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Switch Open-Circuit Fault Diagnosis Method Using
Bridge Arm Midpoint Voltage Integral for LLC
Resonant Converter

Wei Wang “, Yang Li

and Zhikang Shuai

Abstract—The LLC resonant converter offers several advan-
tages, including compact size, low losses, and high efficiency. These
attributes make it an ideal choice for use in seafloor observation
networks where space is limited and efficient heat dissipation is
crucial. However, the reliability of the LLC converter is compro-
mised due to the susceptibility of the primary switch to failure. In
response to this issue, this article proposes a precise open-circuit
fault diagnosis (OCFD) method for phase-shifted LLC resonant
converters using the integral of the bridge arm midpoint voltage,
aiming to identify the fault location and facilitate maintenance.
First, the characteristics of the primary-side switch fault in the LLC
resonant converter are analyzed in detail, and the characteristic
quantity required for fault diagnosis is selected. Subsequently, the
OCFD method is introduced, which exclusively depends on the
integral value of the voltage at the midpoint of the primary-side
switching bridge arm. Following this, a diagnostic circuit is de-
signed to process the bridge-arm midpoint voltage and precisely
pinpoint the faulty switch. Finally, the experimental verification is
performed on the LLC resonant converter prototype. The results
demonstrate that the proposed method can swiftly detect and locate
faults within two switching cycles when the LLC converter operates
at 100 kHz.

Index Terms—Bridge arm midpoint voltage, fault diagnosis, LLC
resonant converter, open circuit.

1. INTRODUCTION

T PRESENT, isolated dc—dc converters are extensively
A employed in a wide range of dc power conversion ap-
plications. Among the various circuit topologies available for
isolated dc—dc converters, the LLC resonant converter has gained
prominence due to its utilization of high-frequency soft switch-
ing technology. This technology offers several advantages, in-
cluding high power density, low losses, and high efficiency [1],
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[2], [3]. Consequently, LLC resonant converters are particularly
well-suited for specialized scenarios that demand exceptional
volume and heat dissipation performance, such as seafloor obser-
vation and aerospace applications. However, in these scenarios,
it becomes imperative to enhance the reliability of LLC resonant
converters [4], [5], [6].

Switch faults of the primary-side semiconductor power ac-
count for approximately half of all faults encountered in LLC
converters [7], [8], [9]. They can generally be categorized into
short circuit faults (SCF) and open circuit faults (OCF) [7]. SCF
is usually caused by gate oxide shortening or shorting of the
gate and source metals [10]. For SCF, most drive circuits have
integrated short-circuit protection functions [11]. OCF can be
attributed to lifted bond wires, faults in the gate driver circuit,
or cracking resulting from SCF [10], [12]. OCF characteristic
will not trigger the converter protection, resulting in long-term
operation under an open-circuit fault. This would cause damage
to healthy components [14], [15], OCF tends to occur more
frequently [13], and lacks accurate guidelines for protection
design [18]. The requirements for the open-circuit fault diag-
nosis (OCFD) scheme mainly include three points. One is to
reduce system power outage time. At present, OCFD is mostly
done through offline detection, which requires a long time
for maintenance. Second, to reduce the number of component
replacements. Most existing solutions locate and replace the
entire bridge arm. The third is to reduce costs. Currently, OCFD
requires additional testing equipment and labor [8], [9].

Regarding open circuit faults in dc—dc converters, various
researchers have conducted relevant studies. The traditional ap-
proach to OCF s to select semiconductor devices with excessive
redundant power during the design and manufacturing of con-
verter equipment [ 16]. However, this method is not cost-effective
and may result in increased volume. Pei et al. [17] proposed an
OCF diagnosis method using the dc-link voltage and the average
value of the transformer primary voltage as diagnostic criteria.
This method needs to add an additional auxiliary winding on
the transformer primary side, which may not be suitable for
the converters already in production. In [18], an FPGA-based
fast switching fault diagnosis method is presented for noniso-
lated dc—dc converters, utilizing the inductor current. However,
this method may involve complex algorithms and expensive
detection costs. Zheng et al. [19] used the average value of
the bridge-arm midpoint voltage as a means to quickly identify
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faults. This approach may be prone to fault diagnosis errors due
to sampling errors. In [20] and [21], a fault diagnosis method for
dc—dc converters using the magnetic near-field as a diagnostic
criterion is proposed. This method employs aring magnetic near-
field probe to capture the magnetic near-field of the converter.
However, it may be susceptible to interference from the diagno-
sis location and the external environment, making it less suitable
for engineering applications. Pei et al. [22] proposed a solution
to achieve primary winding voltage waveform distortion using
active phase shift control, but this method requires additional
auxiliary windings and magnetic probes, which is costly. Zhuo
et al. [23] introduced a real-time diagnosis method for switch
faults based on the Luenberger observer. This method utilizes
the inductor current as a diagnostic variable, reducing the need
for additional sensors.

