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Abstract

In modern power systems such as new energy generation and smart grids, inverters serve
as core equipment for electrical energy conversion and transmission. Their operational
reliability directly impacts system power supply quality and safety stability. Currently,
research on inverter fault diagnosis technology primarily focuses on linear load conditions,
with diagnostic method design and validation based on linear load characteristics. However,
with the rapid advancement of power electronics technology, power electronic loads such as
variable frequency drives, charging stations, and distributed power sources are increasingly
prevalent in power systems. These loads exhibit nonlinear and time-varying characteristics
under complex operating conditions, leading to a growing variety of inverter faults with
significantly diversified and complex fault signatures. Traditional diagnostic methods
fail to adapt to the unique characteristics of power electronic loads, making it difficult
to accurately identify various faults. Consequently, they no longer meet the diagnostic
demands of practical engineering scenarios. In addition, current diagnostic methods for
open-circuit power transistors, intermittent faults, and sensor faults often employ different
approaches, which consume significant controller resources and are prone to mutual
interference, leading to false triggers. This paper takes a three-phase four-wire inverter
as the research subject. Targeting the challenge of fault diagnosis under power electronic
load conditions, it proposes a comprehensive diagnostic method capable of simultaneously
diagnosing power switch open circuits, intermittent faults, and current sensor faults. First,
the characteristics of various faults are analyzed. Subsequently, fault diagnosis variables
are constructed using the actual arm voltage of the inverter and the ideal arm voltage.
Logical rules for each type of fault are established, and diagnosis is performed through
fuzzy logic inference. Finally, experiments validated the effectiveness of this fault diagnosis
scheme, with open-circuit faults detected in less than 2 ms, intermittent faults in less than
0.5 ms, and sensor faults in less than 3 ms.
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like distributed power generation [1], active power filters [2], and rail transit auxiliary
inverters [3]. Statistical investigations reveal that power switch faults and sensor faults
are the most common and damaging failures in power electronic inverters [4]. For switch
short-circuit faults, a variety of detection and protection mechanisms integrated into the
hardware can achieve prompt identification and protection [5]. On the other hand, inverter
open-circuit faults, including those induced by fuse melting due to switch short-circuit
faults in inverters fitted with fast fuses [0], are challenging to detect and safeguard against.
Such open-circuit faults tend to accelerate the degradation of energy storage capacitors
and inductors, reduce their operational lifespan, and undermine the stable operation of
the entire system [7]. Thus, investigating open-circuit fault diagnosis techniques for invert-
ers is of great significance in minimizing economic losses and improving the stability of
drive systems.

Fault diagnosis methodologies are generally classified into two main categories: data-
driven and circuit-driven approaches. Data-driven techniques primarily depend on the
collection of extensive fault data and employ advanced signal processing methods or novel
artificial intelligence models to accomplish fault diagnosis [8-10]. These approaches are
associated with shortcomings such as the requirement for large-scale datasets, tedious
data preprocessing workflows, and offline fault diagnosis durations that usually exceed
one fundamental cycle. Circuit-driven methods are typically subdivided into voltage-
based and current-based schemes. Voltage-based approaches mainly leverage the voltage
difference between the reference voltage obtained from an accurate system model and
the actually measured voltage to perform fault diagnosis [11-14]. Nevertheless, these
methods demonstrate low efficiency and poor robustness when the system operates under
light-load or no-load conditions. Current-based methods involve the direct utilization of
current signals within the control system for fault analysis [15,16], without the need for
additional hardware circuits. However, such techniques require the processing of current
waveform signals, which results in substantial computational burden and high algorithm
complexity. Relevant studies [17-19] have explored inverter fault diagnosis methods based
on current observers. Observer-based methods exhibit insensitivity to load fluctuations and
do not require extra measurement circuits, but they still have a strong reliance on precise
mathematical modeling.

In addition to power switch faults in inverters, sensors are also highly prone to
malfunctions. Current sensor faults may cause closed-loop systems to lose control, so the
rapid diagnosis of current sensor faults is indispensable. Up to now, numerous researchers
have carried out studies on current sensor faults [20-22], and the characteristics of these
faults are analogous to those of power switch open-circuit faults.

