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Abstract: With the rapid development of DC power supply technology, the operation, maintenance,
and fault detection of DC power supply equipment and devices on the user side have become
important tasks in power load management. DC/DC converters, as core components of photovoltaic
and energy storage DC systems, have issues with detecting ground faults on the positive and negative
input/output buses, leading to difficulties in troubleshooting device malfunctions and potentially
endangering user safety. To address these issues, a method for detecting ground faults on the positive
and negative buses of a synchronous buck photovoltaic and energy storage DC/DC converter is
proposed, which involves the comprehensive measurement of multi-point common-mode voltages.
This method collects the input positive bus voltage, output positive bus voltage, switch voltage, and
the common-mode voltage at the midpoint of the bridge arm, then sums these after removing the
switching harmonics. By analyzing the characteristic differences of the summed voltage under the
ground fault modes of the positive and negative input/output buses, characteristic parameters are
extracted to establish a ground fault identification method, thereby achieving effective detection of
ground faults in the photovoltaic and energy storage DC/DC converter. Finally, the effectiveness of
the method proposed in this paper was validated through simulations and experiments.

Keywords: load management; buck converter; ground fault; fault detection

1. Introduction

At present, under the dual carbon goal, the construction of China’s new power system
is advancing rapidly. With the increasing share of distributed photovoltaic and storage
systems on the load side, the operational management of new power loads urgently needs
to be addressed. As a critical part of load-side operations and maintenance management,
distributed photovoltaic and storage DC devices play a significant role in research related
to user-side terminals and on-site detection. As shown in Figure 1, the new power load
management system includes power quality monitoring, electricity billing management,
load management, database management systems, safety management systems, smart
energy units, data acquisition modules, and more. This system can realize real-time
monitoring of terminal power load resources, collect data on power consumption and
power quality over different time periods, and generate load curves and power quality
reports, providing data support for load forecasting. As a key energy conversion device,
the reliability of the DC/DC converter has become a significant research focus [1-3]. If
a grounding fault occurs in a DC/DC converter and is not promptly addressed, it can
cause the equipment to malfunction. Therefore, quickly identifying grounding faults and
accurately locating the fault position has become increasingly important.
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Figure 1. New power load management system.

The main purpose of the buck converter is to convert high-voltage bus voltage to
low-voltage bus voltage to meet load requirements. Since buck converters generally
have external enclosures for protection, damage or deformation of the enclosure can lead
to ground faults. As a result, researchers both domestically and internationally have
conducted extensive research on fault detection for DC/DC converters [4-7]. Currently,
there are three main methods: analytical models, signal processing, and data-driven
methods. Reference [8] introduced a periodic decoupling method in the induction motor
model to identify the fault state of switching transistors by detecting the output of stator
current and mechanical angular velocity. Reference [9] utilized batch mode regression
estimation methods to diagnose parametric faults in the circuit, treating the induction motor
model as a periodic decoupling structure to isolate switching transistor faults. Analytical
model methods have advantages in precise systems but face significant difficulties in high-
order system applications. Reference [10] used Bayesian parameter estimation to integrate
current and voltage information from different sensors into multi-feature data from a
single sensor output. Reference [11] addressed open-circuit faults in the midpoint-clamped
inverter switches by processing DC-side current and employing an adaptive sliding mode
observer for fault diagnosis of the inverter. Reference [12] adopted a feature-level fusion
approach for fault diagnosis in photovoltaic grid-connected inverters, selecting grid-side
currents and bridge arm voltages, and using wavelet transforms for fault processing. Signal
processing methods are more widely applicable but still require professional diagnostic
experience to interpret new features obtained from processed signals, leading to lower
diagnostic efficiency. Reference [13] used fuzzy reasoning to convert complex equipment
status information into easily understandable fuzzy sets for fault detection and status
observation. Reference [14] established fault trees using the random forest algorithm to
achieve fault diagnosis for multi-level converters, improving diagnosis accuracy and speed.
Reference [15] employed artificial neural network classification techniques for diagnosing
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faults in three-phase four-bridge-arm inverters, precisely extracting harmonic components
and switching frequencies from bridge arm voltages as key fault features to enhance fault
diagnosis accuracy and efficiency. Data-driven methods do not require exploration of the
system’s internal working principles, but their data collection and processing steps are
relatively complex. The reliability and accuracy of this method largely depend on the
analyst’s expertise and experience.

