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Abstract—An open-circuit fault will increase input current rip-
ple and reduce the energy transmission efficiency, which will dete-
riorate the inherent advantages of an interleaved boost converter.
To guarantee the efficient and reliable operation of a system, it is
necessary to diagnose the open-circuit fault by sensing the input
current. In practical application, the sampling value of the input
current will be polluted by noise and disturbance, which will
weaken the robustness of fault diagnosis. To address the problem,
this article proposes a robust open-circuit fault diagnosis method.
By theoretically deriving the input current, it can be found that the
input current contains helpful information, which can be used to
identify the fault phase. The proposed method extracts this useful
information by sampling the input current and holding it at specific
moments. Moreover, this method integrates the sampling values
to enhance robustness against noise. The fault phase can quickly
be detected and located by observing and comparing the integrals
during two switching periods. The method has robustness against
the noise and the disturbance. Additionally, the method needs no
extra sensors to sense the input current, which the control loop
uses. Simulations and hardware experiments are carried to prove
the practicability and the robustness of the proposed method.

Index Terms—Fault diagnosis, interleaved boost converter
(IBC), open-circuit fault (OCF), reliability.

I. INTRODUCTION

THE dc–dc converters are widely used in various fields, such
as aerospace, communication, electric vehicles, and re-

newable energy power system [1]–[8]. To ensure the continuous
operation for some specific applications, such as the photovoltaic
system and fuel cell system, the reliability guarantee of dc–dc
is vital. When a fault occurs, fault tolerance is an effective way
to ensure the continuous operation of a dc–dc converter. The
interleaved dc–dc converter has the ability of fault tolerance due
to the inherent redundancy. In addition, with the benefits of high
efficiency, high power density, low input current ripple, and low
output voltage ripple [2]–[4], the interleaved topology is widely
used in the PFC converter, the photovoltaic system, and the fuel
cell application.
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However, when an open-circuit fault (OCF) of the semicon-
ductor switch occurs in a phase, the input current ripple will
increase, which will damage the fuel cell. Moreover, the OCF
will cause the current stress to other healthy phases so that the
entire interleaved boost converter (IBC) will fail catastrophi-
cally. Therefore, it is necessary to detect the fault and locate the
faulty phase as soon as possible.

As reported in [3], [8]–[11], the power semiconductor switch
is one of the most fragile components in a dc–dc converter. The
fault of the power semiconductor switch can be categorized
as the short-circuit fault (SCF) and the OCF. Commonly, the
SCFs have a great impact on the reliable and safe operation of
the whole converter, and the SCF can turn into an OCF due
to the protector, including fuses, circuit breakers, and internal
semiconductor module protection [4]–[6]. Thus, the OCF of the
semiconductor switch in a three-phase IBC is mainly considered
in this article.

Much research has been devoted to detecting and identifying
the OCF of the semiconductor switch in recent years [2]–[7],
[9], [10], [12]–[28]. For a dc–dc converter, the fault diagnosis
method can be categorized into model-based and signal-based
methods.

The model-based method can diagnose the OCF by comparing
the threshold and the residual, which is generated by comparing
the theoretical current and the real current from the actual
converter. As presented in [3], [7], [12]–[15], the OCF can be
identified by comparing the inductor current estimated by the
observer with the current measured by the actual inductor current
sensor for per phase. To avoid using additional sensors, a state
observer was established using the information already available
in the closed-loop control. The OCF can be identified by ana-
lyzing and comparing the residual of the state observer on the
time domain [4]. Although the model-based method can detect
and identify the OCF for the IBC, complex computational effort
and an accurate model are necessary to attain robustness against
disturbances. The model-based methods mentioned above are
not cost-saving.

Many scholars have chosen signal-based methods instead
of model-based methods to diagnose OCF. The signal-based
method can diagnose the OCF by extracting the feature of the
commonly available variables. The features on the time-domain
include the diode voltage and the inductor current derivative
captured by the Rogowski coil sensor [6], the primary voltage
of the transformer [9], the voltage on magnetic component [10],
the voltage of the flying capacitor [16], the inductor voltage [17],
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the Park’s vectors of inductor current [5], [18], and the slope of
the inductor current over time [19]–[26]. The frequency-domain
features include the magnitude and phase angle of input current
at the switching frequency [2], the frequency information in
the magnetic field near the converters [27], and the harmonic
amplitude and phase of the output voltage at the switching
frequency [28]. The signal-based methods mentioned above can
be classified as those suitable for single-phase dc–dc converter
and those suitable for two-phase or multiphase interleaved dc–dc
converter. Compared with the single-phase converter, the two-
phase or multiphase interleaved dc–dc converter has a more
complex structure. Therefore, the OCF occurring in a two-phase
or multiphase converter needs to be detected as quickly as
possible while it also needs to be located to a faulty phase.