Several research efforts have focused on the concurrent diagnosis of power switch
open-circuit faults and current sensor faults. In [23], a diagnostic method based on the
Luenberger observer is developed to identify open-circuit faults and sensor faults in
two-level three-phase inverters. In [24], a current-based normalized Park vector approach
combined with an adaptive threshold method is used for the diagnosis of open-circuit faults
and current sensor faults. In [25], a synchronous diagnosis strategy based on a reduced-
order observer is put forward, which transforms current sensor faults into generalized
state vectors. This method adopts matrix transformation to decouple open-circuit faults
from the inverter system states and current sensor faults, thereby achieving the diagnosis
of IGBT faults and current sensor faults. However, the aforementioned studies fail to take
DC-link voltage sensor faults into account. In [26], the stator flux linkage is used to identify
speed sensor faults; a combination of a current-model-based stator flux linkage observer
and a voltage-model-based stator flux linkage observer is used to diagnose DC-link voltage
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sensor faults; and a current estimation method based on vector space decomposition is
employed to identify IGBT faults.

Furthermore, the loads considered in the aforementioned literature are either induction
motors or resistive loads. With the increasing adoption of power electronic loads or diode
rectifier loads, a large number of harmonics are produced in the inverter’s voltage and
current [27,28]. When an open-circuit fault occurs in an inverter with nonlinear loads, the
voltage and current of the non-faulty phases experience more severe distortion compared
to those under linear load conditions. This situation is likely to lead to misdiagnosis, which
affects the stable operation of the system and causes considerable damage to the inverter
and associated equipment. Therefore, it is highly necessary to conduct research on fault
diagnosis under nonlinear load conditions. In [2], the bridge arm voltage is constructed
using the DC-link voltage and duty cycle, and the residual between this constructed voltage
and the sampled voltage is utilized to realize open-circuit fault diagnosis of active power
filters. However, this diagnostic method is vulnerable to DC-link voltage fluctuations and
sampling spikes, resulting in poor robustness.

Although the aforementioned paper can diagnose single-switch faults and sensor
faults, it cannot diagnose simultaneous multiple-switch faults nor intermittent switch
faults. However, intermittent switch faults are actually crucial for the early warning of
open-circuit faults.

This paper proposes a fault diagnosis method based on fuzzy logic reasoning that
can diagnose multiple faults, including open-circuit faults, intermittent faults, and current
sensor faults in power switches under nonlinear loads, with a total of 30 fault types. Even
under operating conditions with fluctuating nonlinear loads, the proposed fault diagnosis
method remains virtually unaffected.

(1) The characteristic patterns of open-circuit faults in three-phase four-wire inverters
and the impact of nonlinear loads on voltage and current during open-circuit faults
are analyzed.

(2) Fault diagnosis variables are constructed using ideal arm voltage and actual arm
voltage to enable rapid detection.

(3) Trapezoidal membership functions are selected after analyzing characteristics of
various membership function shapes.

(4) Diagnostic rules and tables are formulated based on fault-specific properties.

(5) An experimental setup was constructed to validate the aforementioned fault diagnosis
method. The method can diagnose single-switch and same-phase bridge arm multi-
switch open-circuit faults with a diagnosis time of less than 3 ms; diagnose different
bridge arm multi-switch open-circuit faults with a diagnosis time of less than 5 ms;
diagnose inter-switch faults with a diagnosis time of less than 1 ms; and diagnose
current sensor faults with a diagnosis time of less than 4 ms. The rest of the paper is
organized as follows. Section 2 designs the fault diagnostic variables. Section 3 designs
the fault diagnosis scheme. Section 4 builds an experimental platform to verify the
fault diagnosis scheme. Section 5 summarizes the whole paper.

2. Fault Characterization and Diagnostic Variable Design

Figure 1 illustrates the topology of a three-phase four-wire inverter with a neutral-point
inductor. By incorporating an inductor at the neutral point, this topology effectively sup-
presses zero-sequence currents and enhances the system’s adaptability to unbalanced loads,
making it widely applicable in scenarios such as low-voltage distribution and distributed
generation. The nonlinear load employed in this study is a typical three-phase diode
rectifier load, which is extensively used in industrial rectifier units and power electronic
equipment due to its simplicity, low cost, and high reliability. However, its commutation

https://doi.org/10.3390/en19132953


https://doi.org/10.3390/en19132953

Energies 2026, 19, 2953 40f17

process generates significant harmonic currents and voltage distortions, complicating in-
verter operating conditions and increasing fault diagnosis difficulty. Therefore, selecting
this load type aligns more closely with real-world engineering fault diagnosis requirements.
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Figure 1. Three-phase four-wire inverter with neutral inductor [29].