Sun et al. [24] proposed a novel fault diagnostic method
for the single-ended primary-inductor converter based on the
crow search algorithm and deep belief network. Dhumale and
Lokhande [25] proposed an ANN fault diagnostic strategy
combined with Park’s vector transform and discrete wavelet
transform to identify both single and multiple open switch faults
when the voltage source inverters operate under variable load
conditions. Han et al. [26] proposed an initial fault diagnosis
method for de—dc converters, utilizing multidimensional feature
fusion. This method incorporates a feature selection technique
based on Mahalanobis distance to identify sensitive features
and achieve feature fusion. However, those methods require
a large amount of training data and computing resources, and
its computing efficiency needs improvement. Fan et al. [27]
proposed a hybrid fault diagnosis method based on a cascaded
H-bridge multilevel converter open-circuit fault disturbance es-
timation convolutional network, which combines model-based
and data-driven multilevel converter diagnosis methods. Chai
et al. [28] proposed a predictive control multilevel converter
fault diagnosis method based on a finite control set model. Model
predictive control fault detection methods were also proposed for
modular multilevel converters [29] and matrix converters [30].
This type of method can detect single or multiple open-circuit
switch faults without additional voltage or current sensors by
comparing the converter current predicted by the model pre-
dictive controller with the actual measurement value. However,
those methods are susceptible to measurement noise and model
uncertainty, resulting in misdiagnosis.

In summary, the aforementioned methods cannot simultane-
ously meet the criteria of simple control and topology, fast and
accurate diagnosis, low cost, and compatibility with existing
hardware devices. This article proposes a switch open-circuit
fault diagnosis method using bridge arm midpoint voltage in-
tegral for LLC resonant converter with phase-shift control. The
main contributions of this article are as follows.

1) The proposed OCF diagnosis principle relies solely on
the integral value of the primary-side bridge arm midpoint
voltage to quickly detect and locate the fault. Compared to
existing methods that employ average values, this method
is less susceptible to sampling errors and interference,
thereby enhancing diagnostic accuracy.

2) A simple hardware circuit for diagnosing open circuit
faults is designed, requiring only a minimal number of
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Fig. 1. Typical topology of LLC full bridge resonant converter.

operational amplifiers, comparators, and logic chips. The
structure of the circuit is uncomplicated, low cost, easy to
install and configure.

3) The OCFD method proposed in this article is an online

detection method that can monitor and determine device
OCF in real time. Accurately locating the faulty switch
position can shorten maintenance time and reduce com-
ponents replacement.

The rest of this article is organized as follows. Section II
introduces the LLC resonant converters topology. Section III
analyzes the open-circuit fault characteristics in detail. Then,
an OCF diagnosis strategy is proposed and diagnostic circuit
is designed in Section IV. Section V carries out experimental
verification. Finally, Section VI concludes this article.

II. TOPOLOGY OF LLC RESONANT CONVERTER

A typical LLC converter topology is shown in Fig. 1, which
adopts phase-shift control. It mainly consists of three parts:
primary-side full bridge, LLC resonant tank, and secondary-
side uncontrolled rectifier bridge. The primary-side full bridge
consists of 4 silicon carbide metal-oxide—semiconductor field-
effect transistors (SiC MOSFETs), which can easily work at
100 kHz frequency. SiC MOSFETs typically consist of a power
transistor, parasitic capacitors C;—C4 and body antiparallel
diodes VD — VDy4. The resonant tank includes inductors L.,
Ly, and capacitor C;, where L, and C; are resonant inductor
and resonant capacitor, respectively, and L,, can be replaced
by transformer excitation inductor. The uncontrolled rectifier
bridge on the secondary-side is composed of 4 Schottky diodes.

III. OPEN CIRCUIT FAULT ANALYSIS

Open-circuit faults of different semiconductor switches on
the primary-side in the LLC resonant converter may occur at
different moments. Therefore, the process is more complicated.
The Q2 and Qg are taken as examples to analyze the OCF
characteristics in this article, which belong to different bridge
arms. Among them, Vi, Vab, Ver, VQn-on, and Vyp,, represent
the input voltage, the voltage at the midpoint of the primary-side
switching bridge arm, the resonant capacitor voltage, the SiC
MOSFET ON-state voltage, and the body antiparallel diode VD,,
conduction voltage drop (n = 1, 2, 3, and 4). Finally, the midpoint
voltage value of the primary side bridge arm in one cycle after
all the switch tubes are turned ON simultaneously when the Q,
and Q tubes are turned ON is summarized.
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Fig. 2. Transient processes and key waveforms under Q2 OCF. (a) Key
waveforms. (b) Mode 1 and mode 5. (c) Mode 2. (d) Mode 4.

A. Analysis of the Open Circuit Fault on Q»

The fault characteristics of the LLC resonant converter in Qo
OCEF occurs are analyzed when Q; and Qg are turned ON, which
is main divided five modes. Some transient waveforms are shown
in Fig. 2(a).

Mode 1 (t; ~ ti1): Q1 and Qg4 are turned ON at the same time,
and OCF occurs in Q5 tube at #;. Since the disconnection of Qo
will not affect the original working state of Q; and Qy, the circuit
is shown in Fig. 2(b). At the moment, V,}, can be expressed as

‘/ab = ‘/in - VQl—on - VQ4—0n ~ ‘/in- (1)

Mode 2 (ti1 ~ ti1): At t1, Q4 is turned OFF, Q3 is turned ON.
That is, Q; and Q3 are turned ON, forming a freewheeling
circuit, as shown in Fig. 2(c), then there is

V; = - (VQl—on + VQ3-on) ~ 0. (2)

Mode 3 (t;11 ~ trv): At 111, Q1 18 OFF and Qg should be ON.
However, due to an open-circuit fault in Qo, it remains OFF,
causing the current in the resonant cavity to automatically seek
the most suitable flow path. Owing to the presence of switched
parallel capacitors and diodes, both the magnitude and path of
the current are altered. The analysis becomes more complex,
being divided into five microtransient processes as follows.

