive power maintains zero output. From
the waveform, it can be observed that after a 30 ms adjustment process, the actual power value converges to
the vicinity of the command value, with the active power tracking error controlled within 6%, achieving a
stable operation state. Fig. 7b,c presents the voltage and current characteristics of the AC port: the voltage
exhibits a standard 50 Hz/10 kV three-phase sine waveform, while the current shows transient fluctuations
at the initial startup stage and stabilizes at an effective value of 350 A after a 30 ms transition period.

Figs. 8 and 9 detail the dynamic operation process of the sub-modules. When the arm current is in
the positive direction, the capacitor is in a charging state, and the voltage gradually rises; when the current
reverses, it switches to a discharging mode, and the voltage decreases accordingly. This periodic charging and
discharging keep the capacitor voltage fluctuating around the 2 kV reference value. The measured maximum
value is 2.052 kV, the minimum value is 1.942 kV, and the voltage ripple amplitude is 5.5%, verifying the
effectiveness of the proposed voltage balancing strategy. The voltages of each sub-module maintain good
consistency, and the system operation state meets the design requirements.

5.2 Comparison between the Proposed Method and Traditional Method
This section compares the proposed method with existing methods in terms of total harmonic distor-

tion rate, loss characteristics, and capacitor voltage ripple characteristics during steady-state operation of
MMC. Figs. 10 and 11 compared the harmonic distortion of the upper/lower arm currents and AC output
current under the conventional nearest level modulation (NLM) method and the proposed conduction-time-
equalized control strategy. The results, shown in Figs. 10 and 11, indicate that the THD values remain almost
unchanged between the two methods. Since the arm current inherently contains a large DC component, the
THD values are 24.45% and 24.37%, respectively.

Referring to the converter loss calculation method in Reference [24], the total semiconductor loss
and overall converter efficiency under both modulation schemes are evaluated. The quantitative results are
summarized in Fig. 12 and Table 3. It can be observed that the total converter loss and efficiency under
the two methods are nearly identical, confirming that the proposed control strategy does not introduce
additional losses.

Figure 10: Bridge arm current thd analysis for traditional methods and the proposed method
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Figure 11: AC THD analysis of traditional methods and the proposed method in this paper

Figure 12: Power device loss distribution under traditional methods and the proposed method

Table 3: Power device loss distribution under traditional methods and the proposed method

Method Loss Data

Traditional method

Switching loss 41.62 kW
Conduction loss 28.81 kW

Total loss 70.43 kW
Effect 98.826%

Proposed method

Switching loss 41.59 kW
Conduction loss 28.77 kW

Total loss 70.36 kW
Effect 98.827%

The capacitor voltage waveforms under the two modulation methods are shown in Fig. 13, with data
comparisons presented in Table 4. For the conventional method, the peak capacitor voltage is 2.042 kV
with a ripple factor of 2.1%, and the maximum voltage deviation is ΔUC = 0.128 kV. Under the proposed
method, the peak voltage is 2.047 kV, the ripple factor is 2.35%, and ΔUC = 0.145 kV. The results show that
the capacitor voltage ripple characteristics of the proposed control method are consistent with those of the
conventional scheme.
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Figure 13: Capacitance-voltage distribution characteristics under traditional methods and the proposed method

Table 4: Capacitance-voltage distribution characteristics under traditional methods and the proposed method

Method Parameter Data

Traditional method
Capacitor voltage peak 2.042 kV

Ripple Factor 2.1%
Maximum capacitance tolerance ΔUC = 0.128 kV

Proposed method
Capacitor voltage peak 2.047 kV

Ripple Factor 2.35%
Maximum capacitance tolerance ΔUC = 0.145 kV

5.3 System Fault Condition Simulation
To verify the system’s fault protection performance, this section focuses on simulating the severe fault

condition of DC bipolar short circuit. The simulation sets the system to maintain stable operation in the
interval of 0–0.218 s, and a permanent bipolar short-circuit fault signal on the DC side is artificially injected
at 0.218 s. After a detection delay of 2 ms, the control system successfully blocks all IGBT trigger signals at
0.22 s. The waveform diagrams in Figs. 14 and 15 clearly show the dynamic changes of key parameters during
the fault, including the characteristics of DC bus voltage and current, the voltage fluctuation of energy storage
module capacitors, and the electrical quantity response process of the AC port.