The fault characteristics of Ty1 (x = a, b, ¢) open-circuit faults are detailed in Figure 2.
Owing to the mutual independence of the three phases in the three-phase four-wire inverter,
the analysis is implemented by decomposing the inverter into a single-phase inverter with
a neutral inductor. As shown in Figure 2a, during normal operation with iy > 0, the
current passes through path (D when Ty is in the on-state; when Ty is turned off, the
current freewheels through diode Dy, along path (. Figure 2b presents the open-circuit
fault state with iy > 0: at this juncture, the current only freewheels through Dy,, leaving
only path ) operational. Figure 2c depicts the normal operation state with 7, < 0: when
T,y is conducting, the current flows via path ); when Ty; is off, the current continues to
freewheel through D, along path (2. In the open-circuit fault state with i, < 0 (as illustrated
in Figure 2d), the existence of Dy renders the fault ineffective in influencing the current.

Figure 2. Demonstrates the characteristic manifestations of Tyx; open-circuit faults, specifically
covering (a) normal operation with iy > 0, (b) open-circuit fault under i, > 0, (¢) normal operation
with iy <0, and (d) open-circuit fault under iy <0.
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(uxlk] + ux[k—1]) +

N~

Uxo [k] =

Due to the presence of nonlinear loads, significant harmonics are generated in the
bridge arm voltage and current following an open-circuit fault, as shown in Figure 3. Tradi-
tional fault diagnosis methods struggle to diagnose this operating condition. Intermittent
faults are short-term open switch faults caused by loss of pulses or poor switch contact,
and can be used as a warning that the switch is permanently open.
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Figure 3. Three-phase four-wire inverter with neutral inductor.

When the current sensor is in the normal state, the current is measured by the current
sensor as the feedback value of the inner current loop to maintain the operation of the
current loop. When the current sensor has a broken wire fault, the output of the sensor is 0,
which leads to the open-loop operation of the current loop, and the control system cannot
obtain the current parameter and cannot realize the current control.

Taken together, the above analysis requires that the fault diagnostic variables be able
to recognize both power switch open circuit and sensor faults, as well as short-duration
pulse loss faults in the power switches. In addition to this, the fault diagnostic variables are
required to be unaffected by harmonics before and after nonlinear load faults. The bridge
arm voltage is chosen as the fault diagnostic variable, which reflects the above faults but is
also affected by harmonics, spikes and ripples, which need to be handled appropriately.

From Figure 4, the average value of the ideal voltage at the midpoint of the bridge
arm is calculated as

(ucu [k]+ucu [k - 1]) “dy [k - 1]
2

_ (ualkltuqlk —1}) - dyo[k — 1]
2

)

o K]

where dy1[k] denotes the actual conduction duty cycle of Ty at the kth cycle and dyy[k]
denotes the actual conduction duty cycle of Ty, at the kth cycle [30].
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To suppress harmonic and ripple interference, the average of the ideal bridge arm
voltage and the actual bridge arm voltage must be normalized, and the normalized variable
must be used as a fault diagnosis variable.

t+Trp
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Figure 4. Single-phase simplified circuit for calculating the midpoint voltage of a bridge arm [29].

Equation (4) is the average value of the absolute value of the ideal bridge arm voltage,
i, | is the absolute value of the ideal bridge arm voltage, and Trp is the time of one fun-
damental wave period. Equation (5) is the average value of the actual bridge arm voltage.
Equation (6) is the average value of the absolute value of the actual bridge arm voltage;
|iix,| is the absolute value of the actual bridge arm voltage. Equation (7) is the fault diagno-
sis variable after normalizing the bridge arm voltage. Equation (8) is the fault diagnosis
variable after normalizing the absolute value of bridge arm voltage. In Equation (9), F; is
the normalized fault differentiation variable; when F; > 2 — A, a sensor fault occurs, and
when F; < A, an open-circuit fault occurs. y is the fault differentiation threshold.

