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  The LLC (Inductance Inductance capacitance) resonant converter offers 

advantages such as high power density, high efficiency, and compact size, 

making it widely used in photovoltaic power generation systems. Its 

operational reliability is crucial for the continuous performance of these 

systems. However, complex operating conditions and variable climates can 

adversely affect power equipment. Switch fault diagnosis and remedial 

measures are essential aspects of designing isolated full-bridge DC-DC 

converters, significantly enhancing overall system reliability. When a 

switching component fails, the resonant converter cannot operate near its 

resonant point, leading to substantial reductions in efficiency and output 

power. To improve system fault tolerance and reduce maintenance costs, this 

paper proposes an improved LLC topology and a rapid switch short-circuit 

fault diagnosis method for phase-shift full-bridge converters. By real-time 

monitoring of the average voltage of the resonant capacitor, the method 

quickly identifies switch short-circuit faults within a single switching cycle, 

enabling topological control of faulty and redundant components. The 

modified topology ensures stable output voltage and power while allowing the 

converter to operate near the resonant frequency. The paper discusses the 

working principle, design considerations, and implementation of this 

approach. Simulation results verify the effectiveness of the proposed method. 
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1. INTRODUCTION 

The LLC resonant converter has gained widespread attention and application in recent years due to 

its numerous advantages, including a wide input voltage range, high power density, and the capability to 

achieve soft switching. These attributes make it an ideal candidate for various applications such as renewable 

energy grid integration, electric vehicles (EVs), rail transportation, and onboard auxiliary power systems [1],  

[2]. The structural configurations of LLC converters generally include half-bridge, full-bridge, and T-bridge 

designs. Among these, the full-bridge LLC converter stands out due to its superior voltage blocking capability 

and higher boost ratio, which allow the use of components with lower voltage ratings, ultimately reducing 

system cost [3]. However, the increased number of power switching devices in the full-bridge topology 

introduces significant challenges in ensuring system reliability. Industry surveys reveal that switching devices 

are among the most failure-prone components in power electronics, with a failure rate reaching approximately 

31% [4]. 

When a fault occurs in the switching devices of an LLC converter, maintaining stable operation 

becomes increasingly difficult. Faults, particularly open-circuit faults (OCFs), can disrupt the converter’s 

performance, making it challenging to operate near the resonant point and regulate the output voltage 
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effectively [5]. Additionally, the resonant capacitor may experience voltage spikes during a fault, potentially 

causing further damage to switching devices and leading to system instability [6]. 

If an Open Circuit Fault (OCF) occurs in the switching tube of a full-bridge LLC converter during 

operation, the converter will be unable to function properly. This type of fault can arise due to several factors, 

such as driver malfunctions leading to signal loss or damage to the semiconductor switch [7], [8]. Unlike short-

circuit faults, which generate excessive current and trigger the system's protection mechanisms, open-circuit 

faults are more challenging to detect and mitigate in real time. Consequently, the system may struggle to 

respond effectively unless the fault is accurately diagnosed and addressed promptly [9]. When an OCF occurs, 

the system must typically take two critical steps to prevent further damage. First, it must quickly and accurately 

identify the fault location. Second, it should either isolate the fault or enable continued operation through fault-

tolerant measures. 

 

 

2. RELATED WORKS 

A lot of scholars have proposed various approaches to enhance the fault tolerance of converters. 

Current fault tolerance methods primarily rely on module redundancy to improve converter reliability. This 

involves isolating any module that experiences an open circuit fault from the circuit and subsequently replacing 

it with a suitable standby module, thereby maintaining some level of power transmission capability during 

fault-tolerant operation [10]. For instance, Huang et al. introduces a fault-tolerant method that employs 

redundant half-bridges in parallel on the primary side. When a failure occurs in the full-bridge converter on the 

primary side, the system can transition to half-bridge operation and be reconstructed into a full bridge using 

redundant transformers and half-bridges . However, this topology increases both the size and cost of the 

converter [11]. Additionally, Bhakar et al. proposes a fault-tolerant operation mode for Dual Active Bridge 

(DAB) converters . By incorporating resonant capacitance, the faulty half-bridge converter can be transformed 

into an LLC resonant half-bridge converter, which enhances the voltage post-failure but does not achieve the 

rated output voltage as in [12]. Another approach presented purposed by Wang et al., introduces a redundant 

topology with three bridge arms at the front stage. In the event of a failure in any one bridge arm, the redundant 

arm takes over its function, providing high fault tolerance. However, this topology requires the addition of two 

additional switching devices, thereby increasing system costs [13]. Furthermore, Zhao et al. proposes a fault-

tolerant method involving a closed fault bridge arm to improve the reliability of DAB converters , however, 

this approach also fails to achieve rated output power in the steady state following a fault. In the realm of 

modular converters, post-fault operation is predominantly realized by adding redundant modules [14]. For 

example, Liu et al. discusses the integration of redundant modules to facilitate fault-tolerant operation of a 

single DAB open circuit within a modular system, enhancing converter reliability in high-voltage direct current 

(HVDC) transmission applications [15]. Table 1 summarizes the methods, characteristics, and limitations of 

fault-tolerant techniques for LLC converters with different topologies. 