However, these methods often have certain limitations in practical applications. Ref-
erence [16] uses bond graph as a tool to propose a modeling method for studying the
characteristics of high-power rectifier supply systems, creating a complex mathematical
model to predict the system’s health state. Although this method can achieve high detection
accuracy, its model construction process is complex. When there is strong system nonlin-
earity or many unknown parameters, the computational burden is heavy, making real-time
application difficult. Some studies employ wavelet transform, Fourier analysis, and similar
techniques for feature extraction and spectral analysis of fault signals [17-19]. While signal
processing methods have certain advantages in detecting high-frequency noise and tran-
sient faults, detection results often lack stability when fault features are weak or noise levels
are high. In recent years, machine-learning-based fault detection methods have gained
traction, such as fault classification techniques based on neural networks and support
vector machines [20,21]. However, data-driven methods generally require large amounts of
training data and have high hardware demands, which increases implementation costs.

To address the above issues, this paper proposes a multi-point common-mode voltage
ground fault detection method for a synchronous buck photovoltaic-energy storage DC/DC
converter. The main contributions are as follows:

1.  The proposed method relies solely on basic voltage measurements, simplifying com-
plexity and making the approach more suitable for practical applications;

2. Through multi-point common-mode voltage measurements combined with filtering
and thresholding, the method achieves reliable detection with lower computational
cost;

3. This method requires fewer sensors and computational resources, making it cost-
effective and especially suited for resource-constrained environments.

By integrating voltage measurements and feature parameter extraction, this method
overcomes the low sensitivity and inaccurate fault localization of traditional approaches.
The method analyzes the relationship between the common-mode voltage at the midpoint
of the bridge arm and the input positive bus voltage, switch voltage, and output positive
bus voltage. After filtering out high-frequency components, the average voltage values are
obtained. By comparing these, ground fault detection for the synchronous buck DC/DC
converter is achieved, determining the precise fault location and analyzing the results. This
method requires few inputs, has simple criteria, and is suitable for fault diagnosis in power
electronic circuits.

2. Equivalent Model and Ground Fault Analysis of Photovoltaic Storage DC Devices
2.1. Equivalent Model of Buck Converter

The photovoltaic energy storage direct current system is a system that utilizes solar
photovoltaic arrays for power generation and achieves energy storage and supply through
a storage system. As shown in Figure 2, the system consists of a photovoltaic array, a
synchronous rectification buck converter, an energy storage system, and an output load.
The photovoltaic array, as the core component of the photovoltaic energy storage system,
converts solar energy into electrical energy. This energy is then processed by a synchronous
rectification buck converter composed of switches S1 and S2 to reduce the output voltage
of the photovoltaic array, thereby meeting the load requirements of the user [22]. The
capacitor Cij is used to absorb the harmonic current generated by the photovoltaic array.
The photovoltaic energy storage system is responsible for storing excess electrical energy
and releasing it when the load requires power. The control module of the photovoltaic
array monitors the state of the lithium-ion battery and controls its charging and discharging
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processes, ensuring the safety and longevity of the battery [23-25]. The control module of
the photovoltaic array uses the maximum power point tracking (MPPT) algorithm, which
can detect the generated voltage of the solar panels in real-time. By continuously adjusting
the operating point of the photovoltaic array, this algorithm maximizes the output power,
thereby optimizing the utilization of solar energy. The operational state of the photovoltaic
energy storage system mainly depends on the input irradiance. When the irradiance
is too low to meet the power demands of the load, the lithium-ion battery discharges,
releasing stored energy to supply the load, and the battery’s state of charge (SOC) gradually
decreases. By adjusting the output power of the photovoltaic array through the control
module, the system can maintain optimal operation under varying irradiance conditions,
thereby achieving efficient utilization of solar energy. Meanwhile, the charge and discharge
processes of the lithium-ion battery are also monitored and regulated by the control module
to ensure safe operation and extend the battery’s lifespan. The design and control strategy
of this photovoltaic energy storage DC system can provide a reliable power supply in
practical applications, maximize the utilization of solar energy resources, reduce reliance
on traditional energy sources, and achieve sustainable development goals [26].
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Figure 2. System block diagram of photovoltaic DC/DC converter.

