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Abstract—When an open-switch fault occurs in the inverter-
side of the series resonant dual-active-bridge (SRDAB) converter, 
the rectified DC voltage will drop by a half. One solution to 
maintain the continuous power supply of the converter is to 
regulate the duty-cycle of the rectifier output voltage. 
Nevertheless, it may excite the resonance between the resonant 
inductors and the DC capacitors, leading to severe low-frequency 
oscillations, which appears as the envelope of the high-frequency 
current. This phenomenon may trigger the over-current 
protection and make the SRDAB fail to ride through the fault. In 
this paper, a low-frequency equivalent model is proposed for the 
SRDAB, enabling the frequency-domain analysis of the 
conventional single-loop voltage control. It is revealed that the 
oscillation depends on the duty-cycle and control parameters, and 
it is not possible to suppress such oscillations by the conventional 
control method. Thus, a dual-loop fault tolerant control method 
consisting of an outer voltage control-loop, an inner current 
envelope control-loop and a non-linear correction unit is proposed 
in this paper to suppress the oscillation. Experimental tests on a 1-
kW SRDAB are performed. The test results have validated the 
effectiveness of the proposal in terms of oscillation suppression. 

Keywords—Series resonant converter, Dual-active-bridge 
(DAB) converter, Fault tolerant control, Oscillation suppression, DC 
distribution systems. 

I. INTRODUCTION 
With the growing penetration of multiple renewable energy 

sources, high-performance DC/DC converters are in a 
continuous need to enhance the integration and exploitation of 
DC distribution systems [1]. Among various DC/DC topologies, 
the series resonant DAB (SRDAB) converter is a promising 
candidate as an isolated DC/DC interface in DC distribution 
systems [2]. On the other hand, the reliability for power 
converters is important to guarantee the stable operation of DC 
distribution systems [3]-[7], and thus, as one way to enhance 
reliability, fault tolerant control should be equipped with power 
converters. Since open-circuit faults do not always trigger the 
protections immediately, but will deteriorate the performance of 
converters, possibly leading to secondary problems [4], fault 
tolerant control methods for open-switch faults have been 
discussed in the literature [3]-[7]. When an open-switch fault 
happens in the SRDAB inverter side, the output DC voltage will 
drop by a half [8], as shown in Fig. 1. To ensure the continuous 
power supply and conversion, the fault tolerant operation should 

be enabled once the fault is detected. This can be achieved 
through topological modifications (adding redundant devices) or 
advanced control [3], [4]. 

Nevertheless, fault tolerant control methods for the SRDAB 
have been discussed rarely in the literature. For instance, in [9], 
a fault tolerant topology was introduced, where the rectifier-side 
is reconfigured to a voltage-doubler rectifier if an open-circuit 
fault occurs. This method can effectively improve the fault 
tolerant capability of the SRDAB, but it requires four 
bidirectional switches and split-capacitors at both DC buses, 
increasing the overall cost and complexity. To address this issue, 
a hybrid fault tolerant control method was proposed in [10] 
without hardware modifications. In this case, the duty-cycle of 
the rectifier-side H-bridge was regulated through a single-
voltage closed-loop control to realize fast voltage control 
performance. However, the duty-cycle regulation may excite the 
resonance between the resonant inductors and the DC bus 
capacitors, resulting in un-damped low-frequency oscillations as 
the envelope of the high-frequency current. This may 
subsequently trigger the over-current protection, leading to 
failures of operation. As a result, it is necessary to explore the 
suppression techniques for the SRDAB in the fault-tolerant 
operation. 

Considering the above, the oscillation mechanism and its 
suppression method are addressed in this paper. A dynamic 
equivalent model under the duty-cycle regulation is introduced, 
which enables the frequency response analysis of the system 
under fault tolerant operation. A dual-loop control strategy is 
accordingly proposed to suppress the low-frequency 
oscillations. The effectiveness of the proposed method is then 
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Fig. 1. Schematic of the Series-Resonant Dual-Active Bridge (SRDAB) 
converter, where an open-circuit fault is exemplified (S1 is in the open-circuit 
fault). 

 



verified on a 1-kW SRDAB system. Finally, concluding remarks 
are provided. 

II. DYNAMIC EQUIVALENT MODEL UNDER DUTY-CYCLE 
REGULATION 

Although many SRDAB models have been developed in the 
literature [11]-[14], most of them concentrate on the power flow, 
voltage dynamic and soft-switching performances. Therefore, in 
order to develop a model that is able to mimic the behavior of 
the actual system, the steady-state operational waveforms of the 
SRDAB should be analyzed. 

