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Sensorless Open-Circuit-Fault Diagnosis Method
for NPC-based DAB Converter

Chaochao Song, Member, IEEE, Ariya Sangwongwanich, Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—Open-circuit fault (OCF) on power switches can
cause a severe threat to operation and safety of power elec-
tronic converters. In the neutral-point-clamped (NPC)-based
dual-active-bridge (DAB) converters, the OCFs will result in an
increase in the current stress, DC bias, and capacitor voltage
imbalance. In order to address these issues, the faulty switch
should be identified so that a fault-tolerant control can be
employed to ensure the safe operation of the DAB converter.
In existing fault diagnosis (FD) methods, extra voltage and/or
current sensors are required, which will increase the hardware
costs and volume. This letter proposes an FD method for the
NPC-based DAB converters without additional sensors. In the
proposed method, the faulty switch can be identified from the av-
erage bridge-leg-midpoint (BLM) voltages after blocking certain
complementary inner switch (CIS). The average BLM voltage
of each bridge leg is detected by an average-value-detecting
(AVD) circuit, which is composed of an operational amplifier and
passive components. Thus, the proposed FD approach will not
increase the costs and volume of the DAB converter significantly.
In addition, the proposed FD method also have the features of
simple control structure, relatively fast diagnostic speed, and
generic application to various modulation strategies. Finally,
experimental tests are conducted to validate the effectiveness of
the proposed FD method.

Index Terms—Neutral-point-clamped topology, dual-active-
bridge converter, open-circuit fault, fault diagnosis.

I. INTRODUCTION

EUTRAL-point-clamped  (NPC)-based  dual-active-

bridge (DAB) converter can be applied to medium-
voltage DC (MVDC) applications due to increased voltage
blocking capability and step-up ratio compared to traditional
two-level DAB topology [1]-[3]. Fig. 1 shows a typical NPC-
based topology called two-three (2/3)-level DAB converter,
where a full bridge is applied to the lower-voltage side, and
a NPC bridge is used in the higher-voltage side.

An open-circuit fault (OCF) can occur in NPC-based DAB
converters due to a failure in pulse generation, gate driver, and
packaging and inter-connection of power switch [4]. When
an OCF occurs, the voltage and current waveforms becomes
asymmetrical, and a DC bias will appear on the inductor
current, which will further increase the peak current and
cause potential magnetic saturation [4], [5]. In addition, the
capacitor voltage balance will be disrupted, resulting in higher
voltage stress on certain power devices [3]. In order to avoid

Manuscript received March 28, 2024; revised May 13, 2024; accepted May
30, 2024. This work was supported by the research project Reliable Power
Electronic based Power Systems (REPEPS) by the Velux Foundations under
Award 00016591. (corresponding author: Chaochao Song.)

The authors are with AAU Energy, Aalborg University, 9220 Aalborg, Den-
mark (e-mail: chso@energy.aau.dk, ars@energy.aau.dk, fbl@energy.aau.dk).

Color versions of one or more figures in this article are available at
XXXXXXXXXXX

Digital Object Identifier xxxxxxx

these negative issues, a fault-tolerant control strategy should
be applied to bring the converter back to a safe operating
range [3], [4]. This requires that the faulty switch should be
first identified. Post-fault characteristics are used as diagnostic
signals for faulty-switch identification. The fault diagnosis
(FD) methods for NPC inverters/rectifiers have been widely
researched, where the phase currents, pole voltages, DC-link
capacitor voltages are generally applied to achieve faulty
switch location [6]-[8]. However, when the NPC bridge is used
to the DAB converters, the FD methods proposed for NPC
inverters/rectifiers are not suitable for the NPC-based DAB
converters due to different modulation strategies and switching
characteristics. For instance, the inductor current (i.e., iy, in
Fig. 1) undergoes periodic variations with a switching cycle
instead of a grid cycle as in inverters/rectifiers, and the zero-
crossing points of the inductor current are affected by various
factors, e.g., voltage and power levels, operation modes, and
non-ideal issues like slight DC bias, which makes the current
polarity very challenging to be determined under a certain
switching state. As a result, the FD methods requiring current
polarity identification for inverters/rectifiers, e.g., in [7] and
[8], cannot be applied to NPC-based DAB converters. On the
other hand, some FD methods have also been developed for the
DAB converters. In [9]-[12], the faulty switch is located by us-
ing the terminal voltage and/or current of the transformer (i.e.,
Vab» Ved, and ¢, in Fig. 1). Bridge-leg-midpoint (BLM) voltage
(e.g., Ve, and vgy,) is another commonly used fault diagnostic
signal [13]-[15]. However, the above FD approaches were
proposed based on traditional two-level DAB converter. When
applying these methods to the NPC-based DAB converters,
the post-fault characteristics of the outer and inner switches
in a same upper/lower bridge leg (e.g., So; and Soo) are
similar, and thus, specific faulty switch cannot be determined.
The OCF-related research for multi-level DAB converters is
very limited. The post-fault modes and fault-tolerant control
strategy was discussed in [16]. Nevertheless, the FD method
was not analyzed. An FD method based on average value and
duty cycle of the BLM voltages was proposed for the NPC-
based DAB converters in [3]. In this method, the two switches
with similar post-fault characteristics can be differentiated by
the duty cycle of the BLM voltage after a waveform transition.
However, four extra voltage sensors are required for measuring
the BLM voltages, which will increase the hardware costs
and volume. Furthermore, to obtain the voltage value during
the faulty interval, multi-sampling points are required in each
switching period. Otherwise, the detected average voltage will
not change, and the faulty switch cannot be diagnosed. There-
fore, a high-performance microcontroller, which can support
multi-sampling and corresponding calculations, is needed for
the FD method in [3].



