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Abstract: LLC resonant converters have emerged as essential components in DC charging station modules,
thanks to their outstanding performance attributes such as high power density, efficiency, and compact size.
The stability of these converters is crucial for vehicle endurance and passenger experience, making reliability
a top priority. However, malfunctions in the switching transistor or current sensor can hinder the converter’s
ability to maintain a resonant state and stable output voltage, leading to a notable reduction in system efficiency
and output capability.This article proposes a fault diagnosis strategy for LLC resonant converters utilizing a
reduced order interval sliding mode observer. Initially, an augmented generalized system for the LLC resonant
converter is developed to convert current sensor faults into generalized state vectors. Next, the application of
matrix transformations plays a critical role in decoupling open-circuit faults from the inverter system’s state and
current sensor faults. To achieve accurate estimation of phase currents and detection of current sensor faults, a
reduced-order interval sliding mode observer has been designed. Building upon the estimation results generated
by this observer, a diagnostic algorithm featuring adaptive thresholds has been introduced. This innovative
algorithm effectively differentiates between current sensor faults and open switch faults, enhancing fault detection
accuracy. Furthermore, it is capable of localizing faulty power switches and estimating various types of current
sensor faults, thereby providing valuable insights for maintenance and repair. The robustness and effectiveness of
the proposed fault diagnosis algorithm have been validated through experimental results and comparisons with

existing methods, confirming its practical applicability in real-world inverter systems.

Keywords: LLC resonant converter; Current sensor (CS); IGBT open circuit (OC) fault; Adaptive sliding mode
observer

1. Introduction

LLC resonant converters have been widely used in auxiliary power systems of urban rail transit
systems such as subways, light rails, and maglev trains due to their simple construction, wide input
voltage range, high power density, and easy implementation of soft switching characteristics [1-3].
However, due to the complex and variable operating environment of LLC resonant converters, their
failure rate remains high, which has become a challenge restricting the development of electric vehicles
[4]. When the switching tube fails, it is difficult for the resonant converter to operate near the resonance
point while maintaining the output voltage constant using pulse frequency modulation. In addition,
CS, as an indispensable feedback component in LLC resonant converter systems, once a fault occurs, it
will directly threaten the stability of the entire charging system [5]. Therefore, in-depth exploration and
research on fault diagnosis methods for power switch tubes and CS in LLC resonant converter systems
have profound significance for ensuring the safe operation of DC charging piles and promoting the
healthy development of the electric vehicle industry.

Power switching transistors frequently experience open and short circuit faults. While serious
short-circuit faults can typically be isolated using standard protective devices, open circuit faults
usually do not cause immediate severe damage [6-7]. However, Open-circuit faults can have significant
consequences, as prolonged exposure to such conditions may lead to secondary failures in other
components, potentially triggering emergency shutdowns in systems like the LLC resonant converter.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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This critical issue has garnered increasing interest in the research community, particularly regarding
the diagnosis of open-circuit faults within these converters. In the realm of fault diagnosis techniques,
methods can be broadly classified into two categories [8-11]. Data-driven approaches leverage
advanced signal processing and artificial intelligence algorithms for fault identification; however,
these methods typically require substantial amounts of data and high computational power, making
them less suitable for real-time online diagnosis. On the other hand, circuit-driven methods focus on
techniques based on voltage, current, or model-based analysis. While there has been research aimed
at the rapid detection of voltage characteristics, these methods often necessitate additional sampling
and diagnostic circuitry. Together, these insights highlight the importance of developing effective
fault diagnosis strategies that can operate reliably under real-time constraints while addressing the
unique challenges presented by open-circuit faults [12-16].In contrast, current-based techniques utilize
existing signals for diagnosing open circuit faults. Notable methods include the Concordia current
mode analysis and average current methods, which have been extensively studied [17]. However,
these approaches generally require longer detection times to ensure accuracy.

In LLC resonant converters, control system faults can arise not only from power switch failures
but also from the vulnerability of current sensors (CS) to faults. The closed-loop control inherent
in high-performance control systems means that any malfunction in the current sensor can lead
to erroneous feedback, which may ultimately trigger system shutdowns. As a result, there is a
pressing need for rapid diagnosis of current sensor faults to ensure system reliability. Currently, the
diagnostic methods for current sensor faults are mainly categorized into model-driven approaches
and data-driven approaches, each offering different advantages and challenges in the fault detection
process[18-19]. Model based fault diagnosis methods focus on detecting and analyzing sensor faults
by establishing mathematical models and observers of the system. These methods typically have
faster diagnostic speeds and lower data requirements. Data driven fault diagnosis mainly relies on
signal processing, artificial intelligence and other technologies to deeply mine and analyze sensor
data, in order to achieve fault diagnosis. As mentioned in reference [18], a LLC converter open circuit
fault diagnosis method based on resonant capacitor voltage observation is proposed. This method
provides a foundation for fault tolerance by monitoring the voltage changes of resonant capacitors and
quickly locating faulty switches. The algorithm introduced in reference [19] is a fault diagnosis method
based on the short-time Fourier transform (STFT). This algorithm utilizes the main and auxiliary side
currents as feature quantities to perform its analysis. By applying the STFT, it analyzes the frequency
components of the current to identify faults effectively. For fault localization, the method employs
envelope detection to determine the specific arm of the fault. A significant advantage of this approach
is that it does not require additional sensors, thereby reducing overall hardware costs.

The literature review in references [20-22] discusses various fault diagnosis methods for current
sensors (CS) used in converter control systems. These methods share similarities with open-circuit
fault diagnosis techniques for power switches, primarily relying on current analysis or model-driven
strategies. Among these approaches, model-driven methods are preferred due to their rapid diagnostic
capabilities and lower data requirements. Specific techniques include the proportional full-state
observer, as mentioned in reference [23], which is effective for diagnosing current sensor faults and
offers quick response times. Additionally, the sliding mode observer, discussed in reference [24], has
also been developed for diagnosing current sensor faults across different types of systems.