1) When Q; is turned OFF, the resonant inductor current,

which cannot change abruptly, rapidly charges capacitor
C,. Consequently, the voltage at point a of the front bridge
arm swiftly drops from Vj,, to 0. Given the small value of
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Fig. 3. Transient processes of open circuit fault device Q2 participating in

working mode 3. (a) At f111. (b) At f1110- (€) At f1111. (d) At f1712. (€) At f1113.

the parasitic capacitance C1, the duration of this process
is extremely brief, typically on the order of nanoseconds.
Simultaneously, the voltage at the bridge arm midpoint
ab rapidly shifts from O to -Vi,. As the voltage at point a
falls to 0 and the current direction remains unchanged, the
reverse diode VD5 of Qs is compelled to conduct, forming
a new current loop as depicted in Fig. 3(a). Applying the
Kirchhoft’s voltage law, the voltage at the midpoint ab of
the bridge arm during this process can be calculated as

Vb = —Vin + VQS—on + W2 = —Vi. 3)

2) As the resonant inductor current decreases, the resonant
capacitor C, charges further, causing a continuous increase
in the voltage at point a. This can be considered the voltage
discharge process of the parallel capacitor C; associated
with Q;, as illustrated in Fig. 3(b). Consequently, the
voltage V,;, at the midpoint of the primary side bridge
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arm decreases

- #(t*tnm)
Vb = (_‘/;n + VQB—on + VVDZ)e (Crterbr
> —Vi. 4)

3) At 1, the current in the resonant circuit reduces to zero,
the voltage V¢, across the resonant capacitor C, remains
constant, and the voltage across inductor L, approaches
zero. All residual energy in inductor Ly, is transferred to
the secondary side, as depicted in Fig. 3(c). At this process,
the bridge arm midpoint voltage V,}, can be expressed as

V;b = _V;n + VCr > _V;n' (5)

4) At e, influenced by the voltage of the resonant capacitor
C;, the resonant inductor current reverses direction, and
the parallel parasitic capacitance Cs of Qo charges via
the activated Qg, creating a current loop, as depicted in
Fig. 3(d). Throughout this process, the voltage at point
a on the front bridge arm progressively increases until
the antiparallel diode VD, of the Q; starts conducting.
Subsequently, the bridge arm midpoint voltage V,;, can
be articulated as

Vi = (—Viy + Vi)V eamerstmrem (-tms) oy,
ab — in cr)€ > —Vin.
(6)
5) At tyr3, following the activation of the Q; antiparallel
diode VD1, a freewheeling loop is formed with the Q3
tube and the resonant cavity, as illustrated in Fig. 3(e).
During this process, the bridge arm midpoint voltage V,y,
diminishes to nearly zero

Vab = VQs.on + Vwp1 = 0. (7)

Mode 4 (trv ~ ty): Upon completion of mode 3, at moment
trv, the Q3 turns OFF while the Q4 begins to turn ON. Given
that the inductor current remains constant, the voltage across
Qs parallel capacitor Cs rapidly escalates from O to Vi, while
the voltage at point b of the rear bridge arm falls to zero.
Following the turn-ON of the Q4, current flow is impeded as the
Q2 remains disconnected. As the magnitude and direction of
the resonant inductor current cannot abruptly alter, the Q4 and
the Q; antiparallel diode VD, establish a freewheeling loop, as
depicted in Fig. 2(d). Consequently, the bridge arm midpoint
voltage V,1, undergoes another change, described as

Vz;b = Vin + VQ4-on + VVDl ~ Vin- (8)

Mode 5 (ty ~ tyr): Qg is turned OFF, Qq is turned ON at ty;.
Q1, Q4 and the resonant tank forming a forward charging circuit
for the resonant capacitor, as shown in Fig. 2(b). Then, there is

‘/ab = ‘/in - VTl-on - VT4—on ~ ‘/in~ (9)

B. Analysis of the Open Circuit Fault on Q

Similarly, assuming that OCF occurs in Q4 when Qq and Qg
are turned ON, the transient characteristics of the LLC resonant
converter are analyzed ignoring the dead time with one cycle.
It can be mainly divided into five modes, and the transient
waveforms are shown in Fig. 4(a).
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waveforms. (b) Model. (c) Mode 2. (d) Mode 3. (e) Mode 4.

Mode 1 (t; ~ t11): During the operation of the LLC converter,
when transistors Q; and Q4 are simultaneously ON-state, an OCF
in Q4 at t1 abruptly interrupts the original conduction path. As the
resonant inductor current cannot change instantaneously, capac-
itor C,4 rapidly charges until its voltage equals V;,,. Consequently,
the voltage at midpoint b of the rear bridge arm enables the
forward conduction of the Qs antiparallel diode VD3, leading
to the formation of a freewheeling circuit comprising Q;, VD3,
and the resonant circuit, as illustrated in Fig. 4(b). During the
freewheeling phase, the midpoint voltage V,;, of the primary
side bridge arm is expressed as

Vab = — (Vwps + Vqi.on) = 0. (10)

Mode 2 (ti1 ~ tirr): At t11, Q4 is turned OFF and Qg3 is turned
ON. Q, Q3 and the resonant tank form a freewheeling circuit,
as shown in Fig. 4(c), then there is