For a three-phase IBC and a floating IBC, the OCF can be
detected and identified using the Park’s vectors in [5] and [18].
However, the technique needs to measure the inductor current
per phase, increasing maintenance costs.

As reported in [24]–[26], the OCF can be diagnosed by ana-
lyzing the relationship between the input current derivative and
gate signal. The method only needs to measure the input current,
which is commonly used for closed-loop control. However, the
input current derivative would be affected by the measurement
noise. In [2], a method based on the fast Fourier transform was
proposed to identify the OCF. The method can diagnose the
OCF by calculating the magnitude and phase angle of switching
frequency based harmonic component of total input current.
Similarly, the OCF can be diagnosed based on the harmonic am-
plitude and phase angle of the output voltage [28]. Nevertheless,
the phase angle and magnitude calculation will be affected by the
phase imbalances caused by internal disturbances. In addition,
the calculation of phase angle will also be affected by the noise
because the noise will pollute the sampling values of the input
current. The noise factors include parasitic effects, the ambient
temperature effect, and the electromagnetic interference noise
from the converter itself [6], [29], [30]. The noise factors and
internal and external disturbances would affect the robustness
of the signal-based fault diagnosis method.

To address the limitations and shortages mentioned above,
a robust fault diagnosis method is proposed in this article. The
proposed signal-based method samples the input current at three
specific moments. It can be theoretically proved that the three
sampling values are equal under healthy conditions, but there
will be a difference between the three sampling values when an
OCF occurs in one phase. The maximum difference can be used
as the boundary of whether the fault occurs or not. Moreover,
the sampling value of input current at the specific moment
corresponding to the faulty phase is located in the middle of the
other two sampling values corresponding to the healthy phase.
The OCF can be identified by observing the sampling value of
the input current. In order to reduce the influence of noise on
the sampling values of the input current used for fault detection,
the proposed method integrates the sampling value of the input
current in two sliding time windows to reduce the influence
of the noise. The proposed method is still effective when the
three-phase inductor currents are imbalanced. The proposed
method can diagnose the OCF in a three-phase IBC against

Fig. 1. Circuit diagram of the three-phase IBC with a controller unit.

the noise and the disturbances. Furthermore, the proposed
strategy only needs to measure the total input current used in
the closed-loop control scheme. Therefore, the method avoids
using extra sensors, saving implementation costs.

The rest of this article is organized as follows. Section II
introduces the operation of the three-phase IBC under the healthy
condition and the faulty condition. An OCF diagnosis strategy
is proposed in Section III. Section IV presents simulations and
robustness analysis. The experimental results are provided to
verify the effectiveness of the proposed method in Section V.
Finally, Section VI concludes this article.

II. OPERATION OF THREE-PHASE IBC

The topology of the three-phase IBC is shown in Fig. 1. In
the three-phase IBC circuit, Vin represents the input voltage, L1,
L2, and L3 represent inductor, D1, D2, and D3 are the diodes,
S1, S2, and S3 are the switches, C is an electrolytic capacitor,
ESR represents the equivalent series resistance,RLoad represents
a load resistor, and Vo represents the output voltage. The fuse
will open the circuit just as if the conduction current exceeds
the given threshold. Thus, the fuse can transfer an SCF into an
OCF.

In the controller unit of the three-phase IBC circuit, the Vref is
the reference voltage, and the Iref is the reference current. The
gate signal (G1, G2, G3) can be used to control switches to turn
ON or OFF. The carrier wave is a sawtooth wave with a phase
shift of 2π/3.

In order to make the output voltage reach the reference
voltage, a double closed-loop control strategy is used for a
three-phase IBC. The controller uses the error between the
reference voltage and the output voltage to generate the reference
current. On this basis, the modulation wave can be generated by
comparing the reference current and input current. By comparing
the carrier wave and the modulating wave, the gate signal can be
generated. Generally, the input current (Iin) is used in the control
scheme.
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A. Operation of Three-Phase IBC Under a Healthy Condition

In normal operation, the input current is equal to the sum of
each phase inductor current, as shown in the following equation:

Iin = IL1 + IL2 + IL3 (1)

where IL1, IL2, and IL3 represent three phase inductor currents.
The inductor current will rise with the slope of Vin/L when the
switch S1 is turn ON, and the inductor current will fall with the
slope of (Vin − Vo)/L when the switch S1 is turned OFF.