The above fault diagnosis methods are all for diagnosing faults in a single power electronic
device. Due to the fact that the charging module of the DC charging pile also needs to consider the
impact of high-frequency transformers on the inverter circuit and rectifier circuit, which is significantly
different from the diagnostic objects of the above diagnostic methods, the above-mentioned methods
are difficult to directly apply.

Research has shown that the diagnosis of open circuit faults in power switch tubes and current
sensor faults has attracted widespread attention. However, existing research often diagnoses the
two types of faults separately, ignoring their mutual influence. Two types of faults, open circuit
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faults and current sensor faults, can both lead to distortion in phase currents and may exhibit similar
characteristics in certain situations. This similarity poses a challenge, as open circuit faults can interfere
with the diagnosis of current sensor faults, ultimately affecting the accuracy of diagnosing the open
circuit faults themselves. To mitigate the risk of misdiagnosis, it is essential to develop a method
capable of simultaneously diagnosing both types of faults effectively. In addition, using a single
algorithm to handle two types of faults is simpler than using two algorithms, as analysis, calculations,
and code can be partially shared. Meanwhile, this method helps to quickly locate faulty equipment
and improve maintenance efficiency. Therefore, it is of great significance to develop a method that
can quickly and accurately diagnose both power switch open circuit faults and current sensor faults
simultaneously.

Current research on the synchronous diagnosis of open-circuit (OC) faults and current sensor (CS)
faults in LLC resonant converters is relatively limited. This paper introduces a diagnosis method that
utilizes a reduced-order interval sliding mode observer (SMO) to address both types of faults simulta-
neously. The article also outlines the primary contributions of this proposed method, emphasizing its
potential to enhance fault detection in these systems.

1) We conducted an innovative study on the faults of power switching tubes, specifically open
circuit (OC) and current sensor (CS) faults, in LLC resonant converters using a unified approach.
The proposed method simplifies fault detection significantly due to the shared fault phase detection
algorithm and common fault identification variables, compared to employing two separate methods for
each fault type. More importantly, this single-method approach reduces the likelihood of false alarms
arising from one fault interfering with the other, thereby facilitating easier subsequent maintenance.

2) A new reduced-order interval sliding mode observer (SMO) has been developed, incorporating
an innovative adaptive sliding mode observer approach and reduced steady-state resonance. This
estimation method utilizes a convex weighted sum of upper and lower estimates, effectively accounting
for uncertain parameters and unknown disturbances affecting the inverter system, leading to accurate
and rapid estimation of phase currents. The advantages of this method include enhanced diagnostic
speed and robustness, making it a valuable contribution to fault diagnosis in LLC resonant converters.

3) The proposed fault detection and identification method relies solely on the direct current (DC)
side output current, It features a design for detection variables and their corresponding fault diagnosis
thresholds, achieving actual fault detection times of less than 1 millisecond, which ensures both rapid
and robust detection results. The robustness and feasibility of this method have been validated by
considering factors such as fluctuations in DC side voltage and imbalances in system parameters.

2. Model Description
2.1. Circuit Model of LLC Resonant Converter for Charging Module

Figure 1 shows the two-stage transformation electrical structure of the DC charging station
charging module, with the rectifier circuit as its front-end structure, responsible for implementing
rectification and active power factor correction; The LLC resonant conversion circuit is the secondary
structure responsible for voltage conversion and electrical isolation. Due to the high efficiency of
energy conversion achieved by LLC resonant conversion circuit in the charging module, which directly
provides DC input to the load, it is an important component of the charging module. Therefore, this
paper mainly studies the CS fault diagnosis method of LLC resonant conversion circuit.
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Figure 1. The topology of Charging Module

The LLC resonant converter circuit consists of an inverter bridge, a high-frequency transformer
T, a rectifier bridge, and a filter. A schematic representation of this circuit structure is provided in
Figure 2, illustrating the interconnections and layout of its components [25]. The inverter side of the
LLC resonant converter circuit is a full bridge fully controlled inverter circuit. The power modules in
the inverter bridge include four switching tubes S;1, Sp2, Sp1, Spo, parasitic capacitors C1, C2,C3, C4,
and anti parallel diodes Dy, Dy, D3, D4. Each switching tube is connected in parallel with one parasitic
capacitor and one anti parallel diode. A series resonant inductor and the primary winding of the
high-frequency transformer are connected between the midpoint of the bridge arm; The rectifier
side is a full bridge uncontrolled rectifier circuit, which consists of four diodes Wy, Wp, W3, Wy. The
input terminals of the rectifier bridge are connected to the secondary winding of a high-frequency
transformer. This transformer has a primary to secondary voltage ratio of vs(t) : us(t) = 2.5 : 1. The
filtering module comprises a filtering inductor Lf and a filtering capacitor Cf. Additionally, Ro serves
as the load for the phase-shifted full-bridge conversion circuit.
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Figure 2. LLC resonant converter circuit topology diagram

Figure 3 presents the equivalent circuit diagram for the LLC resonant converter. In this represen-
tation, Uy, is depicted as a square wave with an amplitude of £V}, which signifies the equivalent
input voltage for the resonant cavity. The term i, denotes the current that traverses the transformer’s
primary side. The switching function Sap = fix (a1 + fla10a) — fipa (p1 + fip10p) can be formulated
as the state equation of the LLC resonant converter, derived from the equivalent circuit and following
Kirchhoff’s law:
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Figure 3. Equivalent diagram of LLC resonant converter circuit
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the mixed logic dynamic model of LLC resonant converter circuit can be obtained as follows:
x* = Ax+nhBep + Gy 3)
y=Cx

In the formula, C = dia g[ 11 } is the output matrix of the system, and y is the output of the
system.