The buck converter has parasitic capacitance between the heatsink and the chassis
relative to the protective earth (PE), typically on the order of hundreds of picofarads. This
includes the capacitance between the positive bus at point A and ground (C,), the negative
bus at point B and ground (Cg), and the midpoint of the bridge arm at point C and ground
(Cc). When the switch S2 is driven by a signal, the voltage across the parasitic capacitance
Cc at point C to ground continuously changes. This varying voltage causes the parasitic
capacitance Cc to charge and discharge, leading to common-mode voltage.

When analyzing grounding faults in the buck converter, the following assumptions
are made to facilitate the analysis of the fault process:

1. The input voltage u;, and output voltage u, remain constant;
2. All components are considered ideal;
3. The input capacitor Ci, and output capacitor C, are sufficiently large.

Given the assumption that the input voltage u;, and output voltage u, remain constant,
the input voltage u;, after photovoltaic generation and the output voltage u, can be
equivalent to voltage sources. During one switching cycle, let the duty cycle of the switch
be D, and the average current across the switch 51 is

i1 = Dip. ()
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The average voltage across the switch 52 is
usz = Dujy — (1= D)uo 2

The switch 52, which connects point C (where the potential continuously changes)
to the negative input bus, is equivalent to a controlled voltage source. By averaging the
voltage over one switching cycle during the on/ off states of the switch, and by averaging the
current through switch S1 over the switching cycle to model it as a controlled current source,
the original circuit can be represented by an averaged model over one switching period.

Based on Kirchhoff’s voltage law and Ohm’s law, after substituting the voltages and
currents at the nodes of the buck converter, the equivalent model is shown in Figure 3. In
this model, uj, us, and u, represent the equivalent voltage sources corresponding to the
input voltage, switch 52, and output voltage, respectively, while is represents the equivalent
current source for switch S1.

PE PE
CA—_L_ I CC—_EMC L
CD.; mm

Aly Cly +
u, O uQ uD
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T
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Figure 3. Equivalent model of buck converter under normal operation.

In Figure 3, the voltage sources uiy, Us, 1o, and the current source is satisfy Kirchhoff’s
voltage law and Kirchhoff’s current law. Under the influence of independent sources,
common-mode noise current flows through the parasitic capacitances between each node
and ground, circulating between the converter and the PE.

Using the superposition theorem, we consider the case when only the voltage source
Ui is active (with other voltage sources short-circuited and current sources open-circuited).
At this time, the parasitic capacitances Cg and C¢ are in parallel and form a conductive
loop with the voltage source uj, and parasitic capacitance Ca. According to Kirchhoff’s
voltage law, the voltage across the parasitic capacitance Cc can be expressed as

Ca

Ue = _CA‘FC—B‘FCCMM

)

We also consider the case when only the voltage source us is active. At this time,
the parasitic capacitances C4 and Cp are in parallel and form a conductive loop with the
voltage source s and parasitic capacitance Cc. According to Kirchhoff’s voltage law, the
voltage across the parasitic capacitance Cc can be expressed as

e = Ca+Cp

== 4
CA—i-CB-i-CCuS @)

In a case where the only current source i is active, the parasitic capacitance C¢ is
connected between the positive terminal of the current source is and the PE, while parasitic
capacitances Ca and Cp are connected between the negative terminal of the current source
is and the PE. In this case, during the simplification process, uin, Us, and u, are considered
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short-circuited, so the parasitic capacitance Cc is short-circuited by the current source i,
resulting in Cc being connected to the PE on both sides, with its potential being zero.

We consider the case when only the voltage source u, is active. In this case, the
voltage source u, is short-circuited, which results in the parasitic capacitance Cc being
short-circuited on both sides, making its potential zero.