The waveform analysis of Fig. 14a,b shows that the system was in a stable operating state before the fault
occurred, with the DC bus voltage maintained at 20 kV and the current stabilized at −300 A. In Fig. 14a,
when a bipolar short circuit occurred at 0.218 s, the DC voltage instantly dropped to zero. As shown
in Fig. 14b, during the fault detection period (0.218–0.22 s), the DC current surged sharply from the initial
value of −300 A to a peak of 1.8 kA. The fault current in this stage was mainly supplied by the discharge of
energy storage capacitors. Observing Fig. 14c, it can be seen that the capacitor voltage continued to decrease
in the early stage of the fault, indicating that the energy storage elements were releasing energy. As shown in
the second half of Fig. 14b, after the system was blocked, the capacitor switched to the charging mode, and the
established back electromotive force effectively suppressed the fault current. This process caused the current
to rapidly decay from 1.8 kA to zero, successfully achieving fault clearance. The rise trend of the capacitor
voltage intuitively reflects the formation process of the back electromotive force, verifying the effectiveness
of the fault blocking mechanism.
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Figure 14: DC waveform of failure. (a) voltage waveform of DC side. (b) current waveform of DC side. (c) capacitor
voltage waveform

Analysis of the waveform data in Fig. 15 shows that before the DC bipolar short-circuit fault occurred,
the voltage and current characteristics of the AC port were completely consistent with those during steady-
state operation. In the initial fault stage (0.218–0.22 s), since the IGBTs had not yet been blocked, the
sub-modules continued to perform switching operations in the normal working mode, and the fault current
persisted during this period. When the system implemented full blocking at 0.22 s, the AC current rapidly
decayed to zero. Throughout the entire process from fault occurrence to complete clearance, the AC voltage
waveform remained stable without obvious distortion, and its amplitude and phase characteristics were
consistent with the voltage waveform under normal operating conditions.

In order to compare the fault blocking capability of the proposed topology and the traditional CDSM,
the time of fault current clearing of the two topologies is shown in Fig. 16. After blocking, the arm current
and the DC current of proposed topology are reduced to zero in about 2.5 ms, while the fault clearing time
of the traditional CDSM is about 5 ms, which doubles the fault clearing speed and is more conducive to the
safe and stable operation of the system.

For quantitative analysis the delay-tolerance discussion, the simulations with fault delay times ranging
from 2 to 10 ms are conducted to verify the blocking effectiveness of the proposed topology. The results
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are presented in Figs. 17–19 and Table 5, showing that the peak current increases with longer blocking delay
times. Considering that the peak current becomes excessively high when the blocking delay exceeds 6 ms,
due to space limitations, only the peak fault current and fault clearing time for blocking delays from 6 to
10 ms are listed in the table. As shown in the figures and table, although the blocking delay time increases,
the proposed topology can still effectively clear faults.

Figure 15: AC waveform of failure. (a) voltage waveform of AC side. (b) current waveform of AC side

Figure 16: Comparison of fault clearing speed
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Figure 17: The current waveform of DC side when the delay time is 2 ms

Figure 18: The current waveform of DC side when the delay time is 4 ms

Figure 19: The current waveform of DC side when the delay time is 6 ms
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Table 5: The relationship between blocking delay time and fault clearance time and peak current

Blocking delay time 2 ms 4 ms 6 ms 8 ms 10 ms
Peak current 1.772 kA 3.556 kA 5.056 kA 6.696 kA 8.436 kA

Fault clearance time 2.892 5.712 7.984 10.256 12.568

5.4 Experimental Verification
To experimentally validate the performance of the proposed control scheme, a real-time simulation

platform was established using RT-LAB. As illustrated in Fig. 20 and detailed in Table 6, the platform
comprises an OPAL-RT OP5600 (Chongqing University, Chongqing, China), real-time simulator and a
StarSim MT1070 unit for rapid control prototyping (RCP). In this configuration, the OP5600 emulates the
plant model (i.e., the grid-connected photovoltaic-storage integration system), while the control algorithms
are executed on the MT1070. The two units are interfaced via TCP/IP communication with a sampling period
of 50 μs. To address the critical issue of communication delays and ensure closed-loop stability, the StarSim
synchronization module was employed for real-time delay compensation.

Figure 20: Real-time simulation verification platform

Table 6: Prototype parameter

Experimental Parameters Value
Rated voltage at DC side/V ±400
Rated voltage at AC side/V 380

Rated active power/kW 30
Number of bridge arm modules 8

Rated capacitance voltage/V 100
Sub module capacitance/mF 8
Bridge arm inductance/mH 6

Fig. 21 shows the key electrical quantity waveforms during the stable operation of the system. With the
new control scheme, the characteristics of the a-phase port are as follows: the peak value of the AC voltage
reaches 307 V, the peak value of the current is 67 A, and the two are strictly synchronized. Observing the
working state of the arm energy storage module, it can be seen that the voltage of each capacitor is maintained
at around the design value of 100 V with small fluctuations, and the voltage deviation between different
modules is controlled within a reasonable range.
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Figure 21: Steady-state operation waveform of integrated PV energy storage prototype. (a) AC side voltage and current
waveform. (b) Capacitor voltage waveform

To evaluate the protection performance of the system under extreme fault conditions, a severe short-
circuit condition was simulated by disconnecting the DC-side bipolar contactor. The dynamic response
process of the AC port current measured in the experiment is shown in Fig. 22.