The first phase inductor current IL1 can be expressed as shown
in the following equation:

IL1 =

{
ĪL − VinDT

2L + Vin
L t

ĪL − VinDT
2L + VoDT

L + (Vin−Vo)
L t

0 < t ≤ DT
DT < t ≤ T

(2)
where D represents the duty cycle, T represents the period, and
ĪL represents the average inductor current. When the three-phase
IBC operates at the continuous conduction mode, the relation-
ship between the output voltage and the input voltage can be
expressed as shown in the following equation:

Vo

Vin
=

1

1−D
. (3)

Hence, the IL1 can be simplified as shown in the following
equation:

IL1 =

{
ĪL − VinDT

2L + Vin
L t 0 < t ≤ DT

ĪL − VinD(D+1)T
2(D−1)L − DVin

(1−D)L t DT < t ≤ T
. (4)

According to (4), the duty cycle determines the end of the
inductor current rising and falling. It means that the duty cycle
determines whether the switch is ON or OFF. According to the
number of semiconductor switches, which are simultaneously
active, the duty cycle can be divided into three intervals as shown
in the following equations:

1

3
< D <

2

3
(5)

D >
2

3
(6)

D <
1

3
. (7)

For interval (5), considering the phase shift, the IL2 and IL3

can be expressed as shown in the following equations:

IL2 =⎧⎪⎪⎨
⎪⎪⎩

ĪL + VinD(−3D+1)T
6(D−1)L + DVin

(D−1)L t 0 < t ≤ 1
3T

ĪL + Vin(−3D−2)T
6L + Vin

L t 1
3T < t ≤ (

D + 1
3

)
T

ĪL − VinD(3D+5)T
6(D−1)L + DVin

(D−1)L t
(
D + 1

3

)
T < t ≤ T

(8)

IL3 =⎧⎪⎨
⎪⎩

ĪL + Vin(2−3D)T
6L + Vin

L t 0 < t ≤ (
D − 1

3

)
T

ĪL − VinD(3D+1)T
6(D−1)L + DVin

(D−1)L t
(
D − 1

3

)
T < t ≤ 2T

3

ĪL − Vin(3D+4)T
6L + Vin

L t 2T
3 < t ≤ T

.

(9)

Fig. 2. Waveforms of three-phase inductor current and input current with the
marking of sampling moments.

According to (1), (4), (8), and (9), the Iin can be rewritten as
shown in the following equation:

Iin =⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

3ĪL + Vin(3D−2)(−3DT+T+6t)
6(D−1)L 0 < t <

(
D − 1

3

)
T

3ĪL − Vin(3D−1)(DT−2t)
2(D−1)L

(
D − 1

3

)
T < t < T

3

3ĪL − Vin(3D−2)(3DT+T−6t)
6(D−1)L

T
3 < t < DT

3ĪL + Vin(3D−1)(DT+2T+6t)
6(D−1)L DT < t <

(
D + 1

3

)
T

3ĪL − Vin(3D−2)(DT+T−2t)
2(D−1)L

(
D + 1

3

)
T < t < 2T

3

3ĪL − Vin(3D−1)(3DT+4T−6t)
6(D−1)L

2T
3 < t < T

.

(10)

In order to make the output voltage reach the reference value,
it is necessary to sample and hold the average of the input current
for the current loop controller. The input current will fall to the
average at one-half of the off-time for the first switch, that is, T1.
The T1 can be expressed as shown in the following equation:

T1 =
(DT + T )

2
=

(D + 1)

2
T. (11)

Similarly, the input current will also reach the average at one-
half of the off-time for the second and third switches, which
are T2 and T3. Compared to T1, T2, and T3, a phase shift of
2T/3 and T/3 occurs, which can be expressed as shown in the
following equations:

T2 =
(D + 1)

2
T − 2T

3
(12)

T3 =
(D + 1)

2
T − T

3
. (13)

Fig. 2 illustrates the waveforms of the three-phase inductor
current and the specific sampling moments in two switching
cycles under the healthy condition. It is evident that the input
current will reach the average at T1, T2, and T3.

Under the healthy condition, the sampling value at three
moments can be expressed as shown in the following equation:

Iin(T1) = Iin(T2) = Iin(T3) = 3ĪL. (14)
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TABLE I
INPUT CURRENT AT SPECIFIC SAMPLING TIME UNDER DIFFERENT FAULTY

CONDITION FOR INTERVAL (5) AND INTERVAL (6)

It can be found that the sampling values of input current is the
same at the three specific sampling moments, and it is equal to
three times the average inductor current.