According to the superposition theorem, by summing the effects of each source,
the voltage 1.1 across the parasitic capacitance Cc during normal operation of the buck
converter can be expressed as

Caq+Cp Cy

= — ; 5
CA—l-CB-l-CCuS CA+CB+CCum ®)

Ucl

2.2. Ground Fault of the Positive Input Bus in the Buck Converter

When a grounding fault occurs at point A on the positive input bus of the buck
converter, the corresponding equivalent model is shown in Figure 4. Under the influence of
the independent sources, common-mode current flows through the parasitic capacitances
between each node and ground, circulating between the converter and PE.

4 U

C,T " ()_
B

Figure 4. Equivalent model of the positive input bus ground fault in the buck converter.

Using the superposition theorem, we consider the case when only the voltage source
Ui is active (with other voltage sources short-circuited and current sources open-circuited).
At this time, the parasitic capacitances Cg and Cc are in parallel, forming a conductive loop
with the voltage source uj,. According to Kirchhoff’s voltage law, the voltage across the
parasitic capacitance Cc can be expressed as

Ue = —Ujp (6)

Considering the case when only the voltage source us is active, the parasitic capacitance
Cc forms a conductive loop with the voltage source us. According to Kirchhoff’s voltage
law, the voltage across the parasitic capacitance Cc can be expressed as

Ue = Us ()

Considering the case when only the current source is is active, during the simplifi-
cation process, Uiy, Us, and u, are considered short-circuited. As a result, the parasitic
capacitance Cc is short-circuited by the current source is, leading to both sides of the
parasitic capacitance Cc being connected, causing its potential to be zero.

We consider the case when only the voltage source u, is active. Due to the grounding
fault at the positive input bus, the parasitic capacitance Cc is short-circuited on both sides,
causing its potential to be zero.

According to the superposition theorem, by summing the effects of each source, the
voltage 1 across the parasitic capacitance C¢ during the grounding fault of the buck
converter’s positive input bus can be expressed as

U = Us — Ujy (8)
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2.3. Ground Fault of the Negative Input Bus in the Buck Converter

When a grounding fault occurs at point B on the positive input bus of the buck
converter, the corresponding equivalent model is shown in Figure 5. Under the influence of
the independent sources, common-mode current flows through the parasitic capacitances
between each node and ground, circulating between the converter and the PE.

A
= um(jk u S(j_k Cc::-*-uc uP
B

Figure 5. Equivalent model of the negative input bus ground fault in the buck converter.

Using the superposition theorem, when considering only the voltage source uj, (with
other voltage sources short-circuited and current sources open-circuited), a grounding fault
at both ends of Cc results in the capacitance being short-circuited, causing the voltage
across the parasitic capacitance Cc to be zero.

When only the voltage source us is active, with a grounding fault occurring at the
negative input bus, the parasitic capacitance C¢ forms a conductive loop with the voltage
source ug. According to Kirchhoff’s voltage law, the voltage across the parasitic capacitance
Cc can be expressed as

Ue = Us )

Considering the case when only the current source is is active, during the simplifi-
cation process, Uin, Us, and u, are considered short-circuited. As a result, the parasitic
capacitance Cc is short-circuited by the current source is, leading to both sides of the
parasitic capacitance Cc being connected, making its potential zero.

When only the voltage source u, is active, a grounding fault occurs at the negative
input bus, causing the parasitic capacitance Cc to be short-circuited on both sides, making
its potential zero.

According to the superposition theorem, by summing the effects of each source,
the voltage 13 across the parasitic capacitance Cc during a grounding fault of the buck
converter’s negative input bus can be expressed as

Uz = Usg (10)

2.4. Ground Fault of the Positive Output Bus in the Buck Converter

When a grounding fault occurs at point C on the positive input bus of the buck
converter, the corresponding equivalent model is shown in Figure 6. Under the influence of
the independent sources, common-mode current flows through the parasitic capacitances
between each node and ground, circulating between the converter and the PE.

Using the superposition theorem, when only the voltage source uj, is active (with
other voltage sources short-circuited and current sources open-circuited), a grounding fault
at the ends of the parasitic capacitance Cc results in the capacitance being short-circuited,
causing the voltage across Cc to be zero.
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Figure 6. Equivalent model of the positive output bus ground fault in the buck converter.