 

Table 1 Fault tolerant methods proposed in various converters 
References Methods Applied topology Characteristics Limitation 

[10] Add a redundant half bridge  Full bridge LLC 

converter 

Easy and effective but the 

cost increases significantly. 

Adding a transformer increases 

the volume and the cost 

increases significantly 
[12] Replace fault primary-arm 

by using the redundant arm  

Full bridge LLC 

converter 

Easy but the cost increases 

significantly. 

Complex control strategy 

[13] Add redundant modules Modular converter 1)Suitably in cascaded system 

with redundant modules; 

2) Easy but the cost increases 

significantly. 

Cannot be employed in single 

phase converter 

[15] The resonant capacitor is 

added to convert DAB into 

LLC converter 

Full bridge DAB 

converter 

Easy and low cost but fault 

tolerance does not work well. 

Postfault power range is limited, 

especially when the voltage 

conversion ratio is low. 

 

Conventional fault detection and fault isolation  methods exhibit obvious limitations in terms of 

detectionspeed, number of FD signatures, universality, accuracy, computational burden, and implementation 

cost due to the added sensors [16]. In the same time, it is evident that previous studies have not addressed fault 

diagnosis specifically for LLC converters. Consequently, the effectiveness of existing diagnostic methods is 

significantly diminished when applied to LLC converters, as the diagnostic signals may remain identical across 

multiple switches in the event of an Open Circuit Fault (OCF) [17].  

For effective fault diagnosis and localization, the employed method should be straightforward, rapid, 

and accurate. The initial step in mitigating the impacts of open circuit faults involves identifying the fault 

through a systematic diagnosis strategy. Several commonly utilized fault diagnosis methods include：
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inductance current of the resonator tank and the voltage at both ends of the transformer, the polarity of the DC 

component of the inductive current and the mean value of the transformer voltage. For instance, Tang et al. 

presents a fault detection strategy utilizing a Luenberger state observer along with inductive current and output 

voltage sensors to identify open circuit faults in the switch tube of boost converters [18]. Gao et al. processing 

the diode voltage and gate driver signal within the converter to derive logic signals serves as a basis for fault 

diagnosis [19]. Although this method demonstrates effectiveness, its applicability is somewhat limited. Another 

approach identifies the fault branch and locates the specific position of the faulty switch by analyzing the input 

and output voltage signals of the rectifier bridge arm; however, this method requires the addition of five extra 

switches and is exclusively applicable to three-phase traction converters [20]. Additionally, Shi et al. introduces 

a fault detection method for Dual Active Bridges (DAB), which employs four supplementary voltage sensors 

to monitor the midpoint voltage of the bridge arm [21]. The measured data is processed and compared with 

normal voltage values to diagnose any faulty switches. Wang et al. proposed a precise open-circuit fault 

diagnosis (OCFD) method for phase-shifted LLC resonant converters using the integral of the bridge arm 

midpoint voltage,which exclusively depends on the integral value of the voltage at the midpoint of the primary-

side switching bridge arm [22]. Li et al. proposed an adaptive fault diagnosis (FD) observer based on the 

Lyapunov function is given to simultaneously estimate the fault, disturbance, and state with packet losses. 

Different from the traditional robust fault-tolerant control (FTC), a new active fault-tolerant tracking controller 

is designed based on the model predictive control framework, which has better adaptive fault-tolerant 

performance [23]. Table 2 provides a summary of prior fault diagnosis methodologies employed in full-bridge 

LLC converters, highlighting the diagnostic signals used, their characteristics, and the associated limitations 

of each approach. 

 

Table 2 Fault diagnosis methods and fault tolerant proposed in various converters 
References Diagnosis signals Applied topology Characteristics Limitation 

[19] The rectifier module of the 

traction converter inputs 

and outputs voltage 
signals 

Modular 

converter 

1) No additional sensor required; 

2) Easy but the cost increases 

significantly. 