The steady-state voltage and current waveforms of the 
SRDAB under the duty-cycle regulation are demonstrated in 
Fig. 2. In this case, S1 is open-circuited (Fig. 1), and thus, the 
output voltage the inverter is halved. The duty-cycle of the 
rectifier is regulated. As a result, the fundamental components 
of Uab and Ucd, denoted as Uab,f and Ucd,f, are described as 

ab,f i s cd,f o s
4 1 4 πsin ,  sin sin
π 2 π 2

dU U t U U tω ω = = 
 

      (1) 

where Ui and Uo denote the input and output DC voltage, 
respectively, and ωs is the switching frequency. To sustain the 
normal output DC voltage, Uab,f and Ucd,f should be identical. 
Therefore, d equals to 1/3 in the steady state. With the duty-cycle 
regulation, the entire resonance cannot be maintained, and thus, 
the high-frequency current ir becomes discontinuous. The 
fundamental component of ir, denoted as ir,f, is also depicted in 
Fig. 2.  

Based on the converter features discussed in the above, a DC 
model is developed as shown in Fig. 3. In this model, the AC 
sources Uab,f and Ucd,f are replaced by two DC voltage sources, 
whose amplitudes are √2Ui

π
 and 2√2Uo

π
sin dπ

2
, respectively. An 

inductor Ldc is added between the two DC sources, as shown in 
Fig. 3(a). The stored energy in Ldc and the resonant tank should 
be the same, i.e., Ldc = π

2

4
Lr, according to [12]. A series resistor 

Rloss is also included, which is used to emulate the converter 
losses of the power semiconductors. The average inductor 
current of this model, denoted as iL,avg, can be used to study the 
low-frequency behavior of the high-frequency current ir in the 
SRDAB. It can be further observed in Fig. 3(b) that a controlled 
current source circuit is added in the proposed model to study 
the DC terminal behavior. As shown in Fig. 2, the SRDAB 
converter charges the rectifier DC capacitor for an interval of 
dTs in every switching cycle, with Ts being the switching period. 
Thus, the controlled DC current is proportional to the average 
current iL,avg, represented by miL,avg, and the proportional 
coefficient m can be approximated as 
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Subsequently, the small-signal state-space model can be 
obtained as 
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According to (3), the transfer function of iL,avg(s) and uo(s) in 
respect to the duty-cycle d(s), denoted as GiLd(s) and Gud(s), can 
be calculated. To validate the accuracy of the proposed model, 
the frequency domain response between the proposed model 
and a circuit simulation model in MATLAB/Simulink are 
compared in Fig. 4. The Bode plots of GiLd(s) and Gud(s) are 
shown in solid lines. The frequency-response results in the 
MATLAB/Simulink are obtained through perturbing the duty-
cycle D with a frequency sweeping signal ranging from 

 
Fig. 2. Voltage and current waveforms of the SRDAB under the duty-cycle 
regulation, where S1 is open-circuited. 
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Fig. 3. Proposed equivalent circuit of the SRDAB with duty-cycle regulation: 
(a) controlled voltage source circuit, and (b) controlled current source circuit. 

 
TABLE I. SIMULATION PARAMETERS. 

 
Circuit parameters Value 

Nominal DC voltages Ui, Uo 750 V 
DC capacitance Cin, Cout = Cdc 1000 μF 
Transformer ratio N1:N2 1:1 
Output DC load RL  40 Ω 
Resonant capacitors Cr1, Cr2 4 μF 
Resonant inductors Lr1, Lr2 27 μH 
Switching frequency fs 4.8 kHz 
Magnetic inductance of HF transformer Lm 19.9 mH 
Series resistor Rloss 0.8 Ω 

 



10 ~ 5×103 rad/s, and then the fast Fourier transform (FFT) is 
applied to the output signals (uo and the absolute average value 
of ir) to obtain the frequency-domain responses, which are 
shown by “ * ” in Fig. 4. The simulation parameters are listed 
in Table I.  

As it can be observed in Fig. 4, the proposed model (Fig. 3) 
and the simulation model exhibit similar characteristics in the 
frequency range of 10 to 5×103 rad/s, which means that the 
proposed equivalent model shown in Fig. 3 can be used to study 
the behavior of the SRDAB under fault-tolerant operation in the 
low frequency domain. 

