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Sliding Mode Observer-Based Robust Switch Fault
Diagnosis of Bidirectional Interleaved Converters
for Energy Storage System
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Abstract—Reliable operation of the de—dc power converter in-
terfaced with the energy storage system is vital for many mission-
critical applications, where a reliable fault diagnosis is essential.
In this article, a robust switch open-circuit fault diagnosis method
based on sliding mode observer is proposed and then applied to
a bidirectional interleaved buck/boost converter for the energy
storage system. It uses the sliding mode observer to generate the
residual, which is then sent to the evaluation module to make
the fault decisions. Thanks to the robustness of the sliding mode
control algorithm, the generated residual decouples the uncertain-
ties and disturbances with the switch faults. Therefore, it shows
strong immunity to the circuit parameter uncertainties and load
disturbances. Furthermore, as the diagnosis variables, namely, the
inductor currents, are within the closed-loop control system, the
extra sensors are not needed. The effectiveness and robustness of
the proposed fault diagnosis method have been demonstrated by
both the simulation and experimental results.

Index Terms—Bidirectional interleaved converter, dc—dc power
converter, fault diagnosis, sliding mode observer, switch open-
circuit fault (OCF).

1. INTRODUCTION

UE to the issues of the energy crisis and environmental

pollution, the development of new energy sources, such as
photovoltaics, wind turbines, and fuel cells, has been obtaining
more and more research attention, especially in the fields of
power generation and electrified transportation [1], [2]. To fully
exploit these sustainable and intermittent energies, the energy
storage device that can emit and absorb the electrical energy,
for example, a battery, plays an important role in ensuring the
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system’s stable operation [3]. To address the voltage mismatch
between the battery and the dc bus, the bidirectional dc—dc
converter is generally interfaced [4]. The dc—dc interleaved
buck/boost converter, which features high efficiency, low cur-
rent stress, and low current ripple, is an attractive choice. In
mission-critical and safety-critical applications, the reliability
of the power converter is of utmost importance. An industry
survey has shown that the power semiconductor device is one
of the most fragile components [5]. It accounts for about 30%
of malfunctions and breakdowns, mainly including the switch
open-circuit fault (OCF) and switch short-circuit fault (SCF).
The switch SCF is very serious, and typically, the smart driver
or fuse is employed to convert it into OCF. The switch failure can
lead to degraded control performance, component overstresses,
large current ripple, and even second failure. Therefore, to
protect the converter circuit and ensure the continuous operation
of the system after the faults, fast and reliable fault diagnosis is
essential.

The switch fault diagnosis methods reported in the literature
mainly can be classified into three categories: model-based
method, signal-based method, and data-based method. The data-
based method requires a substantial amount of data to train
the diagnostic system utilizing artificial intelligence techniques,
including linear regression, support vector machine, and neural
networks, among others. In [6], the linear regression-based
method is proposed to diagnose the switch fault for dc—dc boost
converters in photovoltaic applications. Moreover, the deep
neural networks-based diagnosis method is proposed in [7] to
further improve the diagnosis accuracy. The comparison results
with the support vector machine method validate its superiority.
In general, as summarized in [8], the limitations are that the
data acquisition and training process is relatively complicated.
Therefore, it is preferred for fault diagnosis of large and complex
systems. The signal-based method relies on directly sensing
signals that carry information about the specific fault and extract-
ing their features as symptoms. Fault diagnosis is achieved by
analyzing these symptoms in both the healthy and fault modes.
The commonly used signals for dc—dc converters are switch
terminal voltage [9], diode terminal voltage [10], output voltage
[11], [12] inductor voltage [13], [14], inductor current [15], [16],
[17], and input current [18], [19], [20]. For instance, in [11], the
magnetic component (inductor or transformer) voltage is sensed
by inserting an auxiliary winding, and the switch fault in the


https://orcid.org/0000-0002-6884-3392
https://orcid.org/0009-0000-1185-2530
https://orcid.org/0009-0006-4502-1448
https://orcid.org/0000-0003-0961-1214
https://orcid.org/0000-0001-9076-9718
mailto:srzhuo@nwpu.edu.cn
mailto:yuqima@mail.nwpu.edu.cn
mailto:rxzhang@mail.nwpu.edu.cn
mailto:yigeng@nwpu.edu.cn
mailto:yigeng@nwpu.edu.cn
mailto:fei.gao@utbm.fr
https://doi.org/10.1109/TPEL.2025.3546570

9854

power converters can be diagnosed based on the switch ON-OFF
signals. The diagnosis speed is very fast, while it needs extra
hardware sensors/circuitry, which is invasive. Alternatively, in
[15], the inductor current slope and the gate driver signal are
exploited to diagnose the switch fault for boost converters. The
extra sensors are not needed, as the inductor current is already
within the closed-loop control system. However, it requires an
extremely high sampling frequency to obtain the slope signal
and it is limited to the specific converters.