We consider the case when only the voltage source us is active. In this situation, a
grounding fault occurs at the positive output bus, and the parasitic capacitance Cc forms
a conductive loop with the voltage source us. According to Kirchhoff’s voltage law, the
voltage across the parasitic capacitance Cc can be expressed as

U = Ug (11)

We consider the case when only the current source is is active. During the simplification
process, Uin, Us, and U, are considered short-circuited. As a result, the parasitic capacitance
Cc is short-circuited by the current source is, leading to both sides of C¢ being connected
and its potential being zero.

We consider the case when only the voltage source u, is active. In this situation,
due to a grounding fault at the positive output bus, the parasitic capacitance Cc forms
a conductive loop with the voltage source u,. According to Kirchhoff’s voltage law, the
voltage across the parasitic capacitance Cc can be expressed as

Ue = —llo (12)

According to the superposition theorem, by summing the effects of each source, the
voltage 1.4 across the parasitic capacitance Cc during a grounding fault at the positive
output bus of the buck converter can be expressed as

Ueg = Us — Ug (13)

3. Ground Fault Detection Method for Photovoltaic DC Devices

Based on the theoretical analysis above, this paper proposes a method for detecting
grounding faults in a synchronous buck photovoltaic energy storage DC/DC converter.
The method first constructs an equivalent circuit model of the buck converter and then
compares the actual sampled state variables with the expected values derived from this
model. A grounding fault is detected when the sampled state variables meet predefined
fault detection criteria. Finally, a set of precise fault location rules is designed by thoroughly
analyzing the fault characteristics under different fault scenarios.

First, voltage signals of the buck converter during operation are collected to diagnose
whether a grounding fault exists and its specific location by monitoring the voltage u.
across the parasitic capacitance Cc. Data on ., the input voltage u;,, switch voltage ug, and
output voltage u, are also collected.

Next, a low-pass filter is used to extract the switching high-frequency components
and obtain their average values, resulting in the average voltage u._avg across the parasitic
capacitance Cc as well as the average values of ujy, us, and u,.

Finally, after obtaining the filtered average value of the parasitic capacitor voltage
Uc_avg, the result is determined by summing it with the input voltage u;,, the average
value of the switching tube voltage us_avg, and the output voltage u,. The grounding
fault identification signal is defined as A. When different fault conditions occur, real-time
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monitoring of the fault conditions in the buck converter is performed by detecting different
identification signals to determine the fault location. This study sets an error threshold of
10% to ensure the accuracy and reliability of fault identification. The recognition signal A is
categorized into four different cases:

When A =1, the buck converter operates normally;

When A =2, a grounding fault occurs at the positive input bus;

When A =3, a grounding fault occurs at the negative input bus

When A =4, a grounding fault occurs at the positive output bus;

Based on the above principles, the variations in the average voltage u¢_avg across the
parasitic capacitance Cc under different fault scenarios were investigated. By constructing
an equivalent model, the mathematical relationships between u_avg and the input voltage
Ujn, output voltage u,, and the average switch voltage us_ayg were derived. Further, the four
different detection scenarios for uc_ayvg Were classified and identified, matching different
voltage signals with the recognition signals to achieve precise fault signal extraction and
localization, ensuring the timeliness and accuracy of the detection.

When the buck converter is operating, the detected average value of the parasitic
capacitance voltage Cc is Uc_avg

0.9uc1 < e avg < U (14)

At this point, the recognition signal A = 1 indicates that the buck converter is operating
normally.

When the buck converter is operating, the detected average value of the parasitic
capacitance voltage Cc is Uc_avg

09ue < e avg < U2 (15)

At this point, the recognition signal A = 2 indicates a grounding fault at the positive
input bus of the buck converter.

When the buck converter is operating, the detected average value of the parasitic
capacitance voltage Cc is Uc_avg

09uc3 < Uc avg < Ucs (16)

At this point, the recognition signal A = 3 indicates a grounding fault at the negative
input bus of the buck converter.