Many accessory components, 

only suitable for three-phase 

high-power traction converter 

[20] Inductor current and 

output voltage 

DC-DC Boost 

converter 

State Observer + Detection sensor 

Suitable for monitoring open circuit 

faults, gain anomalies 

Suitable for BOOST 

converter only 

[21] Diode voltage and gate 

driver signal  

DC-DC buck 

converter 

Easy and effective but the cost 

increases significantly. 

Adding a transformer 

increases the volume and the 
cost increases significantly 

[22] The midpoint voltage of 

the bridge arm 

DAB converter Easy but the cost increases 

significantly. 

Complex control strategies 

 

Despite these challenges, research focusing on fault diagnosis and fault-tolerant operation of LLC 

converters remains limited. Most existing studies emphasize short-circuit faults, which trigger system 

protection mechanisms due to excessive current, while OCFs are comparatively more difficult to detect and 

mitigate in real time [24]. The lack of effective diagnosis and fault-tolerant strategies for LLC converters under 

OCF conditions could significantly compromise their performance and reliability [25]. Given these challenges, 

this paper aims to investigate strategies that enable LLC converters to maintain normal operation under fault 

conditions. Specifically, this study focuses on diagnosing open-circuit faults in switching devices and 

implementing fault-tolerant methods to restore the converter's functionality. The ultimate goal is to ensure 

stable output voltage and reliable operation even when faults occur, thereby enhancing the overall robustness 

and reliability of the LLC converter in practical applications. 

The contribution of this article is as follows.  

i) Rapid Fault-Tolerant Scheme for Open-Circuit Faults in High-Frequency LLC Converters. This 

paper introduces a rapid fault-tolerant scheme for detecting and locating open-circuit faults in power switches 

of high-frequency LLC converters within a single switching cycle by monitoring the voltage of the resonant 

capacitor. This method requires only a single voltage sensor and is compatible with various control strategies, 

thereby minimizing additional hardware costs. 

ii) Novel Fault-Tolerant Topology Reconfiguration for LLC Resonant Converters. This paper 

proposes a novel topology reconfiguration strategy for fault-tolerant LLC resonant converters that ensures 

continuous operation even after multiple switch failures. Initially configured as a full-bridge LLC converter, 

when primary-side fault occurs, the primary side is converted to half-bridge operation, while the secondary 

side is converted to two full-bridge parallel operation upon. This adaptive approach enhances system reliability 

with minimal additional components and maintains consistent voltage and current stresses across all operating 

modes, simplifying circuit design and control systems. 
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iii) Experimental Validation of Effectiveness and Rapid Diagnosis: The effectiveness and rapid 

diagnostic capability of the proposed method are validated through experimental results, highlighting the 

potential of LLC converters in enhancing overall system reliability. 

The structure of the rest of the article is as follows. Section 2 thoroughly investigates the proposed 

system, encompassing topology transformation fault diagnosis policy and fault tolerant policy. Section 3 

presents an evaluation of the experiment along with the corresponding discoveries and verification of the 

proposed method. Finally, conclusions are presented in section 4. 

 

 

3.  METHOD  

Faults in power converters, such as open-circuit and short-circuit failures, can significantly impact 

system performance and reliability. Effective fault diagnosis and fault-tolerant strategies are essential to ensure 

the stable operation of converters under fault conditions. This section explores various methods and techniques 

for fault diagnosis and tolerance in LLC converters, with a particular focus on addressing open-circuit faults. 

 

3.1 Analysis of open-circuit fault characteristics 

Based on the comparative analysis presented, this paper proposes a novel fault-tolerant method for 

LLC converters addressing open-circuit faults in switching tubes, specifically utilizing the Bypass Arm (BA) 

control scheme. When a switch on the inverter side fails, the pulse for the bridge arm associated with the faulty 

transformer IGBT is blocked to restore the converter to a normal operational state. This approach effectively 

mitigates the effects of the Open Circuit Fault (OCF) by disabling the gate drive signal of the complementary 

switch, thereby counteracting the fault. The BA based fault tolerant scheme allows the converter to transition 

into half-bridge operation following a brief fault tolerant process, as illustrated in Figure 1(a). During this fault-

tolerant operation, only one set of switches in the inverter bridge remains active, resulting in the input voltage 

to the resonator comprising either a fully negative or fully positive component. While the voltage and current 

waveforms maintain symmetry, there is a reduction in gain. For example, as depicted in Figure 1(b), when 

switch S1 occur an open circuit fault, the drive pulse for S3 is always set to 1, while the bypass arms S2 and 

S4 working normally. 
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Figure 1. Equivalent circuit using an BA method (a) Topology during normal operation  and (b) Topology 

after S2 open circuit fault 

 

The LLC full-bridge converter primarily consists of an inverter circuit, a resonator, and a rectifier 

circuit. Under normal operating conditions, the converter functions in full-bridge mode, where the DC input 

voltage (𝑈𝑖𝑛), is transformed into a square wave voltage (𝑈𝑎𝑏) via the inverter circuit. This square wave voltage 

passes through the resonator and rectifier circuit to produce a DC output voltage Uo. 