Fig. 1. A two-three (2/3)-level dual-active-bridge (DAB) DC-DC converter.
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Fig. 2. Multi-phase-shift control strategy for NPC-based DAB: (a) pre-fault
waveforms, and (b) post-fault waveforms when an OCF occurs on S27.
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Fig. 3. Current conduction path during the faulty interval when an OCF
occurs on So1.

In order to address the above issues, a sensorless FD method
is proposed for the NPC-based DAB converters in this letter,
which can achieve:

e certain faulty switch location with simple control structure:
The post-fault conditions of the outer and inner switches
can be differentiated by the average midpoint voltage after
blocking a certain complementary inner switch (CIS). In
addition, only the midpoint voltages are needed to be detected
during the entire diagnosis process, which can simplify the
FD control structure compared to the prior-art methods which
require the combinations of various diagnostic signals;

o low hardware costs and computation burdens: The FD pro-
cess is achieved with an average-value-detecting (AVD) circuit
composed of operational amplifier and passive components,
and thus, the hardware costs and volume, and computation
burdens of the microcontroller can be reduced compared to
the sensor-based FD methods;

e generic application under various modulation strategies:
The proposed FD methods can be applied to the modulation
strategies with various degrees of freedom, e.g., single-phase-
shift (SPS) control, triple-phase-shift (TPS) control, and five-
level control.

OCF occurs on S,7 OCF occurs on Sy

Fig. 4. Post-fault waveforms when an OCF occurs on the NPC bridge.
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Fig. 5. Post-fault waveforms after the CIS Sa3 is blocked when an OCF
occurs on: (a) Sa2, and (b) S27.

II. PROPOSED FAULT DIAGNOSIS APPROACH
A. Pre- and Post-fault Characteristics

Fig. 2(a) illustrates a typical multi-phase-shift control strat-
egy, where D; and D, denote two phase-shift angles, D
denotes the duty cycle, and T}, is half of a switching cycle. In
pre-fault state, the waveforms of the two voltages v, and v.q
are symmetrical during each switching cycle, and the inductor
current is also symmetrical due to

diL (t) ’Uab(t) — vcd(t)/n

it~ L, M

However, the symmetry will be disrupted with an OCF. For
instance, Fig. 2(b) shows the waveforms when an OCF occurs
on So1, where the dashed line in faulty state denotes the pre-
fault waveforms (the same as Figs. 4, 5, and 6). In the faulty
interval, the current will be drawn from the neutral point o,
and flow through D; instead of S,; due to the OCF on S,
as shown in Fig. 3. As a result, the DC bias will appear on
the inductor current due to the asymmetry, which will further
increase the peak current. In addition, more charges will be
drawn from the neutral point, and thus, the two capacitor
voltages will be unbalanced. Similarly, the waveforms when an
OCEF occurs on the eight switches are shown in Fig. 4, and the
FD approach is proposed based on the post-fault waveforms.

B. Proposed Fault Diagnosis Method

This letter analyzes the condition when an OCF occurs on
a switch, while its anti-paralleled diode can operate normally.
The proposed FD method is detailed as follows:
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Fig. 6. Waveforms of the entire process for the proposed FD method.
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Fig. 7. Structure of the proposed FD method: the first bridge leg is taken as an example.

e Step 1: OCF identification by variation of BLM voltage

As shown in Fig. 2(a), the average BLM voltages v., and
van, 18 0.5V5 in a switching cycle in pre-fault state. However,
when an OCF occurs on the first bridge leg, i.e., S21, S22, Sos,
or Soy4, the average BLM voltage v.,, will change. On the other
hand, v, changes when an OCF occurs on the second leg,
as shown in Fig. 4. Thus, it can be determined that an OCF
occurs on a certain leg from the variation of U.,, or Vg,.