When the buck converter is operating, the detected average value of the parasitic
capacitance voltage Cc is Uc_avg

0.9ucy < e avg < Uey (17)

At this point, the recognition signal A = 4 indicates a grounding fault at the positive
output bus of the buck converter.

Figure 7 shows the fault diagnosis flowchart for the buck photovoltaic energy storage
DC/DC converter. By distinguishing between different recognition signals and comparing
the mathematical relationships between the average voltage u._avg of the parasitic capaci-
tance Cc, the input voltage uj,, output voltage u,, and the average switch voltage us_avg
under four conditions—normal operation, positive input bus grounding fault, negative
input bus grounding fault, and positive output bus grounding fault—the effective fault in-
formation is extracted. Subsequently, this extracted information is compared and analyzed
with data from the actual operation of the buck converter to achieve rapid and accurate
fault diagnosis and effectively locate the specific grounding fault.
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Figure 7. Ground fault detection flowchart for buck converter.

4. Simulation Verification

To verify the accuracy of the theoretical analysis of grounding fault detection for the
synchronous buck photovoltaic energy storage DC/DC converter, this study constructed
simulation models for three types of grounding faults using the Simulink toolbox in the
MATLAB 2022a environment. In the simulation, grounding fault signals were applied to
points A, B, and C of the buck converter at 0.05 s. The dynamic changes in the recognition
signals and the corresponding average voltage uc_avg Of the parasitic capacitance Cc were
monitored throughout the process. By observing these changes, it is possible to determine
whether a grounding fault has occurred in the synchronous buck photovoltaic energy
storage DC/DC converter and further pinpoint the specific location of the fault. The
parameters of the simulation model and the relevant parasitic parameters of the components
are detailed in Table 1.

Table 1. Simulation model parameters and parasitic parameters.

Variables Definition Parameter

Uin Input voltage 35V

Uo Output voltage 14V
Cin Input capacitance 470 uF

L Excitation inductance 80 uH
Co Output capacitor 560 uF
fs Switching frequency 40 kHz
Ca Parasitic capacitance 100 pF
Cp Parasitic capacitance 100 pF
Cc Parasitic capacitance 100 pF

As shown in Figure 8, the input voltage u;,, output voltage u,, and the average voltage
Us_avg Of switch S2 in the photovoltaic energy storage DC/DC converter is represented
from top to bottom. During the periodic switching of the transistor, the output voltage
and current of the photovoltaic cell are measured in real-time. These measurements are
integrated with a closed-loop control system to implement the maximum power point
tracking (MPPT) algorithm, which stabilizes the input voltage at approximately 35 V, while
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maintaining the output voltage at around 14 V and the average voltage of the switch at
about 14 V.

50

M4

Uin

16

Uy
o0

_avg
4

7.5

Us

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time t/s

Figure 8. Waveforms of input voltage u;n, output voltage u,, and average voltage us_avg of switching
tube S2 in photovoltaic energy storage DC/DC converter system.

When the photovoltaic energy storage DC/DC converter is operating normally, the
waveforms of the recognition signal and the average voltage uc_avg of the parasitic capaci-
tance Cc are shown in Figure 9. Under these conditions, the average voltage of the parasitic
capacitance Cc remains stable at —2.4 V. This value aligns with the theoretical average
derived from the analysis, confirming that no grounding fault has occurred in the buck
converter. Consequently, the identification signal A = 1.

2

Identification Signal A

g

1-2.5

Ug ay

-6
0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075
Time t/s

Figure 9. Waveforms of identification signal A and average voltage uc_avg of parasitic capacitor Cc
under normal operation.

At 0.05 s, a grounding fault simulation signal was applied to point A of the input
positive bus of the photovoltaic energy storage DC/DC converter. The subsequent changes
in the recognition signal A and the average voltage uc_avg across the parasitic capacitance
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Cc are illustrated in Figure 10. Following the grounding fault, the average voltage of the
parasitic capacitance Cc experienced a significant drop from its original value of —2.4 V to
—21V, which aligns with the predictions from the theoretical analysis. Additionally, the
fault identification signal A transitioned from state 1 to state 2 within 20ms, confirming

that a grounding fault occurred at the input positive bus of the photovoltaic energy storage
DC/DC converter.