Model-based methods have recently become increasingly
attractive, with the significant advancement of digital signal
processors. This method was originally developed to substitute
hardware redundancy with analytical redundancy [21]. To be
specific, itinvolves generating and evaluating the residual, which
is defined as the difference between the measured output of
the actual converter and the predicted output from the con-
verter mathematical model. As the converter model is gener-
ally available, it allows the extension to any power converters.
However, one limitation is that it requires a precise converter
model to ensure an accurate diagnosis. For example, in [22],
a switching model-based state estimator approach is designed
for fault detection and identification for various types of power
converters. Since the residual is generated through open-loop
state estimation, this diagnosis method exhibits poor robustness
to model imperfections. Consequently, an accurate converter
model is necessary to minimize false alarms. However, in prac-
tical applications, it is not realistic to acquire the precise con-
verter model without errors, as the converter circuit parameter
may deviate due to manufacturing and aging. To this end, the
state-space observer with residual feedback is devised in [23]
for interleaved buck converters. Moreover, the immersion and
invariant observer and the Luenberger observer with residual
feedback are developed respectively in [24], [25], and [26] for
interleaved boost converters. Thanks to the introduced residual
feedback, the robustness of the diagnosis method to the modeling
errors is allowed.

The above diagnosis methodologies are primarily designed
for unidirectional converters. The bidirectional dc—dc power
converter for energy storage systems has different operating
modes (buck mode, boost mode, and critical mode), its switch
fault diagnosis cannot be solved effectively by directly applying
the previous methods. If the fault diagnosis methods in [23], [24],
[25], and [26] are used for the bidirectional dc—dc converters,
multiple state observers are required to conduct the complete
diagnosis of switch faults. This would reduce the diagnosis
efficiency and increase the diagnosis workload at the same time.
Therefore, in [27] and [28], a global state observer-based method
is proposed to diagnose the switch fault for the bidirectional
buck/boost converters in a hybrid energy source system. It uses
only one state observer to generate the residual. However, since
the state observer used is a linear observer, the decoupling of
the generated residual for the switch fault and the modeling
uncertainties is incomplete. As shown later, it does not solve
the impact of the deviation of electronic component parameters,
thus influencing the robustness of fault diagnosis.

The sliding mode algorithm has strong immunity against the
circuit parameter uncertainties and disturbances [29]. Thus, it
has been increasingly used for observer-based fault diagnosis
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Fig. 1.  Structure of the hybrid energy storage system.

in the fields of motor inter-turn faults [30], inverter faults [31],
drive sensor faults [32], and so on. In this article, we propose a
robust method for diagnosing switch OCFs based on a sliding
mode observer and then apply it to the bidirectional interleaved
dc—dc buck/boost converters for energy storage systems. The
sliding mode observer is designed to generate residuals for
fault diagnosis using only the nominal converter model. It is
demonstrated that the proposed method shows strong robustness
to modeling imperfections and disturbances. Furthermore, it
utilizes the inductor current as the diagnostic variable, which
is already within the closed-loop control system. Therefore,
no additional sensors are required. The proposed method can
be extended to other bidirectional power converters. The main
contributions can be summarized as follows.

1) A robust switch fault diagnosis method based on sliding
mode observer is proposed and elaborated. It shows great
prospects as it only needs the crude converter model with
nominal parameters, without using a precise converter
model. Moreover, it has strong robustness against the
circuit parameter uncertainties and disturbances.

2) The proposed diagnosis method is then applied to the dc—
dc interleaved bidirectional buck/boost converters. It does
notrequire additional sensors. The validity of the proposed
method is verified by both the simulation and experimental
results. It is shown that the switch OCFs can be diagnosed
in less than two switching periods.

The rest of the article is organized as follows. In Section II,
the description of the energy storage systems and modeling
of the bidirectional converter are presented. In Section III,
the proposed diagnosis method is elaborated. The simulation
and experimental results are provided in Sections IV and V,
respectively. Finally, Section VI concludes this article.

II. SYSTEM DESCRIPTION AND CONVERTER MODELING
A. System Description

Fig. 1 illustrates the structure of a hybrid energy storage
system, with FC as the primary power source, and battery as the
energy buffer to compensate for the power difference between
the load and FC stack. For the FC converter, the task is to
track the current reference generated by the energy management
system. The related controller design can be referred to [33].
Meantime, to stabilize the dc bus to satisfy the load require-
ment, the bidirectional interleaved buck/boost dc—dc converter
is interfaced with the battery. This converter is formed by
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Fig. 2. Dual-loop closed control scheme for bidirectional converter.

associating two buck/boost converter modules with an input-
parallel output-parallel structure. For each buck-boost converter
module, there is one inductor L (k = 1,2), one equivalent cir-
cuit parasitic resistance ri(k = 1,2), two power switches Sy,
Sk+2 (k = 1,2), and two power diodes Dy, Dy 12 (K = 1,2).
C' is the bus capacitor.