‘/;lb = - (VQl—on + VQ3-0H) ~ 0. (] 1)
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Mode 3 (ti11 ~ try): At tir, Qq is turned OFF, and Qs is turned
ON. Q2 and Q3 form a reverse charging circuit for the resonant
capacitor C;, as shown in Fig. 4(d). In this mode, V,;, can be
calculated as

deb = _Vin + VQ2—on + VQ3—0n ~ _Vin- (12)

Mode 4 (t1y ~ tv): At f1v, in accordance with the steady-state
operation rules of the LLC converter, the Qs turns OFF while
the Q4 begins to turn ON. The capacitor C4 commences rapid
discharge, with the voltage across C, swiftly falling from Vj, to
zero. Concurrently, the potential at midpoint b of the rear bridge
arm also diminishes to zero. Due to an open circuit fault, the
Q4 remains disconnected. This condition forces the current to
flow through the Q4 antiparallel diode VD,. The Q, antiparallel
diode VD, along with Q- and the resonant circuit, establishes
a freewheeling circuit, as depicted in Fig. 4(f). Throughout
this period, the expression for the midpoint voltage V,, of the
primary side bridge arm is calculated as

Vab = VQ2-on + Vwpa = 0. (13)

Mode 5 (ty ~ ty1): At ty, Qo turns OFF, while Q1 starts to turn
ON, entering the positive half-cycle conduction phase of Q; and
Q.. However, due to an open circuit fault, Q4 cannot conduct
normally and remains disconnected. Consequently, only Q; is
ON-state during this phase. Owing to the presence of switched
parallel capacitors and diodes, both the magnitude and path of
the current are altered. The analysis mode is more complicated,
mainly divided into five microtransient processes as follows.

1) Following the deactivation of Qo, its parallel capacitor
C5 charges rapidly, with the voltage across Cs escalating
from zero to V;,,. Concurrently, the voltage at point a of the
front bridge arm attains V;,,. Given that the direction of the
current in the resonant inductor cannot change abruptly,
the current forms a conduction loop via the antiparallel
diodes of Q; and Qg, as depicted in Fig. 5(a). At this
moment, the bridge arm midpoint voltage V3, is calculated
as follows:

V:ab — V;n + VQl»on + VVD4 ~ V;n' (14)

2) Astheresonant inductor current progressively diminishes,
the resonant capacitor C, continues to charge, resulting
in a sustained increase in the voltage at point b. This
phenomenon can be interpreted as the voltage discharge
process of the parallel capacitor Cs of Qs, as illustrated in
Fig. 5(b). Consequently, the voltage V,;, at the midpoint
of the bridge arm on the primary side begins to decrease

Vib=(Vin+Vq1-on+Wna)e V gF Ty (t-tvo) < V.

(15)
3) At tyq, the current in the resonant circuit diminishes to
zero, the voltage V¢, across the resonant capacitor C,
remains constant, and the voltage across the inductor L,
approaches zero. All residual energy in the inductor Ly, is
transferred to the secondary side, as depicted in Fig. 5(c).
At this moment, the bridge arm midpoint voltage V,;, can

be articulated as

V;b:‘/;n_‘/cr<‘/in- (16)
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Fig. 5. Transient processes of open circuit fault device Q4 participating in
working mode 5. (a) At ty. (b) At tyo. (¢) At ty1. (d) At tya. (e) At tys.

4) Attyo,influenced by the voltage of the resonant capacitor
C,, the current through the resonant inductor begins to
reverse. Concurrently, the parallel parasitic capacitance
C4 of Q4 charges via the activated Q;, establishing a
current loop, as depicted in Fig. 5(d). Throughout this
process, the voltage at point b on the front bridge arm
progressively increases until the antiparallel diode VD3 of
Q3 commences conduction. Subsequently, the bridge arm
midpoint voltage V,}, can be articulated as

_ ooty (t-tv2)
Vb = (Vin — VCr)e (C4+Cr)(Lr+Lm) < V.

(17)

5) Attys, following the activation of the Qs antiparallel diode

VD3, afreewheeling loop is established with the Q3 and the

resonant cavity, as depicted in Fig. 5(e). Throughout this

process, the bridge arm midpoint voltage V,}, diminishes
nearly to zero

Vab = — (VQ1-on + Wi3) = 0. (18)
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TABLE I
PRIMARY-SIDE ARM MIDPOINT VOLTAGE AT OPEN CIRCUIT FAULT

Primary side bridge arm midpoint voltage Vy,

Mode

Q, OCF Q, OCF Q; OCF Q4 OCF
Mode 1 0 Vi Vin 0
Mode 2 “Vin 0 0 0

g 'Vin,'Vl, -l/iny-Vla 1.

Mode3 -V Vi, V5,0 P, V5,0 Vi
Mode 4 0 Vi 0 0

Vin; Vl, g g Vin, V],
ModeS  pmo " Vi Va 13,0

Similarly, the Q; and Qs open-circuit faults are analyzed. In
a fault cycle, the change of the midpoint voltage of the primary
side bridge arm is shown in Table L. It can be seen that after
an open-circuit fault, the midpoint voltage of the primary side
bridge arm will always change in some modes compared with
normal operation. This provides a certain theoretical basis for
the subsequent fault diagnosis of this article.