The use of bridge arm voltage averages mitigates harmonic and ripple disturbances,
and normalization of bridge arm voltages avoids fluctuations in fault diagnostic variables
caused by voltage fluctuations, and also facilitates subsequent fuzzy logic-based fault
diagnostic schemes.

3. Fault Diagnosis Scheme Based on Fuzzy Logic

Fuzzy logic reasoning consists of 3 main parts: fuzzification, fuzzy inference and
defuzzification. The fuzzy membership function used in this fault diagnosis method is
a trapezoidal function. Due to the presence of nonlinear loads and sampling noise, the
measured data generally contain noise and harmonic interference. Since the membership
value in the flat-top segment is fixed at 1, the membership value remains unchanged when
the indicator fluctuates slightly near the pass/fail threshold, and the fuzzy output remains
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stable. This effectively mitigates data fluctuations caused by harmonics, noise, and random
measurement disturbances.

H 1, [ix,), < —0.1
ot lixoly + 7257, —0.1 < [iixo], < —a
a:é.l [EXO]n + %, —01< [ﬁXo]n < -
HI'=41, —a < [ixo], < —B
il + 5255, B < [ixol, <0.1-a—p
{ tx:(%.l [HXO}n + afo.l/ —B < [ﬁXoL,l <0l-a-—-p8
Xn=4 N=<(1, 01—a—p<[ix], <a+p—0.1 (10)
A fiixo], + E202, a4 B — 0.1 < [iixo], < B
{a&l[m]n + St B0 < [iix], < B
LI={1, B < [ix), <01—a
rlixol, + =%, 0.1—a < [ux), <0.1
. e lixol, + 57, 01— a < iy, < 0.1
1, 0.1 < [iixo),,

where a = 0.08, and = 0.05. The faults to be diagnosed include single and multi-switch
open-circuit faults, intermittent faults and current sensor faults. Especially in the case of
multi-switch faults, the faulty switches interact with each other, so the threshold set based
on a single switch is difficult to adapt to the multi-switch case, so the threshold « is set by
extensive experiments. Due to the presence of voltage harmonics and ripples, the proposed
fault diagnosis variables may fluctuate in a small range, and the threshold B can avoid the
misdiagnosis caused by the above reasons.

1 HﬁXOHn <7
H= ﬁ[|ﬁX0|]n+z’§;}2/ ¥ < [|uxol], <2—7
Y, = 0, 2 — v < luxol], a1
0, [[x0l], <
L=1 sl + 55 7 < llixoll, <2—7
L 2 =y < [[uxol],

The fault diagnostic variable Y}, is mainly used to determine whether an open-circuit
fault has occurred in a power switch of the same bridge arm. When an open-circuit fault
occurs in a switch of the same bridge arm, the switch will no longer conduct. At this time,
the presence of the diode makes the bridge arm still have voltage, and the voltage is still
a sinusoidal waveform, but the voltage value is very small. The size of the voltage value
is mainly determined by the voltage of the phase current in the filter inductance and the
neutral current in the neutral inductance. Therefore, set v = 0.95.

1/ Ft</\
H=q{ 3 5h+457% A<FE<2-A
0, 2-A<Fk
= (12)
0, F <A
L: ﬁpt—’_ﬁ/ )\SFt<2—A
1 2-A<k
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The fault detection variable Z, is mainly used to differentiate between power switch
open circuits, intermittent faults and sensor faults, A = 0.99. From the above analysis, the
input affiliation function of the fuzzy logic system, as shown in Figure 5, can be obtained.

[CH T L L] (& L
0.5 0.5 0.5

e — 0 | 0 ‘
0200 0T0r02 0 g 0 L

Figure 5. Membership input functions for fuzzy logic reasoning. (a) Xj. (b) Yy. (¢) Zj.

The relationship between inputs and outputs can be expressed by the IF-THEN rule,
and the rules for determining open circuit, intermittent faults, and sensor faults are given
below, using phase A as an example.