B. Operation of Three-Phase IBC Under the Faulty Condition

When an OCF occurs in phase-1, the first phase inductor
current will fall to zero and keep. Under the condition of the
OCF in phase-1, the input current is the sum of IL2 and IL3,
expressed as shown in the following equation:

Iin_F1 =⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

2ĪL − Vin(3(D
2−D)T+T+3(1−2D)t)

3(D−1)L 0 < t <
(
D − 1

3

)
T

2ĪL + Vin(−D2T+2Dt)
(D−1)L

(
D − 1

3

)
T < t < T

3

2ĪL +
Vin(−3D2T+T+3(2D−1)t)

3(D−1)L
T
3 < t < 2T

3

2ĪL + Vin(−(D+1)T+2t)
L

2T
3 < t <

(
D + 1

3

)
T

2ĪL + Vin((2−3D(D+1))T+3(2D−1)t)
3(D−1)L

(
D + 1

3

)
T < t < T

.

(15)

The sampling value for the input current at the three specific
moments can be expressed as shown in the following equations:

Iin_F1(T1) = 2ĪL (16)

Iin_F1(T2) = 2ĪL +
Vin

6L
T (17)

Iin_F1(T3) = 2ĪL − Vin

6L
T. (18)

It can be found that the sampling value of the input current at
T1 is equal to two times the average of the inductor current, in
the middle of the sampling values at T2 and T3. The sampling
time T1 is the moment when the inductor current of the faulty
phase-1 falls to its average value. It can be seen that the sampling
value of the input current at specific moments can indicate the
fault phase.

In the same way, the analytical expression of the input current
can be derived when an OCF occurs in phase-2 or phase-3, and
the sampling values of the input current are shown in Table I.

TABLE II
INPUT CURRENT AT SPECIFIC SAMPLING TIME UNDER DIFFERENT FAULTY

CONDITION FOR INTERVAL (7)

TABLE III
SPECIFICATIONS OF A THREE-PHASE IBC

When an OCF occurs in phase-2 or phase-3, it can be seen that the
sampling value of input current at T2 or T3 are also located in the
middle of the sampling values at the other two sampling times.
It suggests that the input current contains useful information
that can be used to locate the faulty phase. Therefore, this result
of theoretical derivation gives us the confidence to detect and
identify OCF only using the input current for the IBC.

Similarly, for interval (6) and interval (7), the analytical
expression of input current also can be derived, and the sampling
value can be calculated when an OCF occurs in a different phase.
For interval (6), the setting of the sampling moments and the
sampling values of input current are the same as that for interval
(5), as shown in Table I. For interval (7), the sampling values
of input current at specific sampling moments under different
faulty phases are shown in Table II.

As shown in Tables II and III, it can be found that the sampling
value at a specific moment corresponding to the faulty phase
is located in the middle of the sampling values at the other
two sampling moments corresponding to the healthy phase.
It indicates that the OCF can be diagnosed by comparing the
sampling values of the input current.
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III. PROPOSED FAULT DIAGNOSIS METHOD

The sampling values of the input current under healthy and
faulty conditions are analyzed in Section II. Under the healthy
condition, the three sampling values of inductor current are
the same in a switching period. And there will be a difference
between the three sampling values when an OCF occurs in a
phase. The maximum difference can be used as a boundary of
whether the fault occurs or not. Because the input current will
be polluted by noise, the maximum difference can be affected
by the noise. According to [29], the random noise is Gaussian
distribution for the dc–dc converter. In order to improve the
noise resistance in practical application, the sampling value and
holding value of the input current need to be integrated. The
integral of the input current in two switching periods can be
expressed as shown in the following equation:

Î∗in(T1) =

1∑
i=0

(I∗in(T1)T )

= (Iin(T1) +N1(0, σ
2
n))T + (Iin(T1) +N2(0, σ

2
n))T

= T (2Iin(T1) +
√
2σn). (19)

Here, the I∗in(T1) represents the sampling value of the input
current containing noise at T1, the Î∗in(T1) represents the in-
tegral of the sampling value containing noise, the N1(0, σ

2
n)

and N2(0, σ
2
n) represent the noise with an average of 0 and

a variance of σ2
n. The expectation of noise is

√
2σn, and the

expectation of the input current signal is 2Iin. It can be calculated
that the signal-to-noise ratio (SNR) will increase the

√
2 times

by integrating the sampling value in two switching periods.
The sliding window integrator needs to be used to process

the sampling values of the input current with noise. The length
of the window is set to two switching periods, and the length
of moving is set to a period. When there is an OCF in phase-1,
according to (16), (17), and (18), the integration of sampling
values can be expressed as shown in the following equations:

Î∗in(T1) =

1∑
i=0

(I∗in(T1 + iT )T ) ≈ 4ĪLT (20)

Î∗in(T2) =
1∑

i=0

(I∗in(T2 + iT )T ) ≈ 4ĪLT − Vin

3L
T 2 (21)

Î∗in(T3) =

1∑
i=0

(I∗in(T3 + iT )T ) ≈ 4ĪLT +
Vin

3L
T 2 (22)

where Î∗in(T2) and Î∗in(T3) represent the integrals of sampling
values at T2 and T3. The minimum difference between the three
integrals of the input current can be defined as a threshold, which
can be expressed as shown in the following equation:

ITh = min{
∣∣∣Î∗in(T1)− Î∗in(T2)

∣∣∣ , ∣∣∣Î∗in(T1)− Î∗in(T3)
∣∣∣∣∣∣Î∗in(T2)− Î∗in(T3)

∣∣∣} = VinT
23L.

(23)

The calculated threshold in (23) applies to interval (5) and
interval (6). For interval (7), the threshold can be expressed as

Fig. 3. Flowchart of the OCF detection and identification method.

shown in the following equation:

I ′Th = min{
∣∣∣Î∗in(T1)− Î∗in(T2)

∣∣∣ , ∣∣∣Î∗in(T1)− Î∗in(T3)
∣∣∣∣∣∣Î∗in(T2)− Î∗in(T3)

∣∣∣} = DVinT
2(3(1−D)L).

(24)

Once the maximum difference between the three integrals of
the input current exceed the threshold, an OCF will be considered
to have occurred. The OCF can be detected by comparing the
maximum difference between the three integrals of the input
current and the threshold. Moreover, when an OCF occurs in
phase-1 of three-phase IBC, the relationship between three inte-
gral values can be expressed as shown in the following equation:

Î∗in(T2) < Î∗in(T1) < Î∗in(T3). (25)

The phase corresponding to the middle of the three integrals
of the input current can be regarded as a faulty phase. The faulty
phase can be located by determining which of the three integrals
lies in the middle.

In order to clearly show the condition of the three phases
of IBC, the condition indicator (CI) for phase-1, phase-2, and
phase-3 is set to 1, 2, and 3, respectively. When an OCF occurs in
one of the three phases, the corresponding CI will be added 0.5.
Fig. 3 shows the flowchart of the proposed fault detection and
identification. The OCF in three-phase IBC can be detected and
identified only using the input current, duty cycle, and period.

IV. SIMULATION AND ROBUSTNESS ANALYSIS

In order to verify the effectiveness of the proposed method, a
proper simulation of three-phase IBC is established. We consider
the circuit of the three-phase IBC as shown in Fig. 1. The
specifications of the main parameters used in the simulation are
shown in Table III.
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Fig. 4. Waveforms of sampling value and integral for the input current under
OCF of phase-1 at t = 0.01 s.

A. Sampling Value and the Integral Value of Input Current

We inject an OCF in phase-1 at t = 0.01 s. As evident from
Fig. 4, once a fault occurs, there is a significant difference
between the sampling values of the input current at T1, T2, and
T3. The sampling value of the input current is processed using
a sliding window integrator. The integral window is set to two
switching periods, and the moving length is set to a switching
period. There is also a significant difference between the three
integrals as an OCF occurs in phase-1. In addition, the integral
corresponding to the faulty phase is located in the middle of the
integrals corresponding to the other two healthy phases. These
results suggest that the integrals of input current can be used to
detect and identify the OCF.

B. Fault Detection and Identification

Theoretically, the threshold is only related to the input voltage,
inductance, and the switching frequency and is independent
of other parameters of the converter. According to (23), the
threshold is set to 4× 10−5 for the validation of effectiveness
and robustness of the proposed method in simulation.

Fig. 5 illustrates simulation waveforms as an OCF is injected
in phase-1 of the three-phase IBC. The input current is shown
in Fig. 5(a). It can be seen that the input current starts to drop
when the OCF is injected at t = 0.01 s and quickly recovers to a
stable value due to the PI closed-loop controller. Fig. 5(c) shows
the threshold and maximum difference waveforms. Obviously,
the maximum difference is around 0 and less than the preset
threshold in a health mode and the maximum difference that
exceeds the preset threshold when the OCF is injected at t =
0.01 s. It can be seen from Fig. 5(d) that the CI of phase-1
changes from 1 to 1.5 at t = 0.01 s. It suggests that the OCF can
be detected, and the fault event can be located in phase-1, which
is consistent with the evolution of integrals shown in Fig. 5(b).