When switch S1 in the converter fails, the topology shifts from full-bridge to half-bridge operation. 

At this point, only one set of switches in the inverter bridge remains operational, resulting in the resonator 

cavity receiving an input voltage without a negative component. The output voltage is then elevated to the rated 

value by the series rectifier bridge arm. Figure 1 illustrates the circuit topology transformation that occurs 

before and after the switch failure in the traditional LLC resonant converter. In this figure, 𝐿𝑟, 𝐶𝑟, 𝐿𝑚, and 

Reqrepresent the resonant inductance, resonant capacitance, excitation inductance, and equivalent resistance, 

respectively. Additionally, 𝑈𝑎𝑏denotes the equivalent input voltage of the resonator tank, corresponding to the 

primary voltage of the transformer when 𝑈𝑖𝑛1 is n=1, and the secondary voltage of the transformer when 𝑈𝑜1is 

n=1. This paper employs the fundamental wave analysis method to derive the DC voltage gain before and after 

the switch fault. The Fourier expansion of the input voltage 𝑈𝑎𝑏  of the resonator prior to the fault is presented 

as equation1, ωs is angular frequency. 
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𝑢𝑎𝑏(𝑡) = ∑ [
4𝑁𝑈𝑜

𝜋
𝑠𝑖𝑛( 𝜔𝑠𝑡)]   ∞

n=1       (1) 

The gain expression of the FHA equivalent circuit of the LLC resonant converter is shown as equation 

2.  

 

𝐻(𝑗𝜔) =
𝑈𝑝1(𝑗𝜔)

𝑈𝑖𝑛1(𝑗𝜔)
=

𝑅𝑒𝑞||𝑗𝜔𝐿𝑚

𝑗𝜔𝐿𝑟+
1

𝑗𝜔𝐶𝑟
+𝑅𝑒𝑞||𝑗𝜔𝐿𝑚

      (2) 

 

Req is the load equivalent to the original side of the transformer and the equivalent load is obtained: 

𝑅𝑒𝑞 =
𝑈𝑝1

𝐼𝑝1
=

8𝑁2

𝜋2 R. Simplifying the above formula, the DC gain of converter before fault can be derived as 

equation 3. 

 

 𝐺(𝐹𝑥, 𝑚, 𝑄) = |𝐻(𝑗𝜔)| =
(𝑚−1)𝐹𝑥

2

𝑁√(𝑚𝐹𝑥
2−1)2+𝑄2(𝑚−1)2𝐹𝑥

2(𝐹𝑥
2−1)2

                         (3) 

 

m  is the normalization of excitation inductance and resonant inductance, 𝑚 =
𝐿𝑚+𝐿𝑟

𝐿𝑟
. 𝐹𝑥  is the 

frequency normalization, 𝐹𝑥 = 𝑓𝑠/𝑓𝑟. Q is the quality factors, can be normalized to: 𝑄 =
√

𝐿𝑟
𝐶𝑟

𝑅𝑒𝑞
. 

When switch S1 fails, the converter is converted to half-bridge operation, and the Fourier series 

expansion of Uab is shown in equation 4: 

 

𝑢𝑝(𝑡) = ∑ [𝑏𝑛 𝑠𝑖𝑛(
2𝜋𝑛𝑡

𝑇
)]∞

𝑛=1          (4) 

 

The gain expression of the LLC resonant converter is shown in equation 5: 

  

𝐻(𝑗𝜔) =
𝑈𝑝1(𝑗𝜔)

𝑈𝑖𝑛1(𝑗𝜔)
=

𝑅𝑒𝑞||𝑗𝜔𝐿𝑚

𝑗𝜔𝐿𝑟+
1

𝑗𝜔𝐶𝑟
+𝑅𝑒𝑞||𝑗𝜔𝐿𝑚

               (5) 

 

The DC gain expression obtained by simplifying the above formula and normalization is shown in 

equation 6: 

 

𝑀(𝐹𝑥, 𝑚, 𝑄) = |𝐻(𝑗𝜔)| =
(𝑚−1)𝐹𝑥

2

2𝑁√(𝑚𝐹𝑥
2−1)2+𝑄2(𝑚−1)2𝐹𝑥

2(𝐹𝑥
2−1)2

           (6) 