For simplicity, assuming that Rloss equals to zero, the transfer 
functions GiLd(s) and Gud(s) can be obtained through Gxd(s) = 
(sI − A)-1K, as 
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 Referring to the Bode plots in Fig. 4, Eq. (4) reveals that the 
system is a second-order system. When compared with the 
typical second-order system, it is known that: 

1) There is a resonant point between the resonant inductor 
and the DC capacitor, which moves to the high-frequency 
region with the increase of D. 
2) Since Gud(s) has a right-half plane (RHP) zero, the system 
is a non-minimum-phase system. 
3) The system damping ratio decreases with the increase of 
the duty-cycle D.  

With the above analysis, the proposed model can be represented 
as shown in Fig. 5. Moreover, this system is highly nonlinear, 
as there are many trigonometric elements in its transfer 
functions, as shown in Fig. 5. Therefore, when the duty-cycle 
of the rectifier is regulated, the fault tolerant operation of the 
SRDAB is a nonlinear, parameter-variable, and a non-
minimum-phase second-order system. 

III. CHARACTERISTICS UNDER CONVENTIONAL FAULT 
TOLERANT METHOD 

In the conventional fault tolerant method, a single-loop 
voltage PI regulator is implemented to control the rectified DC 
voltage, when the open-circuit fault happens. The control 
diagram is shown in Fig. 6, where Gvol(s) is the transfer function 
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Fig. 4. Frequency responses of the simulation model (*) and the proposed 
model (solid lines and dash lines) under various steady-state duty-cycles D: (a) 
Bode plots of GiLd(s) and (b) Bode plots of Gud(s). Here, d�(s) is the disturbance 
of the duty-cycle D, îL,avg(s) is the disturbance of the current through Ldc, and 
u�o(s) is the disturbance of the output voltage. 
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Fig. 5. Block diagram of the proposed equivalent model. 
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of the proportional integral (PI) voltage regulator with kp,v and 
ki,v being its proportional and integral gains. Since the increase 
of d will decrease the output DC voltage, kp,v and ki,v should be 
negative. The frequency response of the open-loop system 
Gvol(s)∙Gud(s) is shown in Fig. 7. As it can be seen in Fig. 7(a), 
when kp,v = − 0.005, ki,v = − 0.13, the cut-off frequency is around 
1000 rad/s, and the phase margin γ is larger than 14° with D = 
0.3 ~ 0.7, indicating that the system is stable. The increase of D 
will lower the magnitude of Gvol(s)∙Gud(s). In contrast, the 
increase of |kp,v| and |ki,v| leads to higher magnitudes of the open-
loop system in the high and low frequency bands, respectively, 
but with a reduced phase margin of the system. Therefore, the 
PI parameters should be tuned in consideration of the fault 
tolerant control performances and stability.  

To explore the characteristics of the average inductor current 
iL,avg(s) with the single-closed-loop control, the frequency 

responses of Gie,cls(s) = ir,avg(s) / eu(s), as shown in Fig. 6 (dashed 
lines), with eu(s) being the DC voltage error, are given in Fig. 8. 
It can be clearly observed that Gie,cls(s) has a peak with the 
frequency being near 1000 rad/s. Moreover, when D decreases 
or |kp,v| increases, the resonant frequency will increase, as 
demonstrated in Fig. 8(a) and (b), respectively. In addition, the 
increase of |kp,v| or |ki,v| will increase and sharpen the peaks of 
the frequency responses, as shown in Fig. 8(b) and (c). 
Therefore, it is implied in Fig. 8 that even when the system is 
stable under the voltage single-closed-loop control, the PI 
voltage controller is not able to suppress the resonance. In this 
case, during the transition to fault tolerant operation, the sudden 
change of eu will introduce harmonics near the resonant peak. 
Subsequently, the harmonics are amplified, resulting in large 
low-frequency oscillations as the envelope of the high-
frequency current.  
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Fig. 7. Frequency responses of the open-loop system: (a) when kp,v = –0.005, ki,v = –0.13, (b) when D = 0.3, ki,v = –0.13, and (c) when D = 0.3, kp,v = –0.003. 
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Fig. 8. Frequency responses of the closed-loop system: (a) when kp,v = –0.005, ki,v = –0.13, (b) when D = 0.3, ki,v = –0.13, and (c) when D = 0.3, kp,v = –0.003. 
 