To demonstrate the bridge arm midpoint voltage V,; of
each modal in Table I, assuming primary-side semiconductor
switches have the same parasitic parameters. The conduction
voltage drops Vqi-on, VQ2-ons VQ3-on, and Vqaox for Qq, Qo,
Qj3, and Q4 are equal, respectively. Similarly, the forward voltage
drops Vyp1, Vvpa, Vvps, and Vypy of the parallel diodes are
considered equal. The parasitic capacitances Cy, Cy, Cs, and
C, are likewise equal. Therefore, Vi, Vs, and V3 are used to
represent the bridge arm midpoint voltage V,;, at mode3 and
mode5 in Table I, such as

~/ te B (t=tvo)
Vl - (‘/;n + VQ4—on + VVDl)e (C2+Cr)Lx
— (Vin + Vagon + Vpa)e”V ez (t-tmo)

) ——Ca
= (‘/m + VQ2—011 + VVD?))B (C4+Cr)Lr (t=tmo)

- %(t*tvo)
= (Vin + VQ1-on + Wpa)e V (@FIL 19)
VZ = ‘/in - VCr (20)
Va = (Vo — Vi) -/ erren T (¢ tv2)
3 = (Vin — Vcr)€
C.
= (Via — Vi )e V ottt (- tuiz)
C
= (Via — Vi )e V ottt (t-tiuiz)
“V @ (e ()
_ (‘/;n . Vcr)e (C4+Cr)(Lr+Lm) (21)

IV. OPEN CIRCUIT FAULT DIAGNOSIS

A. Diagnostic Strategy of the Open Circuit Fault

Based on the aforementioned analysis, the corresponding fault
diagnostic strategy is proposed by using the midpoint voltage of
the primary-side semiconductor switch fault bridge arm. Tradi-
tional diagnostic methods that relay on the average value of the
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midpoint voltage has the problem of detection error, leading to
misjudgments. Under an open circuit fault, the midpoint voltage
only changes in two modes in one cycle, making average value
detection methods particularly ineffective. Therefore, this article
proposes a fault diagnosis strategy based on the integral value
of the primary side bridge arm midpoint voltage. This method
comparing the integral value of the midpoint voltage for each
half-cycle with the integral value during normal operation to
identify open circuit faults and locate faulty devices.

When the phase-shift control LLC resonant converter operates
normally, the primary side bridge arm voltage V,y, is integrated
in the positive. Assuming that V,y, is detected to change from 0
to Vi, at 11, after 7/2-T,¢ (Ts is phase shift time), the voltage
Va.p changes to O again. In this half-cycle, the bridge arm
midpoint voltage integral value S in the positive half-cycle
can be calculated as in

t14+T /2Ty
Sy = / Viapdt = Vio(T/2 = Tp). (22

t1

Similarly, in the negative half-cycle, the bridge arm midpoint
voltage V,y, is integrated to obtain S.

ta+T/2—Tp,
S_ :/ [ Vap| dt = Vin(T'/2 — Tps). (23)

ts

After an open-circuit fault occurs in the LLC resonant con-
verter, according to the above analysis, the bridge arm midpoint
voltage V,;, changes, which will lead to a change in its integral
value. Fig. 6 shows the integrated value of the corresponding
bridge arm midpoint voltage when the semiconductor switch has
open-circuit faults. S and S- are, respectively, integral value of
primary-side bridge arms midpoint voltage in the positive and
negative half-cycle when the LLC is working normally; Sy, and
Sy are, respectively, the integral value of the primary-side bridge
arms midpoint voltage in the first positive and negative half-cycle
after LLC open circuit fault.

When OCF occurs in Q; or Qq, due to the effects of switch
parasitic capacitor and body antiparallel diodes, the resonant
tank current will continue to flow through them, but it will cause
the bridge arm midpoint voltage V,}, to decrease. Therefore, the
integral value of V,y, in the positive half-cycle is Sy, which is
smaller than the integral value S during normal operation. Con-
sidering the sampling accuracy error and voltage fluctuation, the
coefficient « is introduced. Generally, the allowable fluctuation
range of the dc bus voltage is +10% [31]. Meanwhile, according
to the device datasheet, the sampling and integration accuracy
of the designed diagnostic circuit ranges between 7.01% and
7.36%. Therefore, the value of « in this article is set to 10%,
which can reduce the impact of input voltage fluctuation and
sampling error

ts+T/2—Tps
Sf+ = / Vapdt < (1 — Oé)S+. 24)

ts

Similarly, when OCF occurs in Q2 or Qs, the integral value
of V,y, in the negative half-cycle is Sy., which is smaller than the
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Fig. 6. Integral values of the bridge arm midpoint voltage during open circuit
fault. (a) Q1 OCEF. (b) Q4 OCE. (c) Q2 OCF. (d) Q3 OCF.

integral value S_ during normal operation

tm+T/2—T)ps
Sy_ = / | Vap| dt < (1 —a)S_. (25)
tIII
After detecting OCF fault, it is necessary to accurately locate
the position of the faulty switch. When Q; or Q4 faultis detected,
the integrated value Sy. of the primary-side bridge arm midpoint
voltage is calculated in the next negative half-cycle

trv
QlOCF:Sf_:/ Vil dt > (14 a)S_

tu

tiv
Q4OCF: (1 —)S- < Sy = / [Vap|dt < (1 4+ «)S_.
Jtn

(26)

Similarly, when the Q2 or Qs open-circuit fault is detected,
the integral value of the bridge arm midpoint voltage is Sy, in
the next positive half cycle

tvi
QQOCF : Sf+ = / Vapdt > (1 + Oé)SJr

tiv

tvr
QgOCF : (]. — Oé)S+ S Sf+ = / Vabdt S (]. + Oé)S+.
trv
27
Table II summarizes the comparison of the integrated value
of the bridge arm midpoint voltage when the semiconductor
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TABLE II
PRINCIPLE OF OPEN CIRCUIT FAULT DIAGNOSIS

Principle of Fault

OCF Location Diagnosis Fao Fp Fg Fos
Q: OCF Sp+ <0.9S and S > | 0 0 0
1.18
Q, OCF Sp->1.18: and Sz <0.95. 0 1 0 0
0.98.< S < 1.1S: and

OCF 0 1 0
& S:<0.95.