 

As in equation (3) and equation (6), it can be obtained that after single-phase full-bridge LLC has a 

single tube fault, the output DC voltage gain can be halved after BA fault-tolerant operation. Taking 𝐿𝑟 = 5μH, 

𝐿𝑚 = 26μH, 𝐶𝑟 = 480µF, n = 2, 𝑅 = 60Ω as parameters, m = 4, Q = 0.4, the voltage gain curve is shown 

in Figure 2. Where, 𝐹𝑥(y) represents the voltage gain curve before the fault, and Fx(z) represents the voltage 

gain curve after the fault. It can be seen from Figure 2 that the traditional LLC converter controlled only by 

PFM reduces the voltage gain by half after the switch failure, and cannot run near the resonant point while 

keeping the output voltage unchanged. 

 

DC Voltage Gain

Normalized Frequency
 

Figure 2. DC voltage gain at the output before and after fault 
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To address the issue of low output voltage following a fault in the LLC converter, this paper proposes 

an enhanced rear-stage series topology for the single-phase LLC full-bridge converter that ensures the output 

voltage reaches its rated value. The primary side features four MOSFETs (S1 to S4) that form an active bridge. 

The resonant circuit includes a resonant inductor (𝐿𝑟), a resonant capacitor (𝐶𝑟), a magnetizing inductor (𝐿𝑚), 

and a transformer (𝑇). Additionally, a redundant bridge arm and a series-controllable switch are incorporated 

on the secondary side. By utilizing the controllable switch, the two sets of secondary-side bridge arms can be 

connected in series, thereby maintaining a constant output voltage and facilitating continuous and stable 

operation of the system following a switch tube failure. Figure 3 illustrates the circuit configuration before and 

after the switch failure of the improved LLC resonant converter. 
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Figure 3. Topology of proposed LLC converter. 

 

 

3.2 Proposed Fault-Tolerant Policy 

Most research articles primarily recommend ceasing the operation of the entire LLC converter or 

reducing it to low voltage following an open circuit failure. In contrast, this paper explores reliable fault-

tolerant methods and the available operating ranges for individual LLC converters. To ensure the safe operation 

of the LLC converter, the definition of fault tolerance can be summarized as follows: 

 i) The parameter design of the converter's main components—specifically, the MOSFET, resonant 

inductor, high-frequency transformer, and output capacitor—should be based on normal operating current. 

Consequently, it is crucial to prevent overcurrent conditions that could lead to further damage to other 

components following a failure. 

ii) Following a fault, the inductance current of the resonator tank should not be higher than the 

maximum operating value, better with a preference for achieving zero bias.  

iii) After a fault occurs, the converter should strive to convert as much power as possible. In systems 

designed for high reliability, it is important that a portion of the power remains available even after a failure. 

Before developing the fault-tolerant strategy for the converter, two key assumptions were established 

based on the actual operating conditions: After a fault occurs, the resonant inductor current (iLr), must not 

exceed its maximum value under normal operating conditions, and there should be no bias. Typically, 

components such as MOSFETs, resonant inductors, isolation transformers, and output capacitors are designed 

to handle normal current levels. Therefore, preventing overcurrent and subsequent damage is critical. 

Following a fault, the converter should maximize power conversion. In high-reliability systems, it is essential 

to maintain power supply even after a failure. 

 

3.3 Fault-tolerant topology analysis 

Building upon the aforementioned constraints, this paper proposes and conducts an in-depth analysis 

of a novel fault-tolerant method for LLC converters, termed the Bypass Arm (BA) method. This fault-tolerant 

strategy is specifically designed to address scenarios where an open-circuit fault occurs in the primary side of 

a bridge arm or when such a fault affects another bridge arm. The primary objective of this method is to ensure 

uninterrupted operation while minimizing the impact on the overall system performance. 



IJEEI  ISSN: 2089-3272  

 

A New Fault Tolerant Scheme for Switch Failures in LLC Resonant .... (Muhamed Nabil Hidayat et al) 

315 

The proposed fault-tolerant topology is implemented in a post-stage series LLC resonant converter, 

which functions in four distinct operating modes during fault conditions. These modes are comprehensively 

illustrated in Figure 4, along with their structural principles and corresponding waveforms. To facilitate a better 

understanding of the system behavior, the switching devices in the converter are categorized into three states: 

on, off, and fault. In the associated analytical diagrams, the following conventions are adopted: 

i) Black lines indicate open paths where the circuit operates as intended. 

ii) Gray lines represent disconnected paths that are inactive during operation. 

iii) Red lines highlight paths associated with faults or abnormal conditions. 