e Step 2: Half leg location by average BLM voltage values

After Step 1, the two switches in the upper/lower bridge
leg can be further located by the value of the average BLM
voltage. As shown in Fig. 4, for the first bridge leg, when an
OCF occurs on the upper leg (i.e., S2; or Sg2), the average
voltage ¥, is less than 0.5V5. Conversely, U, is higher than
0.5V, when an OCF occurs on the lower leg (i.e., Sa3 or Say).
A similar condition applies also for the second bridge leg.

e Step 3: Specific faulty switch diagnosis by blocking CIS

When an OCF occurs on S, the post-fault waveform of v.q
can become symmetrical if the gate signal of Su3 is blocked,
and the average BLM voltage v, will return to 0.5V5, as
shown in Fig. 5(a). Thus, Ss2 and So3 are defined as a CIS pair.
On the other hand, if So; is the faulty switch, the waveform
of v, is not symmetrical and v, is higher than 0.5V5 after
blocking Ss3, as shown in Fig. 5(b). By doing so, the specific
faulty switch can be identified by the value of v,.,. With a
similar analysis, the CIS So5 should be blocked if Ss3 and
So4 are the possible faulty switches. Furthermore, when an
OCF occurs on the second bridge leg, So6/S27 is applied as
the CIS to identify certain faulty switch.

Fig. 6 illustrates the entire process for the proposed FD
method, including the pre-fault, post-fault I (after an OCF
occurs), and post-fault II (after the CIS is blocked) states. It
should be noted that with various modulation strategies, e.g.,
SPS control, TPS control, and five-level control, the NPC-
based DAB converters exhibit similar post-fault characteristics
on the variation of average midpoint voltages (which has been
verified in [3]). Hence, the proposed FD method can be used to
various modulation strategies. After the faulty switch is iden-
tified, a fault-tolerant control strategy, e.g., complementary-
switch-blocking control [3], can be applied to suppress the
negative OCF effects.

TABLE I
MAIN PARAMETERS USED IN THE EXPERIMENTS
Parameters Values
Input/Output voltage V7 /Va 120/300 V

Transformer turns ratio n 2

Series inductor L ¢ 100 nH
Switching frequency f 10 kHz
Thresholds o/~ 3/4V

Fig. 8. Experimental prototype of DAB converter.

C. Implementation of Proposed Fault Diagnosis Method

With the above three steps, the implementation of the
proposed FD approach can be shown as Fig. 7, where « is
the threshold for detecting average BLM voltage in post-fault
I, since the average voltage will be fluctuated around 0.5V;
in pre-fault state. The average voltage fluctuation is affected
by various non-ideal factors, e.g., measurement noises, and
parasitic parameters. Thus, a should be suitably chosen based
on certain prototype to avoid false identification of OCF and
improve the diagnosis accuracy. The determination of « has
been detailed in [3]. In addition, vy is the other threshold during
post-fault II, which can be determined in a similar way.

On the other hand, when an OCF occurs on the primary-side
two-level bridge, the faulty switch can be identified directly
by the average BLM voltages, while Step 3 is not needed.

III. EXPERIMENTAL RESULTS

The proposed FD approach is validated by a prototype
shown as Fig. 8, and the main parameters for experimental
tests are given in Table I. The AVD circuit is also briefly
shown in Fig. 8, which is composed of an amplifier (based on
OPA2365), low-pass filter (LPF), and band-stop filter (BSF).

Fig. 9 shows the experimental waveforms after an OCF
occurs on Sg; and Soo, where it can be seen that the peak value
of inductor current increases, especially when the OCF occurs
on the inner switch Sy (from 18.5 A to 24 A). In addition, the
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Fig. 9. Experimental results when the transferred power P = 1.2 kW, Do =
0.16, D = 0.1, and D is regulated by closed-loop control: (a) and (b) are the
experimental waveforms when an OCF occurs on Sg;1 and S22, respectively.
(c) and (d) are the output results of the AVD circuit when an OCF occurs on
S21 and Sa2, respectively.
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Fig. 10. Experimental results after blocking the CIS S23: (a) and (b) are the
experimental waveforms when an OCF occurs on S22 and S21, respectively.
(c) and (d) are the output results of the AVD circuit when an OCF occurs on
S22 and Sa7, respectively.