2.1.1. CS Fault Description

In the LLC resonant converter system, the single-phase current measured by CS is used as
feedback information to the control system to control the on/off of the power switch tubes in the
inverter, converting DC power into AC power and forming a closed-loop control system. Once CS
malfunctions, it will have a serious impact on the entire LLC resonant converter system and even lead
to system paralysis. Therefore, in order to illustrate the impact of different CS faults on LLC resonant
converter systems, this section will analyze and diagnose typical faults such as CS open circuit, drift,
gain faults, and minor faults in current sensors.

The measurement value i’ represents the readings from the current sensor, while i denotes the
normal current value. Typical faults associated with the current sensor include open circuit faults, drift
faults, and gain faults. Expressions for these faults can be found in reference [26].

The expression for an open circuit fault is:

. i(¢),0
i () = { AN @
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In the interval 0 < t < fo, the function if is equal to i(t), indicating that the current sensor (CS) is
operating normally, as its measured value corresponds to the expected current. However, at t > ¢,
when the CS measurement reads zero, it signifies an open circuit fault in the sensor. This analysis is
derived from the previously discussed model, it can be seen that the characteristic of CS open circuit
fault is that after CS occurs an open circuit fault, all current information is lost, and the measured value
fed back to the control system by CS quickly becomes 0.

The expression for drift fault is:

. i(t),0 < t <t
if(t) :{ igt§+s,t2 o 6)

In the formula, ¢ is the drift amount of the drift fault. When ¢ = 0, it indicates that the sensor
has not malfunctioned and is in normal working condition. The larger the drift amount ¢, the greater
the drift amplitude and the greater the degree of fault. ¢, is the initial moment when the fault occurs,
indicating that the sensor has experienced drift faults since then. From the above drift fault model, it
can be seen that the characteristic of CS drift fault is the existence of fixed numerical differences based
on the normal current signal, that is, the overall increase or decrease of the normal current signal by a
certain amount of drift, and the drift amount is constant.

The expression for gain fault is:

C o) i(),0<t <t
ip(t) = { ki(t), t > to ©)

In the formula, k; is the gain coefficient of the gain fault. When k; = 1, it indicates that the sensor
has not malfunctioned and is in normal working condition. As the value of k; increases, both the
change in gain and the severity of the fault also rise. The point ¢y marks the onset of the fault, indicating
that the sensor began to experience a gain-related issue at that time. According to the gain fault model
discussed earlier, a key feature of the CS gain fault is that the phase frequency of the fault current
signal matches that of the normal current signal. However, during a gain fault, the amplitude of the
fault current varies depending on the gain coefficient, either increasing or decreasing accordingly.

2.1.2. Fault Analysis of Power Switch Tube

The gate switch signals of power switch tube Sy, Sy, are defined as k1, pix2, and the logic variable
6 represents the current flow direction, the variable yy; = 1 signifies that the switch S is in a
conducting state, while ;1 = 0 indicates that it is off. Similarly, yx, = 1 denotes that the switch Sy, is
conducting, and yy, = 0 means it is turned off. Additionally, the parameter 6 = 1 represents current
flowing into the winding i.e. 7 > 0, whereas é = —1 indicates that current is exiting the winding i.e.
i<O0.

The current flow path of the LLC resonant converter system inverter under normal operating
conditions is shown in Figure 4. Among them, Figure 4 (a) represents yy; = 0, upp, = 0,i > 0, where all
switch tubes Sy, Syo are turned off and current flows into the winding. At this time, u,, = 0; Figure
4 (b) shows py = 0, upp = 1,i > 0, where switch Sy is turned off and switch Sy, is turned on, and
current flows into the winding. At this time, u,, = 0; Figure 4 (c) shows py; =1, piyo = 0,7 > 0, where
switch Sy is turned on and switch Sy, is turned off, and current flows into the winding. At this point,
uzp = Uy. Similarly, when i < 0, i.e. current flows out of the winding, the analysis of the current flow
path is similar.
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Figure 4. K-phase current flow path under normal working conditions

Through the analysis of the working principle of the switching transistor in the LLC resonant
converter system inverter mentioned above, it can be concluded that the switching function of the
primary side switching transistor is e, = fla2 (Ma1 + fla10a) — 2 (Mp1 + fl10p) -

As illustrated in Figure 4, under typical operating conditions, there are three current flow paths
regardless of whether the current is entering or exiting the winding. However, when an open circuit
fault occurs in the power switch tube, its operational state alters, resulting in a change in the current
flow path. Given that both bridge arms share the same structure, this section focuses on analyzing the
current flow path and the fault current waveform specifically when the power switch tube in the first
bridge arm encounters an open circuit fault.

Figure 5 illustrates the current flow path for a single-phase circuit when the power switch tube
Sk in the first bridge arm is in an open circuit fault state. As observed in Figures 4 (a)-(b) and 5 (d)-(e),
following the occurrence of the open circuit fault in Sy, the gate signal 4 transitions to 0, indicating
that switch Syq is off. In this scenario, current does not pass through Sy, which means it does not
influence the overall current flow path.When the control signal px; = 1 indicates that switch Sy is
conducting, an open circuit fault can lead to two distinct scenarios:
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Figure 5. Phase-k current flow path in case of Sy open circuit fault

1Ifi < 0 (current flowing out of the winding), the current will bypass Sy through the freewheeling
diode without altering the current flow path, as depicted in Figure 5 (f).