For consistency, the directions of currents and voltages in the structural diagrams are annotated to 

reflect their positive orientation, ensuring uniformity throughout the analysis. 

When an open-circuit fault occurs in switch S1, the converter undergoes a transient period before 

stabilizing into steady-state operation. During this steady state, the circuit transitions through four distinct 

working conditions, as shown in Figure 4. Each of these states is associated with a specific structural 

configuration and current flow pattern. 
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Figure 4. New working states of LLC under S1 open current fault condition (a)-(d)four distinct modes of 

propose LLC converter     

 

When an open circuit fault occurs in S1 of the front bridge, the converter switches to steady state 

operation after a period of transient time. The changes of resonant current iLr, excitation current iLm and input 

voltage of primary side of transformer are shown in Figure 5. 
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Figure 5.  Key waveform of resonant tank when OCF occurs on S1 with fault-tolerant control scheme 
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When an open circuit fault occurs in switch S2 , the converter can be divided into four working states, 

as shown in Figure 6. 
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Figure 6. New working states of LLC under S2 open current fault condition (a)-(d)four distinct modes of 

propose LLC converter     

 

When an open circuit fault occurs in S2 of the front bridge, the changes of resonant current iLr, 

excitation current iLm and input voltage of primary side of transformer are shown in Figure 7. 

 

0.01398          0.01399           0.014           0.01401    

ZVS

Fault time

Normal state OCF transient state OCF steady state

iLr

iLm

Time (s) Time (s)

C
u
rr

e
n
t

C
u
rr

e
n
t

V
o
lt

a
g
e

 

 

Figure 7. Key waveform of resonant tank when OCF occurs on S2 without fault-tolerant control scheme 

 

 

3.4 Fault Diagnosis Policy 

The converter fault diagnosis strategy proposed in this text is the resonant tank average voltage 

measurement method, which requires monitoring only three values: the resonant tank voltage ucr, output 

voltage Uo, and output current Io, as shown in Figure 8. This method does not require additional components, 

significantly reducing system costs, and can diagnose faulty switches within a single switching cycle. 
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Figure 8. Distribution of reference variables for fault diagnosis of the converter 

 

The converter control block diagram is illustrated in Figure 9, where S denotes the switch driver signal, 

and Ucrrepresents the average value of the resonant cavity voltage, which serves as the fault detection criterion. 

When the absolute value of Ucr is less than ε, the converter operates in a normal working state. In this scenario, 

the driving signal US2, US3 for switches S2 is high, while the driving signal US1, US4 for S4 is low, indicating 

that the converter functions correctly under a full-bridge pulse frequency modulation (PFM) control strategy. 

When a switch fails, the absolute value of Ucr will exceed ε. At this stage, two types of faults may be identified: 

i) If the fault detection circuit indicates that the average value of Ucr over a period is greater than ε, 

the fault is identified as an open S2. In this case, the converter driver circuit sets the S4 driver signal to 1, and 

the system transitions to half-bridge pulse frequency modulation (PFM) control. 

ii) Conversely, if the fault detection circuit detects that the average value of Ucr is less than −ε, the 

fault is identified as an open S1. Here, the converter driver circuit sets the S3 driver signal to 1, and the circuit 

also switches to half-bridge PFM control. 

Calculating the average voltage is more straightforward than conducting analyses in the frequency or 

phase-frequency domains, thereby facilitating real-time monitoring and processing. As depicted in Fig. 9, the 

implementation involves a data acquisition module that collects real-time voltage signals across the resonant 

capacitor, followed by their computation and processing. The average voltage over one switching cycle is 

calculated and compared against a preset range corresponding to normal operating conditions. Detection of any 

deviation from this range indicates a fault, triggering the topology conversion module. This approach enables 

effective monitoring of the LLC resonant converter's operational status, ensuring timely fault detection and 

enhancing system reliability. 
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Figure 9. Converter fault diagnosis logic flow chart 

 

The simulation waveforms for two different switch faults are shown in Figure 10 and Figure 11. In 

Figure 10, when switch S1 is open, the average value of the resonant tank voltage Ucr exceeds the threshold ε, 

indicating a fault in switch S2. Consequently, the converter's drive circuit sets the S3 drive signal to high, 

transitioning to half-bridge plus boost topology operation. In Figure 11, when switch S2 is open, the average 

value of Ucr is less than ε, indicating a fault in switch S2. The converter's drive circuit then sets the S4 drive 

signal to high, switching to half-bridge plus boost topology operation. 
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Figure 10. Open circuit fault diagnosis waveform of the S1 open circuit fault 
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Figure 11. Open circuit fault diagnosis waveform of the S2 open circuit fault 

 

 

3.5 Transformer Size and Cost Analysis in Converters 

In the proposed fault-tolerant LLC resonant converter, the fault-tolerance functionality necessitates 

adjustments to the transformer's turns ratio, which may impact its size, weight, and cost. 