C. Robustness Analysis Under Noise and Disturbances

When the three-phase IBC is used in practice, the noise will
affect the sampling values of the input current. To prove the
robustness against the noise, we add the white Gaussian noise

Fig. 5. Simulation waveforms under OCF of phase-1 at t = 0.01 s. (a) Input
current. (b) Integral of input current. (c) Threshold and the maximum difference.
(d) Condition indicators.

Fig. 6. Simulation waveforms when noise is added to the input current.
(a) Input current. (b) Threshold and the maximum difference. (c) Condition
indicators.

to the inductor current, with SNR set at 50 dB. Similarly, the
threshold is set to 4× 10−5 according to (23).

Fig. 6(a) depicts that the waveform of input current added
the white Gaussian noise. It can be seen that the noise pollutes
the input current. It is evident from Fig. 6(b) that the maximum
difference remains below the threshold in the health mode, and
the maximum difference exceeds the threshold when an OCF
occurs at t = 0.025 s. It is suggested that no false alarms are
generated. Moreover, Fig. 6(c) shows that the CI of phase-1
changes 1 to 1.5 when an OCF occurs in phase-1. It can be
concluded that the OCF can still be diagnosed when the current
signal is submerged by noise.

In addition, when the three-phase IBC is used in practice, the
circuit parameters will deviate from the theoretical value due
to the electronic and thermal stress. It will cause an imbalance
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Fig. 7. Waveforms of each inductor current, the threshold and maximum
difference, and the condition indicators under variations of inductance and
capacitance.

between inductor current, especially when the three inductances
vary. To verify the effectiveness of the proposed method under
a variation of parameters, the tolerance of the capacitor and the
inductor are set to 10%.

Fig. 7(a) shows the waveforms of each inductor current under
varying inductance. It is evident that there will be an imbalance
in the phase current. The threshold and maximum difference
waveforms are shown in Fig. 7(c). It can be seen that the
maximum difference is still less than the threshold until the OCF
occurs at t= 0.025 s. In addition, the input current integral shown
in Fig. 7(b) also implies that an OCF of phase-1 can be identified.
From the fault indicator in Fig. 7(d), it can be seen that the OCF
can still be located in phase-1 under imbalanced phase current.

The duty cycle and input current will be affected significantly
by the load resistance and the input voltage. We vary the load
resistance and input voltage to prove that the proposed method
has robustness against the external distributions. The sudden step
variation is set to load resistance (from 4 to 8 Ω) at t = 0.01 s,
and the input voltage is set to increase suddenly by 40% (from
10 to 14 V) at t = 0.01 s. According to (23), the threshold is set
to 3.3× 10−5 when the initial voltage is set to 10 V.

In order to keep the output voltage at the reference value
when the load resistance suddenly varies, the duty cycle will
change significantly due to the PI double closed-loop controller,
as shown in Fig. 8(a). Fig. 8(b) shows the waveform of integrals
under sudden variation of load resistance. It is evident that the
integrals of input current decrease significantly at t = 0.01 s due
to the sudden variation of load resistance. From Fig. 8(c), it can
be seen that the maximum difference remains below the thresh-
old when the load step varies at t = 0.01 s, and the maximum
difference exceeds the threshold when an OCF occurs at t =
0.025 s. Fig. 8(d) shows that the CI of phase-3 changes from 3 to
3.5 when an OCF is injected in phase-3 at t= 0.025 s. Moreover,
it also can be seen that the integral of faulty phase-3 is located
in the middle of the other two health phases. It suggests that the

Fig. 8. Waveforms of duty cycle, integral of input current, and the condition
indicators when load resistance suddenly varies.

Fig. 9. Waveforms of duty cycle, integral of input current, and the condition
indicators when input voltage suddenly varies.

OCF can be successfully diagnosed, although the load resistance
changes suddenly and the duty cycle dynamic changes. This
is because the threshold and the difference between the three
integrals are not affected by a sudden load variation.

As shown in Fig. 9(a), the duty cycle will be changed from
0.6 to 0.4 when the input voltage changes from 10 to 14 V at
t = 0.01 s. Furthermore, as shown in Fig. 9(c), the maximum
difference will change when the input voltage step changes at
t = 0.01 s but is still less than the threshold value without
generating a false alarm. Fig. 9(b) and (d) show that the OCF can
be successfully identified when the OCF is injected in phase-1
at t = 0.025 s, although the input voltage and duty cycle change
significantly.



11194 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 9, SEPTEMBER 2022

Fig. 10. Waveforms of each inductor current and the condition indicators in
interval (6).

Fig. 11. Waveforms of each inductor current and the condition indicators in
interval (7).