2.Conversely, if i > 0 (current entering the winding), the normal flow would be through Sy in the
upper bridge arm. However, because of the open circuit fault in Sy, the current flow is obstructed,
resulting in a loss of information for the upper half-cycle of the current, effectively leading to an
amplitude of zero. This altered current flow path is represented in Figure 5 (c).

Based on the previous analysis, a model is established by integrating Equation (3). This model
takes into account potential unknown disturbances that may arise during operation, such as measure-
ment noise. It is specifically designed to address current sensor faults and open circuit faults in the
power switches of the LLC resonant converter system. The detailed expressions of the model will be
provided in subsequent equations.

{ % = Ax + OhBg + Gy + Dd + E.f, )
y =Cx+ FEfs

where f; is the fault of the current sensor, F is the coefficient matrix of fault f;, d is the bounded
unknown disturbance, thatis, d~ < d < d¥, F, = I, F; = I, d are the coefficient matrices of the
disturbance. @ is an imprecise parameter of the system, representing the inaccuracy of parameter
perturbations, internal disturbances, etc. in the system, and its upper and lower bounds are known
as ¢ € [97,07], then 9nBg satisfies 9 1B < 9hBp < 9+ hB¢. From y = Cx + Ff; + Dd, it can be
seen that the LLC resonant converter system with current sensor faults established by equation (7) is
directly related to the characteristics of the current sensor.

3. Joint Fault Diagnosis Method

An extended system has been established for System (7), which decouples the open circuit faults
of the power switches through matrix transformations. Additionally, a reduced-order sliding mode
observer has been developed to simultaneously estimate the states of the LLC resonant converter
system and the current sensor faults. Based on these estimation results, a fault diagnosis method has
been proposed.
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3.1. Coordinate Transformation

To achieve the evolution detection of LLC resonant converter system faults, the state augmentation
method is used to augment the mixed logic dynamic model (7) of the system containing small faults in
current sensors and power switch tube faults, and the augmented system is obtained as follows:

where % x
(Y

SthEnE

Remark 1. The invariant zero point of system (A, E,

Ax + 09hBe + Gy + Dd + Ff
X

[c ] D

o T

L 0
0 0

C) is located on the left half plane of plane S.
To reduce the number of observation variables in System (7), a coordinate transformation matrix

has been proposed. The purpose of this transformation is to simplify the observation process of the
system.

©)
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Afterwards, using matrix transformation 1) = Ox, the augmented system (8) is expressed as:

(10)

(
where (1) = Ox (;1)> T |, A
2
(1)

Remark 2. State component 9251) can be directly obtained by the observer in system (10). Therefore, only X,
cannot be directly obtained and needs to be estimated.

It is important to highlight that A1) possesses a non-standard structure. To facilitate further
analysis, we introduce the matrix Z, which leads to additional modifications of system (10) as outlined

below:
, o7t o7t 2L, I
7 = 1 2 = 11
022 I l 0 I ()
Obviously, Z is a full rank matrix. Multiply both sides of system (10) by Z~! to obtain:
(12)

AV = 4@ 4 958 g + Gy + D@d + FO f

Ll

A2 £ _ _ B
Where A?) = 77140 = | 1 2, 1,G® =271G,B® =2z27B=| 'L, |,F® = Z71F =
A2 @) | / B
3 4 2
£(2) _ o
oy |/ A® = z-10),
2
Next, we will apply the following decomposition to system (12):
L o-zyt ][ WY AP AP Y]] B c?
0 L2z ign = Agz) Af) xg) + Béz) ¢+ G'éz) Y
52 £ (2) (13)
Tl gl |4t po |
D; F
Theorem 1. If there exists a positive definite matrix and, then the following conditions are satisfied
(14)

(F(Z))Tp _ e

P P

Where P = | 22 222 gl) in system (13).
PZZXZ P42><2

Then, introduce the following matrix M:

, then, expand the fault vector f and decouple it from X

L P'p,

M:lo b ] (15)
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Now, satisfying condition (14) and multiplying it by M on both sides of system (13) yields:

[ b =2 P (R -27") 1] & _ﬁh[ B + p1p,BY ]

0 12_2471 yél) Bé)
A AP S I a6
R A
D§2) p2(2)
_ D
y=x

Remark 3. Fault separation has been achieved by effectively enhancing and decoupling the system, completely

isolating the switch fault f, from the state vector 3251). This state vector consists solely of the inverter system
state x, current sensor fault fs, and unknown disturbances d. Notably, open switch faults do not impact the
(1)

state vector X, , allowing for accurate estimation of the system state and current sensor faults through the
implementation of a system observer, even in the presence of power switch faults.

3.2. Design of Reduced Order Interval Sliding Mode Observer

According to Theorem 1, the following reduced order interval observer and upper bound observer
are constructed for system (16):

. Pz(szZ )}y
2

A+ P A [y +
v+ lPD( )]d+

| ] K
+Oth Bgup 1sz” o+ [G§ '+ PG| [Dl
: : Slg“( Wz ) (17)

FOF — gt 4 {Z;l — PP, (12 - Z;lg]y

Lower bound observer:

= AP+ mal e+ AP + PO RAD [y + |2 - PR (B - 25 ) |
+0h B( )+ PP g+ [G( '+ PIRGP |y + [DP + PR |-
+K; (x( ) —)° ) +k1f<x — 0" %mgn(xm - 3?(1)_> (18)

) =+ {Z;l - Pfle(Iz — 7!
L[5
y

+ —
where, (T, (™ is the intermediate variable, fgl) andx\"  are the upper and lower bounds of the

1
+
observed values of fil), and the expression of the new adaptive approaching law f <x(1) — 3%%1) > and

v

# =0

f(f(l) —Ax(1)7> of the upper bound observer is:

—|X
1-A+Ae
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where, A, , and B are all normal numbers, and the constant A satisfies 0 < A < 1. Similarly, the new
adaptive approach law of the lower bound observer is similar.