 

3.5.1 Considerations for Transformer Size and Cost 

Implementing an integrated transformer design can help mitigate these issues. In LLC converters, 

utilizing printed circuit board (PCB) windings for the integrated transformer can reduce AC resistance, 

decrease volume by approximately 43%, and reduce weight by about 28% [28].  The cost of a transformer is 

closely related to its design and the materials used. Implementing integrated transformers and matrix designs 

can lead to cost savings. For instance, the study in [27] employing a matrix transformer can reduce internal 

copper losses by over 50%.  

 

3.5.2 Design Optimization for Fault-Tolerant Operation 

To maintain the efficiency and cost-effectiveness of a fault-tolerant LLC converter, an integrated 

resonant transformer can be employed. By utilizing the leakage inductance, the need for discrete resonant 

inductors is eliminated, thereby enhancing efficiency, reducing size, and lowering costs [28]. However, 

designing such transformers requires addressing issues related to leakage flux caused by air gaps in the 

magnetic core, which can increase winding losses and temperature rise. Strategies such as incorporating 

multiple small air gaps in series within the core or optimizing the winding structure can help mitigate these 

issues. With advancements in power electronics, new magnetic materials and advanced manufacturing 

processes are expected to further enhance transformer performance, meeting increasingly stringent application 

requirements [29].  

 

 

4. RESULTS AND DISCUSSION 

To verify the power transmission capability of the converter, experiments were conducted to assess 

both the fault conditions and the fault-tolerant operating conditions of the LLC converter. It is assumed that an 

open-circuit fault occurs in switch S1. A fault-tolerant model was simulated using MATLAB, and the results 

were compared with those derived from theoretical analysis. The experimental parameters are detailed in Table 

4. 
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Table 4. Parameters of the converter 
Name of Parameter Value 

Input voltage (Uin) 40 

Output voltage (Uout) 80 
Switching frequency(fs) 20KHZ 

Tank circuit capacitance (Lr) 5μH 

Tank circuit capacitance (Cr) 480pF 

 

4.1 Analysis of experimental results 

To validate the effectiveness of the proposed solution, a simulation circuit was constructed using the 

SIMULINK module in MATLAB, with an input voltage Uin=40V and an output voltage Uo=80. At t=0.01s, 

an open-circuit fault occurs in switch S1. To ensure the stability of the system under Pulse Frequency 

Modulation (PFM), the frequency output of the Proportional-Integral (PI) controller is limited. Given that the 

normal resonant frequency of the dual-element resonant tank is 100 kHz, the upper limit of the PI controller is 

set to 100 kHz and the lower limit to 80 kHz. 

As shown in Figure 12, at the moment of the fault, the resonant current of the improved topology 

exhibits minimal overcurrent and oscillation, and stabilizes within a very short time. 
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Figure 12.  Resonance current waveform diagram  

 

Figure 13 presents the input and output waveforms of the converter without fault-tolerant design, and 

Figure 14 illustrates the waveforms of the output voltage (Uo) and output current (Io) of the proposed LLC 

resonant converter when an open circuit fault occurs in S1 or a short circuit fault occurs in S3. The figure 

demonstrates that, upon the occurrence of a single-switch fault, traditional converters fail to maintain output 

voltage stability under variable frequency control. In contrast, the improved LLC resonant converter's output 

voltage remains unaffected and exhibits a smooth waveform, with negligible disturbance at the fault occurrence 

instant. 
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Figure 13. Output voltage and current waveform diagram original topology output 
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 Figure 14. Output voltage and current waveform diagram of proposed converter topology output  (S1 have 

open circuit fault at 0.01s) 

 

Figure 15 illustrates the waveforms of the output voltage (Uo) and output current (Io) of the proposed 

LLC resonant converter when an open circuit fault occurs in S2 or a short circuit fault occurs in S4. It can be 

seen from the figure that when a single switch fault occurs, the output voltage of the improved LLC resonant 

converter is not affected, the waveform is very smooth, and the interference at the moment of fault occurrence 

is negligible. The fault tolerance performance is even better than that of the S1 or S2 fault waveform. 
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 Figure 15. Output voltage and current waveform diagram of proposed converter topology output  (S2 have 

open circuit fault at 0.1s) 