3

S

Identification Signal A

2

Ue_av

1—12.5] \

\

-25
0.025 0.032 0.039 0.046 0.053 0.06 0.067 0.074 0.081 0.088 0.095
Time t/s

Figure 10. Waveforms of identification signal A and average voltage ._avg of parasitic capacitor Cc
under input positive bus grounding fault.

At 0.05 s, a grounding fault simulation signal was applied to point B of the input
negative bus of the photovoltaic energy storage DC/DC converter. The resulting changes
in the identification signal A and the average voltage u._avg across the parasitic capacitance
Cc are presented in Figure 11. Following the grounding fault occurred, the average voltage
of the parasitic capacitance Cc significantly increased, rising from the initial —2.4 V to
14 V, which aligns with the theoretical analysis results. Concurrently, the fault recognition
signal A transitioned from state 1 to state 3 within 20ms, confirming that a grounding fault
occurred at the input negative bus of the photovoltaic energy storage DC/DC converter.
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Figure 11. Waveforms of identification signal A and average voltage u._avg of parasitic capacitor Cc
under input negative bus grounding fault.

At 0.05 s, a grounding fault simulation signal was applied to point C of the output
positive bus of the photovoltaic energy storage DC/DC converter. The changes in the
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recognition signal A and the average voltage u_avg Of the parasitic capacitance Cc are
shown in Figure 12. After the grounding fault occurred, the average voltage of the parasitic
capacitance Cc changed from the initial —2.4 V to 0 V, consistent with the theoretical
analysis results. Meanwhile, the fault identification signal A changed from state 1 to state 4
within 20 ms, confirming that a grounding fault occurred at the output positive bus of the
photovoltaic energy storage DC/DC converter.

7

gnal A

Identification Si,

Ue_avg
|
~N

-3
0.025 0.032 0.039 0.046 0.053 0.06 0.067 0.074 0.081 0.088 0.095
Time t/s
Figure 12. Waveforms of identification signal A and average voltage t._avg of parasitic capacitor Cc
under output positive bus grounding fault.

Through simulations of four different scenarios, this study effectively demonstrates
the reliability of the proposed grounding fault detection method for the synchronous buck
photovoltaic energy storage DC/DC converter. This method not only accurately identifies
the operational status of the converter during normal operation but also promptly captures
fault signals when a grounding fault occurs, enabling timely fault diagnosis. Furthermore,
it successfully distinguishes between different fault types: input positive bus grounding
fault, input negative bus grounding fault, and output positive bus grounding fault.

5. Experimental Validation

To further validate the effectiveness of the proposed grounding fault detection scheme,
an experimental setup was constructed based on the RT-LAB hardware-in-the-loop (HIL)
test platform, as depicted in Figure 13. The circuit parameters and controller parameters
utilized in the experiment were kept consistent with those in the simulation model to
ensure comparability and reliability of the results.

In the experiment, switches were employed to simulate grounding faults artificially.
These switches were connected between the input positive bus A and ground, the input
negative bus B and ground, and the output positive bus C and ground to create short-circuit
grounding conditions. The changes in the parasitic capacitor voltage uc_avg under each
fault condition were recorded and compared with the simulation results. By analyzing the
differences in voltage waveforms under different fault scenarios, the method’s ability to
accurately locate the exact position of the grounding fault can be determined.

In the above normal operating state, the maximum power point tracking (MPPT)
algorithm is employed to adjust the output of the photovoltaic system in real time, ensuring
that it operates at the maximum power point to enhance energy utilization efficiency. By
monitoring the output voltage and current of the photovoltaic array, the algorithm can
identify the optimal operating point. Subsequently, switch driver signals are applied to
control the conduction and cutoff of the switching transistors S1 and S2 in the synchronous
buck PV-storage DC/DC converter. The drive signals for switches S1 and S2 are shown in
Figures 14 and 15.
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Figure 13. Experimental platform.
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Figure 14. Drive signal for switch S1.
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Figure 15. Drive signal for switch S2.
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Precise control of the switching transistors is achieved through PWM signals, which
are directly influenced by the MPPT algorithm. As solar irradiance and temperature
conditions fluctuate, the MPPT algorithm recalculates the optimal operating point and
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continuously updates the duty cycle of the PWM signal. This real-time adjustment ensures
that the switching devices operate in synchrony with the PV array’s maximum power
point (MPP), thereby minimizing energy losses and optimizing the performance of the
PV-storage system.