Remark 4. Tuking the first equation of formula (19) as an example, when £ is far away from the sliding

+ + +
surface, that is, when |#(1) — 3?51) is large, the term f | (1) — J?gl) will cause an increase in |%(1) — 3?%1)

approach speed, which will increase the convergence speed of the observer. On the other hand, as approaches the

sliding surface, that is, as |%(1) — f§1)+

decrease of f| (1) — fglﬁ

decreases, the f (f(l) - f£1)+> term gradually decreases. The gradual

term near the sliding surface helps to suppress the chattering of the observer.

Therefore, it can be inferred that the sliding mode convergence law designed in this paper not only improves the
convergence speed, but also effectively reduces chattering and improves stability.

According to equations (17) and (18) of the reduced order interval sliding mode observer, the
estimated value(!) of the state variable (1) is written as:

20 = 207 41—l (20)

where, the weight factor 7 = f( S - satisfies 1) < 21 < D7 at any time.

0 _z(1)
Based on this foundation, we define the constant ¢ as follows:

o—9"
o= 9 o+ (21)
The linear combination @ of ¢* and ¢~ is defined as:
@ = o2 4 (1—co)2M" (22)
The expression for & can be obtained as follows:
AP 4 P pal @+ (AP + P RA |y 220 - PR (R - 2 |y
+6h|B f) + P PB4 o [DP + P RDY a4 (1 - )[ )+ pipDY |t o)
+[6P + PIRGR ]y + K (30 = @) + (1 - cola f (2 f(1)+>slgn<x(l) - 307)
teokyf (21 = 207 )sign (5D — )7
On this basis, define the error e, = 1) — @:
to = [AD + PIRADY —Kileo - |25 - PPy (b - 271 ) |y + BV f
5(2) 1 n
+|D;7 + PP D —cod” — (1 —co)d
D ](d - cod™ = (1— )™ o0

—k1<c0f( *) (1-co) ( (1>_,§<1)*)
~(cos1gn< 1) — x1)" ) +(1- c0)51gn(3z(1) _ f(U*))

To demonstrate the stability of dynamic error systems, we present the following theorem:

Theorem 2. In the case where sensor failure is not present, there exists a symmetric positive definite matrix P
and Q that fulfills the following equation:

_ _ T
AP+ PRAY — K| P

_ _ (25)
+P[A7 + PI1PAY — K| = —Q
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So, the error dynamic systems (23) and (24) are asymptotically stable.

Proof. Choose the following Lyapunov equation: [

V= ewPEQ (26)

From equation (26), it can be concluded that:

V = ¢éLPeg + el Péy

=l ( (AP + PP AR — K "pip (AP + PP AR — K Jew

—2elP(= |2 = PRy (- 27) )

+2eT P [Dl )+ P*lpzbgz)} (d—cod™ — (1—co)d™) — 2e3;,P(F1(3)f)
~2elP (a (cof (51 = 217 ) 4 (1= co)f (31 = 20)"))

. (coszgn( 1) — 1) ) (1-— co)sign(‘(l) N ))

= —el 0, Qs +260P (=25 = P a (R - 251 [9)

+[D + PIPDP | (d — cod™ — (1 co)d*) - (FP'f)

—k; (cof W07 ) 4y (1- Co)f(f(l) _ f(l)*))
-(cosign M —207) 4 (1 = ¢)sign (x(l) _ ﬁ(1)+>))

By using Rayleigh inequality, we can obtain:

o)

(27)

0 < Ymin(Q)|lea* < eLQeo < Tmax(Q)lea? (28)

The minimum eigenvalue, denoted as ymin(Q), refers to the smallest eigenvalue of a positive
definite matrix Q. Conversely, the maximum eigenvalue, represented by ymin(Q), indicates the largest
eigenvalue of the same matrix. Additionally, the sign function, denoted as sign(), is a monotonically
increasing function with a value range of [—1, 1]. This property of the sign function ensures that as its
argument increases, the output will not decrease, thereby preserving the order of the inputs within the
specified range.

sign(eq) < cosign(f(l) — f(l)f) +(1- co)sign(a?(l) — 3?(1)+> (29)
Substituting equations (28) and (29) into equation (27) yields:
V < ~Ymin(Q)llew|* +2¢5P (D + P PO ) (d = cod™ — (1 - co)d ™) )
—2eL Pk f (x(l )sign(ew)
< = 7min(Q)lla 2 + 2vmax(P) eall || (D + P 1PDYY ) (@ = cod~ = (1= co)d*) |
~27max(P)lew k1 f (#V) - @)

(30)

Using the properties of norms, write the above equation in the following form:

- =2 “1p. A2 4- -

V < ~Ymin(Qlla|l” + 27max (P leall || + P PDP|| (47 +3¢%) — ki - f (3 —@1)) - 3)
To ensure V < 0, there must be:

ki-f(#0 — @) > | D + P D ld- + || DI + PR, DEY (32)
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Under normal conditions, in order for the error between the reduced order interval sliding mode
observer and the actual rectifier system to converge to 0 in finite time, VV < 0 is still required

V < —killeal| (33)

From equation (33), we can obtain v/V = ||e||. Substituting it into the above equation, we can
obtain:
V< —kgVV (34)

Building on the preceding analysis, it can be concluded that V < 0 implies the error between
the observed values from the normal state descending order interval sliding mode observer and the
actual system will converge to zero within a finite time. This outcome suggests that the system exhibits
asymptotic stability.