 

4.2 Comparative analysis 

Regarding the issue of fault tolerance in resonant converters, scholars have proposed solutions that 

can be broadly categorized into two types: those that improve resonant components and those that involve 

cascaded systems. Improved resonant component solutions feature simple drive designs and moderate 

efficiency. However, due to the fixed values of the added hardware and a narrow adjustable gain range, their 

fault tolerance is relatively weak, making them less suitable for fault scenarios. Cascaded system solutions can 

offset the impact of faults by adjusting the gain of the preceding or following stages. However, they involve 

more complex drive designs, higher costs, and lower overall efficiency due to the two-stage conversion process. 

This paper focuses on improved component-type converters. To assess the feasibility of the proposed solution, 

a comparison with similar literature is presented below. 

Table 5 shows the comparative analysis of the proposed converter with some existing fault-tolerant 

converter topologies. The existing topologies in [30], [31], and [32] have been proposed for DC-DC converter. 

Comparison is done on different parameters like the number of components,  fault type, design complexity, 

fault tolerance capability, size, and remark. The following can be observed from Table 5.  

1) Converters presented in [30]–[32] can provide multi-switch fault repair capability at DC-DC 

converter.  

2) Among all, only the proposed converter and [30] can provide full power capability after fault 

conditions of all switches. However, [31] can maintain most of the power output after failure, so that the system 

can continue to work. However,  [32] can maintain 2/3 of the output power after failure, and the original system 

works in a low power state..  
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3) Converters presented in [31] and [32] can be used for a very special construction, which is not 

always feasible. 

4) The fault diagnose capability is superior for the proposed converter alone since it can detect OC/SC 

faults in all the switches independently.  

5) The converter proposed in [31] requires lesser number of component than the proposed converter 

but it can only be applied to OCF fault and it has poor multi-switch fault repair ability. 

 

Table 5. Comparison of supplementary element, fault type, complexity and size in different topologies 
Feature Proposed Method [30] [31] [32] 

Additional 

component 
1 switch 

No additional 

components 

4 switch 

4 gate drivers 
2 DC capacitor 

6 capacitors 

Primary side fault 
Applicable for primary 

side 

Applicable for primary 

side 

Applicable for primary 

side   

Applicable for primary 

side   

Secondary side fault Not applicable 
Applicable for 

secondary side 

Applicable for 

secondary side 
Not applicable 

Fault type OCF and SCF OCF only OCF and SCF OCF only 
Control & complexity Easy implementation Easy implementation Large complexity Medium complexity 

Size Small size Small size Large size Medium size 

Output power process 
after fault 

Po 79% Po Po 2/3 Po 

Remarks 
Applicable for LLC 
Constant power after 

fault 

Applicable for a certain 
load carrying capacity 

in DAB 

Not applicable for DAB. 
Switch rating is 2 times 

the pre-fault current 

Parallel and 

stacked MLCCs 

 

The comparison indicates that the proposed solution has a straightforward drive design, higher 

efficiency, and a topology with strong fault tolerance. In summary, the analysis demonstrates the feasibility of 

the proposed solution. 

  

5. CONCLUSION  

This paper analyzes and discusses the variations in voltage gain and resonant capacitance voltage of 

the full-bridge LLC resonant converter before and after a switching open-circuit fault (OCF) , specifically 

examining the variations in voltage gain and resonant capacitance voltage. The study identifies the challenges 

faced by traditional LLC converters, such as the voltage gain and the inability to maintain stable operation near 

the resonant point during OCF conditions. To address these limitations, this paper proposes a novel fault-

tolerant control strategy and an enhanced LLC converter topology with high fault tolerance. 

The proposed approach integrates a bypass arm (BA) fault-tolerant scheme and an improved 

secondary-side series topology. The BA scheme facilitates rapid fault isolation and topological reconfiguration, 

allowing the system to transition seamlessly into half-bridge operation. This prevents excessive damage to 

components and maintains partial functionality. Additionally, the improved series topology on the secondary 

side employs a redundant bridge arm and a controllable switch, enabling the output voltage to remain at its 

rated value even after a switch tube failure. The control strategy for fault diagnosis and reconfiguration was 

rigorously evaluated through simulation, demonstrating its ability to detect faulty components accurately 

within a single switching cycle. By adjusting the driving signals of the switching devices, the converter 

topology is reconstructed, restoring rated output voltage and current in minimal time. This rapid recovery 

significantly reduces the impact of faults on system performance and ensures continued operation without 

requiring a complete shutdown. 
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