(1) IFX,=Hand Z=H, THEN T, open-circuit fault, T;» and sensor A normal.
(2) IFX,=LandZ=H, THEN T,, open-circuit fault, T;; and sensor A normal.
(3) IFX,=HIand Z = H, THEN T,; intermittent fault, T, and sensor A normal.
(4) TIF X, =LlIand Z = H, THEN T, intermittent fault, T;; and sensor A normal.
(®) IFY,=Hand Z=H, THEN T,; and T, open-circuit fault, sensor A normal.
(6) IFX,=HIor X, =LIland Z =L, THEN sensor A fault.

(7) TFX,=Nand Y, =N, THEN T, T;; and sensor A normal.

By analyzing the above rules, the kinds of fault diagnosis based on fuzzy logic are
obtained, as shown in Table 1.

Table 1. Types of fault diagnosis based on fuzzy logic.

Fault Type

&

Open-circuit fault Ta1, Te1

.

ZZCOC L IZCCZI T 22222222 T X
CIZIZCCZCo I ZLIZZ2Z2Z2Z 0 T 7

T L Z-ZC0CZI T 22220 L 2222Z| X
(un el el B o B el B B e o B o B e B e B e B o B e el
hr‘hhhhrhhhﬁr‘r‘mhhr‘r‘hhhgﬁ
o e/ o o o o B ,:<
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Table 1. Cont.

Fault Type X, Xy X Y. Y, Y, Z

Tm HI N L L L H

T LI N L L L H

. Ty N HI L L L H
Intermittent fault Ty N LI L L L H
T N N HI L L L H

T N N LI L L L H

Sensor A HI, LI N N L L L L

Sensor fault Sensor B N HI, LI N L L L L
Sensor C N N HI, LI L L L L

4. Verification

The proposed fault diagnosis method is verified by building an experimental bench,
which is shown in Figure 6. The test bench consists of a DC power supply, intelligent power
module, rectifier-type load units, multiple sensors and passive filtering components. Its dig-
ital control framework adopts a digital signal processor (DSP) plus complex programmable
logic device (CPLD) architecture. The DSP’s main CPU executes control routines, while
its control law accelerator (CLA) core is specially assigned for real-time fault diagnosis
algorithms. The parameters of the experimental bench are shown in Table 2.

| Monitoring |
computer

Three-phase diode
rectifier load

Figure 6. Experimental platform of three-phase four-wire inverter.

Figure 7 shows the diagnostic test results for the T open-circuit fault. Prior to the fault
occurrence, the presence of nonlinear loads caused harmonics to appear in the three-phase
bridge arm voltages while maintaining a 120-degree phase angle. After the open-circuit
fault, influenced by the nonlinear load, the faulted phase voltage could not maintain a half-
wave state, and the non-faulted voltage also generated significant harmonics. The fault
detection flag [714,], rapidly decreased. When [ii 4,],, fell below —a, the fault occurrence was
determined. At this point, the fault type determination flag Ft was less than 1, indicating
an open-circuit fault had occurred. The faulty switch was identified as T;1, and the entire
fault diagnosis time was less than 2 ms.

https://doi.org/10.3390/en19132953
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Table 2. Four-wire inverter’s parameters.

Parameter Symbol Value
DC voltage Uey, Ugl 250V
Inductor current i, brc 15 Arms
Filter inductance Ly (Ryp) 0.3 mH
Output voltage U, by c 200 Vp
Neutral inductance Ly (Ry) 0.6 mH
Output voltage Ug, by ¢ 200 Vy,
Switching frequency fw 2.5kHz
Fault diagnosis type threshold A 8
Sampling frequency fs 5kHz
Frequency of fault diagnosis fa 5 kHz
100V/div
& _
UAVANE
o !
<—Detect
_% (O.S/dlv)
SO N “o
= C |
>
B = = —
LTCS [qu ]n [uBo ]n [uCo ]n‘
o —H] (I/div) |
§ 0 s NN \VARAV 2R eV il
== S I SO S N SO U RSN SNt SN SN S
]
m !

Time (10ms/div)
Figure 7. Experiments for T, open-circuit fault.

Figure 8 shows the diagnostic test results for simultaneous open-circuit faults in
Ta1 and Tpp. After the open-circuit faults occur, the fault detection indicators [ 4,], and
[tipo], rapidly decrease. When [i14,], and [iip,], fall below —a, a fault is determined to
have occurred. At this point, the fault type determination flag F; is less than 1, indicating
an open-circuit fault has occurred. The faulty switches are T,; and T}, with the entire
fault diagnosis time being less than 4 ms. It should be noted that the T;; open-circuit
fault occurred during its negative half-cycle, yet the proposed fault diagnosis method still
accurately completed the diagnosis—an advantage not possessed by traditional methods.
Furthermore, this experiment demonstrates that the proposed fault diagnosis method can
diagnose open-circuit faults occurring simultaneously in the same half-bridge.