IV. PROPOSED DUAL-LOOP FAULT TOLERANT CONTROL 
METHOD 

In order to address the above issues for the conventional 
voltage single-loop method, a dual-loop fault tolerant control 
method is proposed in this section. Firstly, since there are many 
nonlinear elements in the model of the system, as shown in 
Fig. 5, a nonlinearity correction unit is introduced in the control 
loop, as shown in Fig. 9(a). By doing so, the trigonometric term 
sin dπ

2
 in Fig. 3 is corrected as sin π

2
�2

π
arcsin dm�  = dm . The 

corrected equivalent circuit corresponding to the modified 
duty-cycle dm is shown in Fig. 9(b). The state-space model of 
the modified system is presented in Fig. 9(c). As shown in 
Fig. 9(c), the nonlinear correction unit simplifies the model. It 
becomes clear that the proposed model is very similar to the 
conventional DC/DC boost converter, indicating that the 
resonant frequency of the system is also duty-cycle-dependent, 
and the system is a non-minimum phase system. Since the 
voltage/current dual-loop control method is widely used in 
DC/DC boost converters, a cascaded dual-loop fault tolerant 
method is proposed. More specifically, the outer loop of the 
proposed method regulates the rectified DC voltage and the 
inner loop controls the envelope of the high-frequency current. 
The entire control diagram of the proposed dual-loop method is 
shown in Fig. 10, where Gcur(s) represents the inner current 
envelope PI controller, and kp,i and ki,i are its proportional and 
integral gains. In the proposed method, the absolute average 

value of the inductor current, denoted as |ir� |, is employed as the 
control variable of the inner current envelope controller.  

To tune the parameters of the current controller, the open-
loop Bode plots of the inner current loop can be used, as shown 
in Fig. 11. As it can be seen in Fig. 11(a), when kp,i = − 0.008, 
ki,i = −5, the cutoff frequencies of the inner loop system is placed 
between 3k ~ 7k rad/s, thus the current control bandwidth is 
relatively high. The phase margin is 78° when D = 0.7, which is 
sufficient to ensure the control stability. The increase of |kp,i| will 
lead to higher bandwidth and higher phase margin of the inner 
current loop, as shown in Fig. 11(b), but it will also introduce 
high-frequency noises as the cut-off frequency moves closer to 
the converter switching frequency. On the other hand, the 
increase of |ki,i| will raise the amplitude-frequency curve in the 
low-frequency region, bringing a better steady-state 
performance, but at the same time, it decreases the phase margin 
of the current loop.  

To demonstrate the oscillation suppression performance of 
the inner current loop, the closed-loop Bode plots of the inner 
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Fig. 9. Dynamic equivalent model after the nonlinearity correction: 
(a) nonlinearity correction unit, (b) equivalent circuit, and (c) modified block 
diagram. 
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Fig. 10. Control diagram of the proposed dual-loop fault tolerant method. 
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Fig. 11. Frequency responses of the current open-loop system: (a) when kp,i = 
–0.008, ki,i = –5, and (b) when D = 0.3, with varying kp,v and ki,v. 
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Fig. 12. Frequency responses of the current closed-loop system: (a) when D = 
0.3, ki,i = –5,  and (b) when D = 0.3, kp,i = –0.008. 
 



current loop are given in Fig. 12 when D = 0.3. As shown in 
Fig. 12, when ki,i = –5, with the increase of |kp,i|, the resonant 
peak can be effectively suppressed. On the other hand, when 
kp,i = –0.008, the increase of |ki,i| will slightly increase the 
resonant peaks of the current closed-loop system, while pushing 
the peaks to the higher frequency region. With the help of the 
current open-loop and closed-loop Bode plots (Figs. 11 and 12), 
parameters of the current loop can be properly tuned. 

To tune the parameters of the voltage outer-loop controller, 
frequency responses of the voltage open-loop and current 
closed-loop systems are shown in Fig. 13. As can be seen in 
Fig. 13(a), when kp,v = 3, ki,v = 13.3, kp,i = -0.008, ki,i = -5, the 
cut-off frequencies of the voltage loop is set  around 1k rad/s, 
with the phase margin larger than 68° under different static duty-
cycles. The increase of the proportional and integral gains, kp,v 
and ki,v, will enhance the dynamic and steady-state voltage 
control performances, respectively, but the phase margin will be 
reduced, as shown in Fig. 13(b). Compared to the voltage single-
loop control where either phase margin and control bandwidth 
should be compromised, the proposed dual-loop method can 
keep high control bandwidth while ensuring high phase margin. 
Therefore, with the proposed method, fast fault tolerant 
dynamics, high stability and suppression of the low-frequency 
oscillation can be achieved simultaneously.  