Remark 5. The design of the reduced-order sliding mode observer offers significant flexibility, as it imposes
no restrictions on the types or occurrence times of current sensor faults. Furthermore, the proposed observer
demonstrates the capability to estimate any type of current sensor fault at any given moment, ensuring robust
fault detection and diagnosis in varying conditions.

3.3. Fault Detect

The state estimation for the LLC resonant converter system can be derived using the reduced-order
interval sliding mode observer. The specific algorithm for this estimation is presented as follows:

xt = [ o;! o;lwzgl)+ ],x‘: [ oyt o5t }[Egl) ]

o =o' o] [ ;g:* 1/@ [0 o] [ ;g: ]

(35)

Fault detection variables have been created based on the upper and lower limits derived from
the reduced-order sliding mode observer. Additionally, adaptive diagnostic thresholds have been
established to support the fault detection process.

. 2i(t) — i+§t) —i (t) (36)

Based on the fault analysis presented above, if a malfunction occurs in either the power switch or
the current sensor, the actual output current i, (t) of the LLC resonant converter will become distorted.
This distortion causes the fault detection variable « to deviate from zero.

Leveraging the interval characteristics of the reduced-order sliding mode observer, adaptive
thresholds for fault detection variables have been developed. Specifically, upper adaptive threshold
th1 and lower adaptive threshold th2 have been established.

thi =it (t) —i(t)
{ thy =i (t) —i(t) 57)

From equations (36) and (37), it can be seen that when the LLC resonant converter system does
not experience a fault, xis approximately 0, Th,;> 0, Thyy < 0, that is, « is located between Th,; and
Thy.However, if the LLC resonant converter system encounters an open circuit fault in the rectifier
switch or a fault in the current sensor, this may lead to variations in the fault detection variable x as
well as the adaptive thresholds Th,j and Thyy. When « is no longer between the adaptive thresholds
Thyq and Thyo, a fault in the LLC resonant converter system can be detected. Simultaneously, the fault
detection variable x and the adaptive thresholds Th,j and Thy, adjust according to the state of the LLC
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resonant converter. This adaptive behavior helps prevent false alarms triggered by normal operating
conditions, such as fluctuations in load.

3.4. Fault Identification

To effectively identify open circuit faults in inverter switch tubes and faults in current sensors,
it is essential to differentiate between two distinct fault types. Consequently, utilizing the estimated
upper and lower bounds of the current sensor fault derived from the formula, the estimated value of
the current sensor fault can be defined as:

o) =ap™ () + (1 —a)p™ (t) (38)

Among them, appropriate constants between a € (0,1). Sensor fault identification is achieved
by analyzing Equation (38), which indicates that when a current sensor fails, the observed value
satisfies {(t) # 0. In contrast, for an open-circuit fault in the inverter switching device, the condition
is represented by {(t) = 0. Thus, the estimated value of the sensor fault can serve as a criterion to
differentiate between open-circuit faults in the inverter switching device and faults in the current
sensor. Additionally, to enhance the accuracy and robustness of the fault identification process, when
o(t) € [, ] is satisfied, p(t) = 0, where { is set as 5% of the current amplitude before the fault.
Based on the above analysis, the identification of open circuit faults in rectifier switch tubes and current

sensor faults is as follows:

_[ocpeleg
B { CS6 ¢[00 )

When A, = OC indicates an open circuit fault in the rectifier switch tube, Ay = CS indicates a
current sensor fault.

3.5. Fault Power Switch Tube Positioning

On the basis of detecting open circuit faults in LLC resonant converters, this section analyzes the
distortion characteristics of the output current waveform and designs two fault localization variables
based on current residuals by using the residual between the estimated current value of the observer
under fault conditions and the normal output current value, to achieve open circuit fault localization
in LLC resonant converters.

The impact of open-circuit faults in the topology of an LLC resonant converter is significant.
When an open-circuit fault occurs in either the bridge arm phase a or the bridge arm phase b, the actual
output current waveform will attenuate, resulting in a positive residual between the estimated current
and the actual current. Conversely, if an open-circuit fault occurs in the bridge arm phase a or phase b,
comparing the actual output current waveform with the estimated current provided by the observer
will yield a negative residual.

Building on the previous analysis, this paper employs the distinct current distortion patterns
associated with open circuit faults in switching tubes, as well as in the upper and lower bridge
arm switching tubes, to establish an initial positioning metric derived from current residuals. The
formulation is presented as follows:

0 =sgn(i(t) — 1(1)) gog (40)

From the examination of faults in power switch tubes, the correlation between the switching
function and the switch state during the open circuit fault of phase a switch tube S,; is illustrated in
Table 1:
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Table 1. The relationship between switch function and gate signal, current direction.

Hia Hio e(0=1) (6 =0)
0 0 0 1

1 1 0 0

1 0 0 1

Logical operations can be performed on Table 1 to obtain the a2 phase switching function in the
open circuit fault state of Sy:

ek = S(uafie + fixa fixz) (41)

Similarly, the a phase switching function under Sy, open circuit fault state can be derived:

ey’ = S(unfa + Mafina) + 3 (42)

According to the established state space model, the output current depends on the switching

signal €7,. If the a-phase switching function ¢, in the normal state is replaced with the switching

function €7, of the a-phase in the switching fault state, the LLC resonant converter state space model in
the fault state can be obtained:

¥ = Ax* +h*B*¢* + Gy*
y = Cx* (43)
i i i 1 Bk -4
N frg 0 * frg aty * e p * — * — 0, 0 0
where x e , ¢ o ;Y Tl h wsgn (i) B 2 L |
0 u;’j 0 CoRp CoRp CoRL

By utilizing the distortion characteristics of the output current of the converter, a fault detection
variable r based on the root mean square of the absolute value of the current is constructed, and its
formula is:

_ logr(l—i—' lio () |Rpms) In T (44)
lio () IRms
Among them, T > 1 introduces RMS to reduce the impact of peak current and current harmonics.
On this basis, using the estimated current of the observer and the actual output current, the
adaptive threshold of the measured variable for open circuit faults is designed as follows:

_ logT(l + Hffi(t)’RMs - |i0(t)’RMSD IntT

TH 5 ,
‘|1O(t)|RM5 - |10(t)|RMS’

(45)

To further locate the specific faulty switch tube, while ensuring that there are no false alarms in
fault detection, within the fundamental wave period after completing the preliminary positioning
of the switch tube, the derived switch function ¢, of the a-phase switch tube in the S;; open circuit
fault state is used to replace the switch function in the normal state to design a reduced order interval
sliding mode observer in the fault state. The estimated current of the observer in the S, fault state is
obtained, and then the fault positioning variable and positioning threshold are designed based on the
estimated fault current to achieve positioning, that is

Sa, 6 < TH
S, — 46
K { Sp,c > TH (46)
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By combining equations (44), (45), and (46), the fault power switch of LLC resonant converter can
be located, which can be represented by the following equation:

Su, 9 = —1&¢ < Ty,
Sa2, 0 = 1&g < Tiy,
Sp1, ¥ = 1&g > Ty,

Sp2, 0= —1&g > Ty,

(47)
Sbj =

In the formula, S;;, Sy; represents the open circuit fault of the switching tubes in phase a and
phase b, respectively.

4. Simulation Example

This study employs a Hardware-in-the-Loop (HIL) simulation setup to assess the effectiveness
and robustness of the fault diagnosis method. The simulation equipment includes a dSPACE simulator,
a host PC, a Digital Signal Processor (DSP) model TMS320F28335, and an oscilloscope. Key parameters
for the DC charging pile module are detailed in Table 2 below.

Upper computer

Figure 7. Hardware in the loop experimental device

Table 2. Main parameters of LLC Resonant Converter

Pre set indicators Parameter
Original secondary winding turns ratio 2.5
Switching frequency of power devices 90~180kHz
Output power 4400W
filter capacitor 500 puF
Output current 22A
Resonant inductor 40 uH
filter inductance 44 nH
Output voltage 200V

4.1. Minor Fault Diagnosis of Current Sensor

This section presents open circuit (OC) faults and current sensor (CS) faults in LLC resonant
converter systems to illustrate the efficacy of the proposed fault diagnosis approach.

1) Open Circuit Fault in the Switching Tube: The diagnostic outcomes for the S, switching tube
in the a phase of the LLC resonant converter are depicted in Figure 9 during an open circuit fault.
In this experiment, at t = 0.15s, the pulse control signal from the DSP to the a phase bridge arm
switching tube was interrupted, simulating an open circuit fault in S;. As illustrated in Figure 9, prior
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to the fault, the actual DC side current remained steady at 22A. The upper and lower limits of the
reduced-order sliding mode observer were utilized to establish a fault detection variable that stayed
stable within the detection thresholds th,{ and th, . However, when t = 0.15s, the power switch tube
open circuit fault occurred, and the actual DC side current waveform was severely distorted. The
fault detection quantity x was no longer within the adaptive threshold th;, th; interval after the fault
occurred, and the detection time was 1ms. The estimated fault value of the current sensor satisfies
o(t) € [-¢, ], indicating that the system has experienced an OC fault. At the same time, the initial
positioning quantity & switches to 1, indicating that Sy or Sy has an open circuit fault. Subsequently,
at 1/2 of the fundamental cycle time after completing the initial positioning of the switch tube, the
switch function 6, in the normal state is replaced with the switch function s’;%* in the S fault state, an
adaptive sliding mode observer was established for the fault state of S;p. As illustrated in Figure 9(d),
the fault positioning variable ¢ falls below the positioning threshold TH, confirming that the 2 phase
switch tube has experienced an open circuit fault. Therefore, it can be concluded that equation (47)
effectively diagnoses the open circuit fault in switch tube S;.

< i 1 (5A/div)
E 1
: '
3 1 =S, fault (50ms/div)
- (a)
2 - ---th Kk = === th; (5A/div)
g
=1
= Fault detected—> I ;
= (50ms/div)
- (b)
-.E -—-- s J— - (1/div)
Eommmmm o o e e e e e e e e e —— = = —
£ R
z (50ms/div)
(c)
s 9 (0.5/div)
EEg
EZ§ « V=1
== (50ms/div)
(d)
<304 S TH 1 (10/div)
SEE 1 o Locate to S
] P SO
-

! (50ms/div)

Figure 8. Diagnosis results of open circuit fault of power switch tube S,

2)To evaluate the effectiveness of the proposed joint fault diagnosis method for common current
sensor (CS) faults, two classic types of CS faults were examined: drift faults and bias faults. Initially,
Figure 10 presents the diagnostic results related to the drift fault on the DC side current sensor, where

i(1),0<t<tg
i(t) + K2(t - tf),t >t
In the experiment, the DC side current sensor experienced a drift fault within 0.24 seconds, with a drift
coefficient of Ky = 25, resulting in severe distortion of the DC side load current. At this moment, the
fault detection variable k experiences a rapid increase, surpassing the detection thresholds th; and
th, at 0.241 seconds. At the same time, the disturbance sensor fault estimation value {(t) exceeds the
empirical threshold range [—{, ], indicating that the current sensor has malfunctioned, this signifies
the identification of a DC side current sensor fault within the LLC resonant converter system, with the
fault being detected in just 1 millisecond.