Figure 22: Fault cutting waveform of integrated PV energy storage prototype

In conclusion, under normal operating conditions, the CDESSM topology studied in this paper,
combined with the developed control scheme, demonstrates good operational stability. Especially when a
severe fault such as DC bipolar short circuit occurs, the topology can quickly block the fault current path
through the back electromotive force established by the energy storage capacitor, achieving effective isolation
of the DC-side fault.

To further enhance the engineering relevance of the proposed converter system, a long-duration real-
time operation test was conducted using the RT-LAB platform. The objective of this test was to evaluate the
endurance and long-term stability of the control algorithm and power-stage parameters under continuous
operation. In the experiment, the PV–storage integrated converter was operated continuously for 60 s on
the RT-LAB platform under rated conditions (30 kW, ±400 V DC bus). During the test, the AC-side current
and controller computational load were continuously monitored, and the waveforms were recorded for the
periods of 6–6.02 s and 54–54.02 s, as shown in Fig. 23. During the test, real-time data were recorded for the
AC-side current, and controller computation load.
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Figure 23: AC-side current

The recorded results demonstrate that all submodule capacitor voltages remained within ±5.2% of the
nominal 100 V reference value throughout the entire period. The AC-side voltage and current maintained
stable 50 Hz sinusoidal waveforms, with negligible harmonic distortion or phase drift. In addition, the
processor utilization of the control algorithm remained steady at around 35%, and no cumulative delay or
instability was observed.

These findings confirm that the proposed CDESSM topology and its dual-layer balancing control
strategy are capable of maintaining reliable operation during long-term continuous operation, without
noticeable degradation in voltage balancing or modulation performance.

Beyond the numerical simulations and prototype experiments, the proposed CDESSM-based
photovoltaic-storage integration system demonstrates strong potential for practical deployment. Its inherent
ability to independently clear DC faults and maintain balanced power device losses makes it particularly
suitable for distributed PV plants, industrial energy storage parks, and off-grid microgrids that demand high
reliability and rapid fault protection.

5.5 Scalability and Computational Load Analysis
To further evaluate the applicability of the proposed converter for MW-level photovoltaic-storage

systems, a theoretical scalability assessment is performed. When system capacity increases from several
tens of kilowatts to several megawatts, both the DC-link voltage and phase current scale approximately
linearly with rated power. Since each Clamp Double Energy Storage Submodule (CDESSM) maintains a
fixed capacitor voltage (typically 1–2 kV) and switching frequency, the total number of submodules N grows
proportionally with the DC bus voltage UDC, which can be expressed as

N ≈ UDC

2UC
(14)

For a 20 kV DC bus and submodule capacitor voltage UC = 2 kV, about five submodules per arm are
required, and even at higher voltages the computational load increases only linearly with N.

The proposed control scheme mainly involves sorting capacitor voltages and allocating switching states
in each sampling cycle. Its algorithmic complexity is approximately O(N log N). Considering the same
50 μs sampling period used in the prototype, the estimated execution time per cycle is less than 25 μs on a
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200 MHz digital signal processor, corresponding to around 50% processor utilization. This indicates that real-
time operation can be achieved without additional hardware acceleration, even when dozens of submodules
are used.

Moreover, the DC fault-blocking mechanism of the CDESSM depends primarily on the local capacitor
back-EMF and arm inductance. These parameters are determined by submodule design and do not vary with
overall system scale. Therefore, when identical submodule parameters are maintained, the DC fault clearing
time (approximately 2–3 ms as observed in Section 5.2) remains nearly unchanged for MW-level operation.

In summary, the above theoretical analysis confirms that both the computational complexity and fault-
handling performance of the proposed CDESSM topology scale favorably with system capacity. Hence, the
converter and control framework can be feasibly extended to MW-level photovoltaic–storage integration
without excessive computational or hardware burden.

6 Conclusion
This study presents a photovoltaic–energy storage integrated converter based on the clamped dual-

energy storage submodule (CDESSM) topology. A conduction-time-balanced nearest level modulation
(NLM) algorithm and a dual-layer capacitor voltage balancing control strategy are developed to enhance
voltage equalization and device utilization. Simulation and RT-LAB prototype results confirm that the
proposed system operates stably under laboratory conditions, with submodule capacitor voltage deviation
maintained within 5.5%. Under DC fault conditions, the converter achieves rapid fault current suppression
and isolation within the millisecond range. Furthermore, long-term RT-LAB operation tests verify the
system’s stability during continuous operation, with no observable controller drift. Overall, the proposed
topology and control strategy demonstrate excellent dynamic performance, stability, and engineering
feasibility within the tested scope.
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