V. EXPERIMENTAL RESULTS 
To validate the effectiveness of the proposed dual-loop fault 

tolerant control method, experimental tests were performed on a 
downscaled 1-kW SRDAB prototype. The parameters of the 
experimental setup are shown in Table I.  

Firstly, the conventional voltage single-closed-loop fault 
tolerant method was tested. The experimental results are shown 
in Fig. 15(a), where kp,v = – 0.009 and ki,v = – 0.13. At the 
beginning of the test, the output DC voltage was 96 V. Then, 
one switch in the inverter-side H-bridge (see Fig. 1) was in open-
circuit fault. In this case, the output DC voltage is maintained at 
its output value with a short transient period, and a maximum 
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Fig. 13. Frequency responses of the voltage open-loop current closed-loop 
system: (a) when kp,v = 3, ki,v = 13.3, kp,i = -0.008, ki,i = -5, and (b) when D = 
0.3, kp,i = –0.008, ki,i = -5. 
 

 
Fig. 14. Photo of the experimental prototype. 
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Fig. 15. Performance (experimental tests) of the SRDAB with the two fault 
tolerant methods (Uo [50 V/div]: the output DC voltage; ir [5 A/div]: the high 
frequency current of the H-bridge 1; |ir�| [20 A/div]: the extracted current 
envelope from the analog circuit; time – top [20 ms/div], time – bottom 
[2 ms/div]): (a) the conventional voltage-single-loop method and (b) the 
proposed dual-loop method. 



voltage drop of 12 V is observed in Fig. 15(a). When the open 
circuit fault was identified within 135 ms after the fault tolerant 
control, H-bridge 2 was reconfigured to be a half bridge and 
operates in the open-loop mode. However, as it is observed in 
Fig. 15(a), during the duty-cycle regulation period (fault tolerant 
operation), there are large oscillations with the frequency being 
about 300 Hz as the envelope of the high-frequency current. This 
oscillation frequency is very close to the resonant frequency of 
the Bode plot in Fig. 8(b), when kp,v = – 0.009 and D = 0.3, where 
the resonant frequency is around 1650 rad/s (≈ 262.6 Hz). The 
peak-to-peak value of the oscillations is measured as 26 A, 
which is 3.7 times larger than the nominal current. Moreover, 
during the transition to fault tolerant operation, e.g., at the 
beginning of the fault tolerant control, the peak-to-peak value 
reaches 28A, which is four times larger than the nominal current. 
This may trigger the system overcurrent protection, and it is 
demonstrated that the conventional method cannot suppress the 
oscillations.  

The proposed dual-loop control method is then applied to the 
SRDAB system. The corresponding experimental results are 
shown in Fig. 15(b). In this case, the control parameters are 
kp,v = 3, ki,v = 13.3, kp,i = – 0.008 and ki,i = – 5. The same test 
procedure in respect with that for the conventional method was 
applied. As it is shown in Fig. 15(b), the high-frequency current 
envelope becomes flat and stable. That is, there are no low-
frequency oscillations in the current. The peak-to-peak current 
is reduced to 15 A, being 2.1 times larger than the nominal 
current. The largest voltage drop is 15 V and the transient time 
for the duty-cycle regulation is 99 ms, which is slightly larger 
and shorter than the conventional method, respectively. It can be 
explained that the saw-toothed edge in the waveform of the 
high-frequency current is caused by the poor resolution of the 
oscilloscope. The zoomed-in waveform and the current 
envelope |ir� | measured from the analog circuit illustrate that there 
are no oscillations. Therefore, the proposed dual-loop control 
method can effectively suppress the low-frequency oscillation 
induced by the resonant inductors and the DC capacitors under 
fault tolerant operation, as analyzed in the previous sections.  

VI. CONCLUSIONS 
This paper analyzed the low-frequency oscillation issue as 

the envelope of the high-frequency current during the fault 
tolerant operation of the SRDAB. A detailed small signal model 
was presented to characterize the resonance, which reveals that 
the oscillation between the resonant inductors and the output DC 
capacitors cannot be suppressed by the conventional fault 
tolerant control method. Then, a dual-loop fault tolerant control 
method was proposed in this paper. In this control method, the 
outer loop regulates the DC voltage and the inner loop controls 
the envelope of the high-frequency current, leading to the 

suppression of the oscillations. Experimental results have 
demonstrated the effectiveness of the proposed method, where 
the low frequency oscillation can be suppressed compared to the 
conventional duty-cycle regulation method.  
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