Figure 9 shows the diagnostic test results for simultaneous open-circuit faults in
Ta1 and Typ. After the open-circuit faults occur, the fault detection indicator [# 4,], rapidly
decreases, while [iip,], rapidly increases. When [7 4,],, falls below —a and [uip,], exceeds
«, a fault is determined to have occurred. At this point, the fault type identification flag
Fy is less than 1, indicating an open-circuit fault has occurred. The faulty switches are
T,1 and Tyy, with the entire fault diagnosis process completed in less than 6 ms. Although
nonlinear loads cause a significant increase in voltage distortion in the non-faulted phase
C, the proposed fault diagnosis method remains effective and exhibits strong robustness to
harmonic variations. Furthermore, this experiment demonstrates that the proposed fault
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diagnosis method can diagnose open-circuit faults occurring simultaneously in different
bridge arms.
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Figure 8. Experiments for T, and T} open-circuit fault.
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Figure 9. Experiments for T and T}, open-circuit fault.

Figure 10 shows the diagnostic test results for simultaneous open-circuit faults in
T,1 and T,p. After the open-circuit fault occurs, the fault detection indicator x rapidly
decreases. When [ii 4,], falls below —, a fault is determined to have occurred. At this
point, the fault type determination indicator F; is less than 1, indicating an open-circuit
fault has occurred. The faulty switches are T, and T,p, with the entire fault diagnosis time
being less than 2 ms. It can be seen that the proposed fault diagnosis method is capable of
detecting this fault very quickly. Compared to multiple-switch faults occurring on different
bridge arms, multiple-switch faults occurring on the same bridge arm can be detected
simultaneously, and the detection time is roughly equivalent to that of a single-switch
fault. This experiment demonstrates that the proposed fault diagnosis method can detect
simultaneous open-circuit faults occurring in the same circuit.
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Figure 10. Experiments for T;; and T, open-circuit fault.

Figure 11 displays the diagnostic results for a phase C current sensor disconnection
fault, where the current sensor sampling value reads zero after the fault occurs. The
presence of inductance causes changes in the bridge arm voltage configuration. At this
point, [iic,], rapidly increases. When [iic,], exceeds , a fault is determined to have
occurred. Since the fault type indicator F; is greater than 1, a sensor fault is identified, with
the fault diagnosis time being less than 4 ms. After confirming the sensor fault, the faulty
sensor is reconstructed using Equation (25) from [30].

— iy, — g, (150V/div)]
E, /'> _
ap@%&%@ ORI

‘ Sensor fault—» €« Detect

— U, — uCu (20V/d1V)
B R R A
AR \M% ;
_Lé I (0 05/d1V)
L — .

2 T, i)

5] _E

A RO |
STV TN
LL‘ | | |
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Figure 11. Experiments for phase-A current sensor fault.

Figure 12 shows the diagnostic results for an intermittent fault in T¢; (fault duration:
2 switching cycles). After the intermittent fault in T,y occurs, [iic,], rapidly decreases.
When [ii¢,], falls below —p, a fault is detected. At this point, F; is less than 1, confirming
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an intermittent fault. The entire fault diagnosis process takes less than 0.5 ms. Considering
the experimental switching frequency of 2.5 kHz, this indicates that intermittent faults are
detected immediately upon occurrence. Experimental results demonstrate that this method
can diagnose intermittent faults, but the fault duration should not be excessively long,

otherwise it may be misclassified as an open-circuit fault.
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Figure 12. Experiments for T intermittent fault.