OCF S <0.95: and 0.95.< 0 0 0 |
Q 8. < L1S.

D¢

Us
Comparisons and
logical combinations

Resettable
integration
Diagnostic Circuit

Voltage sampling
and processing

Fig. 7. OCEF diagnostic circuit topology for LLC converter.

switch has an open circuit fault and operates normally. Based on
the above theoretical analysis, this article uses the integral value
of the primary-side bridge arm midpoint voltage to identify and
locate the open circuit fault.

B. Diagnostic Circuit of the Open Circuit Fault

Analog circuits exhibit higher reliability compared to digital
MCUs. The real-time processing speed of analog circuits is at
the nanosecond level, whereas the processing speed of MCUs
is contingent upon the complexity of the algorithm, generally
exceeding the microsecond level. Furthermore, analog circuits
employing straightforward fault diagnostic logic possess a volu-
metric advantage over MCUs [32]. Consequently, the selection
of analog circuits for designing fault diagnosis circuits in the
described LLC converters is motivated by the special operating
environments, e.g., seafloor, for high reliability, real-time per-
formance, and compactness. Based on the proposed open-circuit
fault diagnosis strategy suitable for LLC resonant converters, a
simple and effective diagnostic hardware circuit is designed.
The fault diagnostic circuit discussed in this article is purely
analog. The circuit modifies the voltage at the midpoints of
the bridge arms to achieve real-time, online fault localization.
As illustrated in Fig. 7, the topology of the diagnostic circuit
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primarily consists of voltage sampling and processing, resettable
integration, comparison, and logical combinations. Building
upon the topology of the circuit, a diagnostic circuit board is
developed, as depicted in Fig. 6.

Voltage sampling and processing is mainly used to collect
the bridge arm midpoint voltage V,;, on the primary side of the
LLC converter in real time. Conveniently, the input ports a and
b of the diagnostic circuit are directly electrically connected to
the converter bridge arm midpoint. Ultrafast recovery diodes
D5, Dg, and separate voltage sampling resistors Ry, Ro, R3, Ry
are strategically integrated into the fault diagnosis circuit. This
configuration allows for discrete sampling of the node voltage
Vap at the midpoint of the bridge arm during both positive and
negative half-cycles, facilitating precise voltage measurement at
subsequent nodes. U; and Us, standard differential amplifiers,
convert the differential voltage at the bridge arm nodes into a
single-ended output. This conversion helps suppress common-
mode noise and enhances the strength and clarity of the sampling
voltage signals. The output from the differential amplifiers is
filtered through a simple passive filter, consisting of R¢ and Ct to
enhance signal noise immunity. The outputs, positive half-cycle
sampling voltage V,;,+ and negative half-cycle sampling voltage
Vab-, are obtained from the midpoint of the bridge arm, disre-
garding the diode’s forward voltage drop, as detailed in (28).
Additionally, a simple delay circuit synchronizes the positive
and negative half-cycle sampling voltages, ensuring accurate
timing for subsequent comparisons and logical operations

R
{ Vabt = Vaop X 5 X Gui

(28)
Vab— = |Vabn| X % x Gua

where V,y,, and Vi, ,, represent the bridge-arm midpoint voltage
of the positive half-cycle and negative half-cycle, respectively,
Vabp = -Vabn = Vin. Gy1 and Gy 2 are the differential-amplifier
gains, respectively.

The resettable integrator comprises operational amplifiers Us,
Uy, resistors Ry, Rc, and capacitor Cy, designed to integrate
the midpoint voltage of the bridge arm during both positive
and negative half-cycles. When the midpoint sampling voltages
Vab+ and V,p_ of the bridge arm reach high levels, Ry and
Cr initiate integration. This integration process calculates the
integral values S¢; and S, for each half-cycle, as defined in (29).
During low level stages, Cr discharges through RC, resetting the
integrator to zero in preparation for the next high-level cycle. A
high-speed peak detection circuit is integrated at the integrator’s
output to capture the peak values. The circuit’s output voltage
tracks and maintains the peak of the input signal. This enhances
the precision of fault diagnosis in subsequent comparative circuit
analyses

1 Ty
{Sf+_ Ry Ji, | Vaved(?) (29)
S 1

f7

tn+T/2 Vi d(t)

= RxCrz Jt,

where 1, and 1, represent the positive and negative half-cycle
times, respectively. T represents the converter switching period.
The comparisons and logical combinations consist of com-
parators Us, Ug, Uy, Ug, and logic chips Ug, Uig, Uy1, Uis.
The input reference voltage values 1.1S., 0.9S, 1.1, and
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Diagnostic Circuit
T

LLC Resonant Converter

Fig. 8.  Experimental prototype.