the fault current for the drift condition is expressed as follows: if(t) = {
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Figure 11 shows the diagnostic results of the DC side CS bias fault, and the fault current expression

i(h),0<t<tg
Z(t) + Kq,t > tf
detected at 0.232 seconds, with a gain coefficient Kj of 6. It is clear that, upon the occurrence of this
gain fault, the fault detection variable k exceeds the adaptive thresholds th;} and th, at 0.233 seconds.
Concurrently, the estimated disturbance sensor fault value, {(t), surpasses the empirical threshold
range [—(, (], indicating a malfunction of the current sensor at t = 0.232s seconds. This result confirms
the identification of the DC side current sensor fault, achieved with a rapid detection time of just
1 millisecond. Together, these results illustrate that the proposed method is effective in diagnosing
current sensor faults and demonstrates a high diagnostic speed.

with bias fault is represented as if(t) = . In the experiment, a gain fault was

z i I (2A/div)
E‘ : & Drift fault occurs

™

3 ! (50ms/div)
wn (a) .

| — P (2A/div)
=

B oo L___

] e ——— LT
E VSFault detected ‘(361:;];/;1;;)
- (b)

S R .

£ ----¢ - J— —¢ (1A/div)
£

E I ¢ [, q] (50ms/div)

(c)

Figure 9. Drift fault diagnosis results of DC side current sensor
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Figure 10. Diagnosis results of DC side current sensor offset fault

4.2. Robustness Verification

1) DC side voltage fluctuation

The evaluation of the fault detection method is illustrated in Figure 12, which presents the
diagnostic results for an open-circuit fault in the power switch Sy, under conditions of DC-side voltage
fluctuations. A voltage fluctuation is introduced at 0.16 seconds, leading to an open-circuit fault
in the power switch Sy, at 0.20 seconds. During the voltage fluctuation at 0.16 seconds, the output
current experiences slight disturbances; however, the fault detection variable x remains within the
adaptive threshold range, preventing any false alarms. When the current sensor fault occurs at 0.20
seconds, the fault detection variable x exceeds the detection threshold th, , with a detection time of 1
millisecond. The estimated current sensor fault value satisfies {(t) € [, (], indicating that the system
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has experienced an open-circuit fault (OC). At the same time, the initial positioning variable & switches
to -1, indicating that S;1 or Sy, has an open circuit fault. Subsequently, at 1/2 of the fundamental cycle
time after completing the initial positioning of the switch tube, the switch function J,;, in the normal
state is replaced with the switch function e’;},* in the fault state S,1, an adaptive sliding mode observer
is implemented in the fault state S,;. As shown in Figure 12(d), the fault localization quantity ¢ exceeds
the localization threshold TH, confirming that the b phase switch tube experiences an open circuit
fault. This indicates that the fault detection method introduced in this study remains unaffected by

fluctuations in the DC side voltage and successfully identifies the open circuit fault in the switch tube.

2 | i 1 (10A/div)
e 1
E v N Sy fault
s ! Voltage fluctuation \ )
o - (50ms/div)
. (a)
Z ----- thy K ===-- \ thy o ___ il_oﬁzd_l\i)
?----,::::::,-::___1;> ________________
= y
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= (50ms/div)
- (b)
-§ ----- ¢ P memem——- —C (1/div)
= ..
Z IR
<
E (50ms/div)
(c)
o (0.5/div)
EE
£5% ’ < 0=-1
25 (50ms/div)
(d)
s TH I (10/div)

I
. - 4— Locate to Sy»
SR —
- (50ms/div)

Secondary
positioning
quantity ¢

(e)

Figure 11. Robustness verification results of Sy, open circuit fault under DC voltage fluctuation
fluctuations

2) Sudden change in load parameters

To evaluate the robustness of the fault detection method introduced in this study in response to
load fluctuations, Figure 13 presents the diagnostic outcomes for the gain fault of the current sensor
that occurs when there is a sudden change in load resistance. At 0.21s, the load increased by 1.2
times, and a current sensor gain fault occurred at 0.28s. After the load fluctuated, there was a slight
fluctuation in the output current, but the fault detection variable x did not exceed the fault detection
thresholds th; and th,, and no fault false alarms occurred; When a current sensor fault occurs at 0.28s,
figure 13 demonstrates that the fault detection variable x surpasses the upper limit th,} of the adaptive
threshold range, signifying that a malfunction has occurred in the sensor.
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Figure 12. Verification results of gain fault robustness under sudden changes in DC side load parameters

The experimental results presented above demonstrate that the fault diagnosis method proposed
in this study exhibits significant robustness against fluctuations in DC side voltage and load transients.
Additionally, it offers high diagnostic stability and accuracy.

5. Conclusion

This paper presents an innovative fault diagnosis method that utilizes a reduced-order interval
sliding mode observer (SMO) to simultaneously diagnose open-circuit (OC) faults and current sensor
(CS) faults within the DC charging pile module. The underlying principle of this method involves the
effective integration of state augmentation and the application of matrix transformations, resulting
in a design that can accurately estimate both phase currents and current sensor faults concurrently.
By decoupling the estimation results of the system, this approach enables the identification of both
current sensor faults and open-switch faults, thus facilitating the localization of the faulty power
switch and the estimation of current sensor issues. The design significantly enhances the accuracy
and robustness of the fault diagnosis process, allowing for dynamic threshold adjustments that enable
the method to adapt flexibly to varying operational conditions for fault detection. Additionally, this
approach effectively reduces the likelihood of misjudgments caused by environmental changes or
noise interference, showcasing a higher level of reliability and stability in practical applications

In summary, the proposed joint fault diagnosis method for OC and CS faults in the DC charging
station charging module based on reduced order interval SMO effectively diagnoses OC and CS faults,
providing strong guarantees for the safe operation of DC charging stations.
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