The above fault diagnosis results show that the proposed
method has strong robustness against noise and external dis-
turbances and immunity against variation of parameter.

D. Fault Diagnosis in Different Intervals

All the above simulations and analysis are for interval (5),
whereD is greater than one-third and less than two-thirds. Based
on the analysis in Section II, it can be concluded that the duty
cycle will affect the number of switches that are simultaneously
active. To verify the effectiveness of the proposed method, when
the duty cycle is located in various intervals, the duty cycle is
set to 0.7, which is located in interval (6). According to (23), the
threshold is theoretically calculated as 1× 10−5 for interval (6).

The waveform of three-phase inductor currents is shown in
Fig. 10(a) when the D is set to 0.7. It can be seen that all three
switches are activated simultaneously. The OCF in phase-3 can
still be detected and located when the duty cycle is greater than
two-thirds.

When D is less than one-third, the sampling moments and the
sampling values of input current will vary, as shown in Table II.
For interval (7), the threshold is theoretically calculated as 1×
10−5 by (24). The waveform of three-phase inductor currents
and the result of fault diagnosis are shown in Fig. 11 when the
D is set to 0.2. It is evident that there is no switch activated

Fig. 12. Experimental prototype of three-phases IBC. (a) Block diagram. (b)
Front view. (c) Top view.

TABLE IV
EXPERIMENTAL SETUP SPECIFICATIONS OF A THREE-PHASE IBC

simultaneously. The CI of phase-2 changes from 2 to 2.5 as the
OCF is injected at t = 0.02 s. It indicates that the OCF can still
be diagnosed using the proposed method when the duty cycle is
in different intervals.

V. EXPERIMENTS

To verify the effectiveness of the proposed method, a labo-
ratory prototype of a three-phase IBC was set up, as shown in
Fig. 12. The prototype is composed of the controller module,
the driven module, the converter module, and the sampling
module. The three-phase IBC was established with the converter
parameters shown in Table IV. MOSFET-IRFP250 N and the
diode-1N4001 were used as power devices in IBC. The field
programmable gate array was used as a controller to generate a
three-phase interleaved gate signal. We used the current sensor to
measure the input current and the three-phase inductor current.
In practical application, only the total input current for closed-
loop control needs to be measured without additional sensors.
In the sampling module, we used the AD9220 to sample the
input current signal from the current sensor. The AD9220 was
controlled by the trigger unit, which is composed of the edge
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Fig. 13. Experimental waveforms when an SCF occurs at phase-2. (a) Wave-
form of input current. (b) Waveform of inductor current.

Fig. 14. Waveforms of the three-phase inductor current (500 mA/div) and
input current (500 mA/div) under OCF of phase-3; time scale = 100 µs/div.

detector and the counter. The marking module was used to mark
the digitized input current sent by AD9220 at specific moments.
The waveform of the three-phase inductor currents and the input
current were displayed in the oscilloscope.

In this article, the OCF of the switch is only considered
because the SCF will turn into the OCF due to the protector,
according to [4]–[6]. In order to verify this assumption, an SCF
is injected in phase-2 of the IBC. The input voltage is set to 3.5 V
and the fuse is selected to fast-below fuse.

Fig. 13 shows the waveforms of input current and inductor
current when an SCF occurs in phase-2. It is evident that the
inductor current and input current rise sharply once an SCF
occurs. Due to the fuse blowing, the inductor current is reduced
from 3 to 0 A within 0.15 s. It is evident from Fig. 13(a) that the
SCF will turn into OCF due to the fuse.

In the hardware experiment, the length of sliding integral
window is set to two switching periods in order to obtain a strong
robustness. Fig. 14 shows the waveforms of the three-phase
inductor currents and the input current when an OCF is injected
in phase-3. It is evident that there is noise in the sampling values
of the input current.

Fig. 15. Waveforms of input current, integral of input current and the condition
indicators under OCF of phase-3.

Fig. 16. Experimental waveforms when the load varies suddenly. (a) Input
current. (b) Integral of input current. (c) Threshold and the maximum difference.
(d) Condition indicators.

According to (23), the threshold is set to 4.2× 10−5. Fig. 15
shows that the integral of phase-3 is located in the middle of the
other two health phases. The OCF can be located in phase-3, as
depicted in Fig. 15. Although there is noise form measurement,
and inherent commutation, the OCF can be successfully detected
and identified.

To verify the robustness of the proposed method against
external disturbances, a 5 Ω resistor was connected in series
with the load using a relay switch. The load resistance changed
from 5 to 10 Ω under the healthy condition. The input voltage
is set to 3.8 V, and the threshold is calculated as 3.2× 10−5,
according to (23).