0.954 for the comparators are derived by dividing the voltage
through resistors, utilizing a straightforward reference voltage
source. The values and ratios of the voltage-dividing resistors
are determined using (22) and (23). The output values from
the resettable integrator circuit are compared against the preset
reference values using comparators Us, Ug, U7, and Ug. Specif-
ically, the comparator circuit compares the integrated midpoint
voltages S¢r and Sg. of the bridge arm, under open-circuit
conditions of the switching tube, with the reference voltages
1.15., 0.95_, 1.15, and 0.95 . Following the open switch tube
fault diagnosis principles for the LLC converter module outlined
in Table II, the comparator outputs are processed through a
logic combination circuit, comprising AND and NAND gates, to
generate the corresponding fault status signals. Ultimately, this
fault status signal is relayed to the controller, which identifies
the location of the faulty device and implements corrective
measures.

V. EXPERIMENT AND RESULTS

To validate the effectiveness of the proposed fault diagnosis
strategy, an isolated LLC full bridge converter prototype with
phase-shift control method has been implemented, as shown in
Fig. 8. The diagnostic circuit board, measuring approximately
9 cm X 5.6 cm in size, is connected to the LLC converter
bridge arm midpoint using a pair of wires. The key parameters
of LLC full bridge converter are provided in Table III. To test
the proposed method, efficient simulation of open-circuit faults
is required. This experiment is conducted by programming the
STM32 software to set the gate driver signal to 0, simulating the
occurrence of open-circuit faults.

Fig. 9 shows the experimental results when OCF occurs in
different primary-side switches of the LLC converter with phase-
shift control. The LLC converter works normally until tocr,
when the primary-side switch suddenly experiences an open-
circuit fault (the gate drive signal St of the corresponding switch
is set to zero). At tocr, the left side is the normal operating state
and the right side is the open circuit fault state. Fig. 9 shows
the measured output voltage Vi, resonant current /¢, bridge
arm midpoint voltage V,,, and switch drive signal ST before and
after the open circuit fault occurs. It can be seen from the Fig. 9
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TABLE III
PARAMETERS OF LLC FULL BRIDGE CONVERTER

Parameters Value
Input voltage Vi, 90V-120 V
Output voltage Vo 375V
Output power Py 100 W
Transformer turns ratio n 100/38
Switching frequency f 100 kHz
Q1,Q2, Q3, Qs G3R45MT17K
D\, Dy, D3, D4 UJ3D06560KSD
L 52 uH
Ly 364 uH
C, 43.9 nF

that in the first few cycles after the open circuit fault occurs, the
output voltage V¢ is almost unchanged, which means that the
phase shift control angle of the LLC converter has not changed
during this period. The resonant current /¢, suddenly becomes
smaller under different primary-side switch faults. Therefore,
an open-circuit fault will not cause overcurrent impact to the
equipment in a short period of time, but will cause it to work in an
unhealthy state. Moreover, the variation pattern of the resonant
current is not very different, making it difficult to use it as a
standard for open circuit fault diagnosis.

The changing pattern of the primary-side bridge arm midpoint
voltage V,}, has certain differences under different primary-side
switch open-circuit faults, which can be used for fault diagnosis.
It can be seen from Fig. 9(a) and (b) that under Q; or Q4 open-
circuit faults, the change of V,}, in the positive half-cycle is
particularly large, and meanwhile, the area enclosed by the time
axis is greatly reduced. Similarly, in Fig. 9(c) and (d), V1, shows
the above changing pattern in the negative half-cycle. Therefore,
this can be used as a criterion to distinguish Q1, Q4 and Qs, Q3
open circuit faults, as shown in (24) and (25). Furthermore, in
Fig. 9(a), the negative half-cycle time after the Q; open-circuit
fault is about 2 us, which is the same as the time in the normal
state. However, in Fig. 9(b), this time increases to 2.8 us after the
Q4 open-circuit fault. Thence, the area enclosed by the negative
half-cycle V,;, and the time axis is used to distinguish Q; and Qg4
open circuit faults, as shown in (26). Likewise, in Fig. 9(c) and
(d), Q2 and Q3 open circuit faults can also be distinguished using
(27). The experimental results verify the correctness of open-
circuit fault theoretical analysis and the rationality of diagnostic
method.

In the fault diagnosis process, when an open-circuit fault
occurs in the Qg tube, the output waveform shown in Fig. 10
illustrates the behavior. During this fault, the positive half-cycle
voltage at the midpoint of the bridge arm decreases, while the
negative half-cycle voltage remains unchanged. The voltage pro-
cessing and resettable integration shown in Fig. 7 are applied to
these waveforms. As aresult of this processing, the integral value
of the positive half-cycle voltage, denoted as Sy, decreases,
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while the integral value of the negative half-cycle voltage, de-
noted as Sy, remains nearly unchanged. This behavior aligns
with the waveform depicted in Fig. 10. When the integrated value
Sp4 drops to the reference value of 0.95, the output level Vyg
of comparator Uy in Fig. 7 transitions from low to high. Through
logical combination, the fault signal F4, corresponding to the
Q tube, also changes from low to high. This change in the fault
signal indicates the presence of an open circuit failure in the Q4
tube.

The fault diagnosis process for other switching tubes follows a
similar pattern as described above. Fig. 11 illustrates the output
waveforms of the diagnostic circuit for open circuit faults in
different switches. The corresponding diagnosis times for Qq,
Q4, Qo, and Qg are approximately 13.2 s, 14.1 s, 12.7 us, and
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Fig. 12.  Critical waveforms for a 10% drop in LLC input voltage. (a) LLC
waveforms. (b) Diagnosis results.