average BLM voltage v, is lower than 0.5V5 due to the faulty
interval, as shown in the zoomed-in post-fault waveforms of
Fig. 9(a) and (b). This characteristic is used in the first two
steps of the proposed FD approach, which is detected by the
AVD circuit. The output results of the AVD circuit are shown
in Fig. 9(c) and (d), where it can be seen that the maximum
noise on v, in pre-fault state is around £2 V. After leaving
certain margin for avoiding false OCF diagnosis, the threshold
o during post-fault I is set as 3 V. When the OCF occurs on
So1 and S, the average BLM voltage v, decreases, and will

TABLE II
COMPARISON BETWEEN TRADITIONAL AND PROPOSED FD METHODS

FD Method Diagnostic Period Additional Hardware
FD Method in [3] < ZT? 4xvoltage-sensor-based circuit
Proposed FD method < 4T 4xAVD circuit
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Fig. 11. Experimental results for the extire process of the proposed FD method
when an OCF occurs on: (a) S22, and (b) Sa1.

exceed the threshold o after 93 us and 62 us, respectively. The
threshold v in post-fault II can be determined in a similar way.
As shown in Fig. 10(a) and (c), for the condition when the
OCEF occurs on So5 and the CIS So3 is blocked, the waveform
of v.q becomes symmetrical, and v., increases from post-
fault I, and will fluctuate around 0.5V5. It can be seen from
Fig. 10(c) that the maximum noise is 2.8 V, and thus, the
threshold v is chosen as 4 V. On the other hand, if the OCF
occurs on Ssp, the waveform of v.4 is still asymmetrical, and
e, Will exceed the threshold v after 116 us, as shown in Fig.
10(b) and (d). In the proposed FD method, the average BLM
voltage is monitored in three series switching cycles after the
CIS is blocked. If v.,, exceeds the threshold + in this duration,
So1 is diagnosed as the faulty switch. Otherwise, the OCF is
identified to occur on Soo.

Fig. 11 illustrates the entire process of the proposed FD
approach, where it can be seen that the fault diagnostic sign
(FDS) will turn on within four switching periods, where FDS
= 1 and 2 indicate that the OCF occurs on So; and Soo,
respectively. Furthermore, the diagnosis for the inner switch
Soo will be slower than that of the outer switch So;, as the
diagnosis for Soo during post-fault II needs to last for three
switching periods. After the FDS turns on and the faulty switch
is identified, a fault-tolerant control based on complementary-
switch-blocking method, proposed in [3], is applied to bring
the converter back to safe operation. If the OCF occurs on S,
the operation will be transferred to fault-tolerant state when
Sao3 is blocked, i.e., from post-fault II. This is because So3 is
the complementary switch of Soo (the details can be seen in
[3]), which means the waveforms of v.4y and ¢; can become
symmetrical, and the negative OCF effects (e.g., DC bias and
current overshoots) can be diminished after blocking So3, as
shown in Fig. 11(a). Therefore, although the diagnostic period
for inner switch Soo increases, the DAB converter can enter
fault-tolerant state before it can be diagnosed (i.e., FDS turns
on), and thus, the increased diagnostic time will not affect the
safe operation of DAB converter. On the other hand, when
the OCF occurs on Sg1, the CIS Sy3 should return to normal
working condition. Instead, its complementary switch So4
should be blocked, and then, the converter can be transferred
to fault-tolerant state, as shown in Fig. 11(b).

A comparison between the proposed FD method and the



sensor-based method in [3] is shown in Table II. Four addi-
tional voltage sensors are applied to the traditional FD method,
which increases the hardware costs significantly compared to
the proposed FD method, e.g., the unit price of the voltage
sensor LV25-P used in [3] is around 75 €, while that of the
operational amplifier is much lower. In addition, although the
diagnostic time increases from two to four switching cycles
with the proposed method, the OCF effects will not threaten
the safe operation of DAB converter in such a short period.

IV. CONCLUSION

This letter has proposed a generic sensorless FD method
for the NPC-based DAB converters, which is suitable for
various modulation strategies. In this method, the average
BLM voltages are utilized to determine two possible faulty
switches in a same upper/lower bridge leg by an AVD circuit.
Subsequently, specific faulty switch can be identified by the
average BLM voltages after blocking certain CIS. The control
structure of this FD method is simple as only the average
BLM voltages are applied as diagnostic signal. Experimental
results show that the diagnostic period increases slightly with
the proposed FD approach compared to traditional sensor-
based method. However, this has no significant impact on the
DAB converters, as the faulty switch can still be identified
within four switching cycles. Conversely, the hardware costs
can be reduced significantly by the proposed FD method.
Furthermore, the proposed FD method can provide references
to the fault-related analysis in the future. For instance, the CIS
is blocked to differentiate the inner and outer switches, which
indicates that the topology symmetry of the NPC bridge can
be utilized to distinguish certain similar faulty conditions.
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