As illustrated in Figure 16, during normal operating conditions, the average volt-
age across the parasitic capacitance Cc, denoted as uc_avg, remains consistently stable
at approximately —2.4 V. This steady-state behavior of the parasitic capacitance voltage
reflects the expected equilibrium in the system when no faults are present. The stability of
Uc_avg indicates that the converter is operating within its designed parameters without any
significant disturbances.
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Figure 16. The experimental waveforms of identification signal A and average voltage uc_avg Of
parasitic capacitor Cc under normal operation.

Simultaneously, the identification signal A, derived from monitoring key operational
parameters, confirms the proper functioning of the buck converter. This value is designed
to serve as a fault detection indicator, remaining within a predefined range that corresponds
to normal operation under typical conditions. The A signal ensures real-time monitoring
and provides immediate feedback on the converter’s operational status, facilitating prompt
detection of any anomalies or faults.

The combination of a stable parasitic capacitance voltage and a nominal identification
signal A verifies that the system is free from any anomalies. These diagnostic metrics serve
as reliable indicators that the synchronous buck PV-storage DC/DC converter is efficiently
regulating the input and output voltages, maintaining optimal performance in the absence
of external or internal faults.

As shown in Figure 17, all voltage signals are within the expected range. When a
grounding fault occurs on the input positive bus, the average voltage of the parasitic capac-
itance Cc drops sharply from —2.4 V to —21 V. This significant change is completed within
20 ms, and the identification signal A quickly changes from state 1 to state 2, accurately
indicating that the fault is located at the input positive bus.

As shown in Figure 18, when a fault signal is applied to the input negative bus, the
average voltage of the parasitic capacitance rises from —2.4 V to 14 V. Similarly, within
20 ms, the identification signal A changes from state 1 to state 3, confirming that a grounding
fault has occurred on the input negative bus.

As shown in Figure 19, after applying a grounding fault signal to the output positive
bus, the average voltage of the parasitic capacitance significantly changes from the initial
—2.4V to 0V, and the identification signal A changes to state 4 within 20 ms, confirming the
grounding fault of the output positive bus. The above experimental results demonstrate
that the proposed detection method can quickly and accurately identify and locate different
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types of grounding faults. The experimental results are consistent with the theoretical
analysis, further demonstrating the potential of this method in practical applications.
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Figure 17. The experimental waveforms of identification signal A and average voltage tc_avg Of

parasitic capacitor Cc under input positive bus grounding fault.
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Figure 18. The experimental waveforms of identification signal A and average voltage tc_avg Of

parasitic capacitor Cc under input negative bus grounding fault.
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Figure 19. The experimental waveforms of identification signal A and average voltage tc_avg Of

parasitic capacitor Cc under output positive bus grounding fault.
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6. Conclusions

This paper investigates a ground fault detection method for a synchronous buck
DC/DC converter in photovoltaic and storage systems. The method detects the average
voltage of the parasitic capacitance at the midpoint of the bridge arm and compares it with
the sum of the input voltage, output voltage, and the average switch voltage to determine
whether a ground fault has occurred and its specific location. Four scenarios are analyzed in
this paper: normal converter operation, input positive bus grounding fault, input negative
bus grounding fault, and output positive bus grounding fault. Corresponding equivalent
models are established to study the variation of the average parasitic capacitance voltage,
enabling effective detection of ground faults in the buck DC/DC converter. Finally, the
proposed method’s effectiveness and reliability are validated through simulation and
experimental verification.

Based on the above simulations and experiments, the following conclusions can
be drawn:

1.  The proposed method can effectively detect grounding faults in the buck PV-storage
DC converter;

2. By analyzing the voltage signal characteristics in different fault scenarios, the accuracy
and real-time performance of the detection signal is validated;

3. The applicability of this detection method in practical applications and its potential
for optimization are also assessed.
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