Figure 13 presents experimental results demonstrating the impact of voltage sampling
noise on open-circuit fault diagnosis, with a maximum noise amplitude of 40 V. Following
the occurrence of an open-circuit fault in T}, the fault detection variable [ug,], rapidly
decreases. When [ii,],, falls below the threshold —u«, a fault is determined to have occurred.
At this point, the fault classification variable F; is less than 1, indicating an open-circuit fault
in Tp1. This experiment demonstrates that noise interference does not affect the proposed

fault diagnosis method.
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Figure 13. Experiments on the effect of noise on fault diagnosis.
Figures 14 and 15 illustrate the impact of 50% load engagement and disengagement

on fault diagnosis. Although the fault diagnosis variable fluctuates slightly during load
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engagement and disengagement, it remains above the threshold. This demonstrates that
the proposed fault diagnosis method exhibits strong robustness against load fluctuations.

A

Time (50ms/div)

Figure 14. Experiments on the effect of load put on fault diagnosis.

I

_[1/_1,40 ]n_[L_lBo ]n [L_lCO ]n‘ i i
Time (50ms/div)

Fault variable

Figure 15. Experiments on the effect of load cut off fault diagnosis.

To show the advantages of the proposed fault diagnosis method, we have compared it
with other methods as shown in Table 3. Reference [31] employs multi-state data processing
and artificial neural network methods to diagnose open-circuit faults in multi-switch sys-
tems. However, this method requires a large amount of data for offline training, involves
excessive diagnostic time, and is highly complex. Reference [32] employs the discrete
Fourier transform and principal component analysis to diagnose open-circuit faults. This
method requires a large amount of data and generally has a moderate diagnostic speed.
Reference [33] achieves open-circuit fault diagnosis by extracting abnormal current wave-
form patterns caused by open-circuit faults in the corresponding switch. While this method
offers relatively fast diagnosis, it is susceptible to load fluctuations. Reference [34] employs
a support vector machine and transfer learning algorithms to diagnose open-circuit faults.
Since this method is data-driven, it requires a large amount of data and results in slow
diagnostic speeds. Reference [12] implements open-circuit fault diagnosis based on the
average phase voltage model. While this method offers fast diagnosis, it lacks robustness
against load fluctuations and is difficult to apply to systems with nonlinear loads. As
shown in Table 3, the proposed fault diagnosis scheme is capable of diagnosing open-circuit
faults, intermittent faults, and current sensor faults. This scheme can diagnose both single-
point faults and multiple parallel faults. This fault diagnosis method does not require the
addition of an extra data acquisition system or the prior collection of large amounts of data,
and it enables online simultaneous diagnosis of multiple faults.
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Table 3. Comparison with other methods.
Detection Detection Data for .
Method Plant Variable Faulty Type Time Load Type Diagnosis Complexity
[31] Three—phase Three-phase Open-circuit <2 FP Resistance Large High
inverter currents
[32] Three—phase Three-phase Open-circuit <0.5FP Induction Medium Large
inverter currents motor
[33] Three-phase Three-phase Open-circuit <0.2 FP Resistance Less Medium
inverter currents
Three-phase
[34] Three-phase currents; Open-circuit <2 FP - Large High
inverter Three-phase p & &
voltages
Three-phase
Three-phase currents; . . .
[12] inverter Three-phase Open-circuit <0.15FP Resistance Less High
voltages
Three-phase Three-phase Open-circuit,
Proposed . currents; . Three-phase .
four-wire Intermittent, <0.15 FP . o Less Medium
method . Three-phase diode rectifier
inverter sensor fault
voltages

Note: FP represents the fundamental period.

5. Conclusions

This paper proposes a diagnostic method based on fuzzy logic for detecting open-
circuit, intermittent, and current sensor disconnection faults in three-phase four-wire
inverters. First, the open-circuit fault characteristics of four-wire inverters and the impact
of nonlinear loads on open-circuit fault diagnosis are analyzed. Next, fault diagnosis
variables are constructed using the ideal and actual arm voltages. Subsequently, fuzzy
logic is employed for fault classification and diagnosis. Finally, an experimental setup is
constructed to validate the proposed fault diagnosis method.

The proposed fault diagnosis scheme can diagnose open circuit, intermittent fault and
current sensor faults. It can diagnose single fault and multiple simultaneous faults. The
diagnosis time for open-circuit and current sensor fault are less than 4 ms; for intermittent
fault, it is less than 1 ms. The proposed fault diagnosis method neither requires the addition
of an extra acquisition system nor the acquisition of a large amount of data in advance,
realizing the simultaneous online diagnosis of multiple faults.
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