13.2 us, respectively. These results indicate that the faulty device
can be accurately located within two switching cycles. This fast
and precise fault diagnosis enables subsequent redundant fault-
tolerant control or prompt replacement of faulty components by
operators. As a result, the reliability of the LLC is improved to
a certain extent.

The proposed circuit accomplishes accurate fault diagnosis
under fixed input voltage conditions, and also adapts to input
voltage dips or load jumps without misdiagnosis. In addition,
accurate fault localization can be accomplished under different
input voltage and load conditions. Fig. 12(a) shows that the input
voltage Vi, to the LLC converter drops by 10% from 100 V
to 90 V. The LLC converter still maintains normal operation.
The primary side bridge arm midpoint voltage V,;, amplitude
will also be 90 V, but the integral values of its positive and
negative half-cycles are still equal. This will not trigger the fault
diagnostic circuitry, and the fault signals for all switches will
remain low, as shown in Fig. 12(b). Fig. 13(a) shows that the
load of the LLC converter is cut in half. The output voltage
Vout fluctuates slightly at the moment of removal, but the input
voltage remains nearly unchanged. Similarly, the process does
not trigger the fault diagnostic circuit, and the fault signals of
all switches remain low as shown in Fig. 13(b). Therefore, the
proposed method in this article is still valid when subjected to
input voltage steps and load jumps.

Fig. 14 shows the waveform of Q- undergoing an open-circuit
fault when the LLC converter is operating at a nonrated input
voltage (100 V dips to 90 V). After an open-circuit fault occurs
in Qq, the bridge-arm midpoint voltage integral value decreases
in the negative half-cycle and increases in the positive half-cycle.
The fault diagnostic circuit is triggered, and after about 12.1 ps,
the Qo fault signal changes from a low level to a high level,
locating open-circuit fault switch.

Fig. 15 shows the waveform of an open-circuit fault occur-
ring in Q2 when the LLC converter is operating at half-load
conditions. Similarly, after an open-circuit fault occurs in Qs,
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(a) LLC waveforms. (b) Diagnosis results.

after about 12.7 us, the Qo fault signal changes from low level
to high level. Therefore, the fault diagnosis circuit proposed in
this article can accurately complete the fault diagnosis process
under the conditions of input voltage or load change, with a
certain degree of adaptive.

Similar works on open circuit fault diagnosis in [17] and
[19] that are mentioned in the introduction is compared with
the method proposed in this article, in terms of control method,
diagnostic fault type, diagnostic response speed, method com-
plexity, additional sensors, and diagnostic circuit volume. The
comprehensive comparison results are presented in Table IV.
It can be seen that the fault diagnosis method proposed in this
article has low complexity and fast response time compared to
the same type of diagnosis methods. In addition, the method
proposed in this article does not require additional sensors and
the diagnostic circuit is more compact.
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TABLE IV

Q2 open-circuit fault waveforms during half-load operation. (a) LLC

THE COMPREHENSIVE COMPARISON RESULTS OF THE PROPOSED METHOD

WITH [17] AND [19]

Proposed method Ref. [17] Ref. [19]
Control . . Extended phase
method Phase shift Phase shift shift
Single switch Single switch Single SWlt.Ch
. . OCF on primary
Fault type OCF on primary OCF on primary
. . and secondary
side side .
side
Diagnostic
response About 14 us About 1 ms More than 20 us
speed
Complexity ~ Simple Slightly complex Slightly complex
Additional No Auxiliary winding  current sensor
sensors
Diagnostic
circuit Small Medium Medium
volume

VI. CONCLUSION

This article proposes an accurate and fast fault diagnosis
method suitable for phase-shifted LLC full bridge converter us-
ing the integral of the primary-side bridge arm midpoint voltage.
Furthermore, based on this method, a simple and cost-effective
diagnostic circuit is designed. The main conclusions are as
follows.

1) The proposed method uses the integral value of the mid-
point voltage as the diagnostic criterion. Compared with
the instantaneous value or average value, the diagnostic
results are more accurate and reliable. Moreover, this
method also considers the need of rapid diagnosis, and
experimental results show that the fault diagnosis can be
completed in two switching cycles.

The designed diagnostic circuit uses relatively conven-
tional devices in small quantities, hence keeping the cost

2)
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3)

minimal. In addition, the circuit only needs electrical
connection to the bridge arm midpoint, making it easily
expandable to operational LLC equipment.

This diagnostic method is an online detection method,
which can monitor the switch operating status in real
time and detect the occurrence of open circuit faults in
time. This can reduce maintenance costs and downtime.
Combined with the proposed diagnostic method, continu-
ous fault handling can be achieved, further improving the
reliable operation capability of the converter.

The proposed method is designed to diagnose single-switch
OCF of the LLC converter. However, in some extreme circum-
stances, multiple-switch faults may occur during a short time.

The
scen

proposed diagnosis method has some limitations for such
arios and needs improvement. In addition, due to the use of

the bridge-arm midpoint voltage as the diagnostic basis, there
could be a certain limitation under other control methods such
as variable frequency or variable duty cycle. Future work will
explore a more comprehensive LLC converter fault diagnosis
method by combining variables such as resonant current or drive
signal.
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