Fig. 16(a) shows that the input current changes significantly
due to the load step variation. The input current first decreases
to close to 0 and then increases to a lower level because the load
circuit is momentarily open when the relay switches the load.
The CIs in Fig. 16(d) show that the proposed method can locate
the fault in phase-3, which is consistent with the integral pre-
sented in Fig. 16(b). The waveforms of threshold and maximum
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Fig. 17. Experiment waveforms when the input voltage varies suddenly. (a)
Input voltage. (b) Integral of input current. (c) Threshold and the maximum
difference. (d) Condition indicators.

difference are shown in Fig. 16(c). It can be seen that although
there is a jump in the maximum difference due to sudden load
variation and relay switching, the maximum difference is still
less than the preset threshold without generating a false alarm. It
can be concluded that the proposed method has strong robustness
against the load variation.

To verify the effectiveness of the proposed method under
variation of input voltage, the input voltage is set to change by
40% (from 1.75 to 2.44 V) by the relay switching. The threshold
is set to 1.46× 10−5 according to (23).

Fig. 17 shows the experiment waveform when input volt-
age varies under the healthy condition. The input voltage first
decreases to 0 and then increases because the power supply
circuit will be in an open-circuit state for an instant when the
input voltage is changed by the relay switching. As it can be
observed, the maximum difference is still less than the threshold,
although there is a jump in the maximum difference when the
input voltage increases. It can be noted that the OCF can be
successfully located in phase-3, as shown in Fig. 17(d). It is
suggested that the proposed method has good robustness against
voltage disturbance.

The deviation of the inductance will cause an imbalance to
occur in the three-phase inductor current. In order to evaluate
the robustness against inductor current imbalance due to the
inductance variation, the three inductance values are selected as
100, 90, and 110 mH, respectively. The input voltage is set to
3.8 V, and the threshold is calculated as 3.2× 10−5, according
to (23).

Fig. 18(c) depicts the maximum difference and threshold
waveforms. It is evident that the maximum difference deviates
from zero but is still less than the threshold without generating
a false alarm. The fault diagnosis results in Fig. 18(d) show
that the OCF was successfully located in phase-1, which agrees
with the inductor current presented in Fig. 18(a). It can be
concluded that the proposed method has strong immunity
against parameter variation.

Fig. 18. Experiment waveforms under variation of inductance. (a) Inductor
current. (b) Integral of input current. (c) Threshold and the maximum difference.
(d) Condition indicators.

Fig. 19. Waveforms of input current (500 mA/div), inductor current of phase-1
(5 A/div), and indicator under OCF in phase-1; time scale = 200 µs/div.

In order to evaluate fault diagnosis time, an OCF is injected in
phase-1, and the indicator is set to jump from low to high when
an OCF is diagnosed by the proposed method. Fig. 19 depicts the
waveforms of input current, inductor current of phase-1, and the
indicator. It can be seen that the fault diagnosis time is 82.22 μs,
which is less than two switching periods (100 μs). The proposed
method has a good balance between fault diagnosis time and
robustness.

Table V compares the latest fault diagnosis methods in the
literature for the interleaved dc–dc converter. The proposed
method requires only one current sensor to measure the input
current compared with the model-based method. In addition,
the sampling rate of the proposed method is the same level
as that used for the closed-loop controller. It can be directly
implemented in a digital controller, avoiding extra sensors and
reducing implementation costs. Compared with the signal-based
method, the proposed method has strong robustness against load
and input voltage disturbance and has immunity to deviations of
inductance and capacitance from normal values. The proposed
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TABLE V
COMPARISON OF EXISTING METHODS FOR OPEN CIRCUIT FAULT DIAGNOSIS IN INTERLEAVED DC–DC CONVERTER

1Switching period 2Not specific 3Proposed method

method has superior advantages in robustness against distur-
bances and reduces implementation costs.

VI. CONCLUSION

This article presents a robust fault diagnosis method applied
to an IBC. An OCF of the semiconductor switch in IBC can be
diagnosed by observing and comparing the integral of the input
current. Thanks to the sliding window integrator, the proposed
method can enhance the robustness against noise and distur-
bance. The simulation and the hardware experiment prove the
practicability and robustness of the proposed method. Although
there is a significant disturbance due to sudden load and input
voltage changes and the sampling value of input current contains
noise in the experiment, the OCF can be detected and identified
within two switching periods, which suggests the proposed
method has robustness against the noise and disturbance. In
addition, the OCF can be diagnosed only by sampling the total
input current at three specific moments, which is commonly
used in closed-loop control. This method avoids the use of extra
sensors, saving implementation costs.
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