The primary objective of the bidirectional interleaved dc—dc
converter is to regulate the bus voltage while ensuring that
power is balanced between the two modules. This helps prevent
overloading one of the modules during heavy load conditions.
In addition, interleaved techniques that phase shift properly the
switching signals can minimize input/output ripple provided that
the switching frequency is constant. To achieve these three goals,
namely, constant bus voltage, power balancing between mod-
ules, and constant switching frequency, a closed-loop control
scheme as illustrated in Fig. 2 is commonly used.

It is seen from Fig. 2 that the outer-loop controller produces
the reference current for the inner loops to generate the duty
cycles, which are limited to [0, 1]. The duty cycles are then
sent to the pulsewidth modulation module to acquire the ON-OFF
signals for power switches. It should be pointed out that the
switch signals for power switches [Sg, Si12 (K = 1,2)] are
complementary to prevent any shoot-through.

B. Converter Modeling

The bidirectional converter operates in boost mode when the
battery is discharging and in buck mode when the battery is
charging. When it works in boost mode, the converter can be
modeled as follows, according to Kirchhoftf’s voltage law

d . Up r1 . (]. — dl)
— i =— — —ip1— ——U,
a "L Lt L 0
d . Up T . (1 — dQ)
— iy =— — —ipg— ——,
dt T L, L. L
whereir,(k = 1,2)isthe current flowing through the inductor

Ly, v, is the bus voltage, vy, is the battery voltage, di.(k = 1,2)
is the duty cycle for the switch Sg.

When the converter works in buck mode, the converter model
can be expressed as

d . Up T . d3

— i1 = — — —ir1 — —U

a T LM 2
d . v, Ty . dy

— iy =— — —iL2 — —7Uo

dt 2T L, I, I,

where di,(k = 3,4) is the duty cycle for the switch S.

9855

TABLE I
CONVERTER STATE WITH f, (¢)

n Converter state fo(t)
_ (ry —r)ay
0 No fault L
_ (ry — )2y
v, ]
1 S OCF L“
_ (ry — 1)y
L A
(ry =)z
L
2 S, OCF v,
L A
U, =TT -,
3 S5 OCF [ (1 fr)x -‘
| e ]
L
l’ (=) ‘l
L
4 S+ OCF L* vy — Ty — ’UDJ
L

It is noted that due to the complementary switch signals for
the power switch of the same branch/module, there exists:

dp =1 —djyo, k= 1,2. 3)

Therefore, it follows from (1), (2), and (3) that the converter
model in both boost mode and buck mode can be merged into
one unified model as follows:

- 1 diz1
) =| G o |ew+| % d,fu]u(t)
Lo Loy Lo
————— R ,
16 ? @
v =]y e
———
C

where (t) = [1‘1,1‘2}T = [ILl,ILQ]T , U (t) = [’Ub, UO}T

In general, it is not feasible to acquire the exact circuit param-
eters of a practical converter. Thus, rewrite the converter model
using the nominal parameters, there is

z (t) = Aoz (t) + Bou(t) + fo (1)

Fo () =(A—Ag) z(t)+(B-Bo)u(t) (5
y () = Cz (1)

- 0 1 did
Ao—{é —r:|aBO_|:Lf d2L1} (6)
T I L

where L and r are, respectively, the nominal inductance and
lumped resistance of the converter circuit.

Furthermore, consider the case of OCF in switch
Sn(n = 1,2,3,4), define the deviation of matrix A and B as
A A and AB, respectively, and the converter model becomes

@ (t) = Aoz (t) + Bou (t) + f, (t)
y(t) = Cz (1)

where n € {1,2, 3,4} represents the fault location of S,,.
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Fig. 3. Scheme of the proposed diagnosis method based on sliding mode
observer.

Table I summarizes the relationship between n, converter
health state, and corresponding f,,(¢). It should be pointed out
that the n = 0 represents the healthy converter with no fault.

III. PROPOSED FAULT DIAGNOSIS METHOD
A. Fault Diagnosis Scheme

The kernel of the model-based fault diagnosis method is
to analyze the difference between the measured characteristic
variable from the actual system and its estimated value by the
system model. This difference is termed as the residual. The
process of model-based fault diagnosis can be divided into two
steps: residual generation, and residual evaluation. In this article,
the inductor currents are selected as the characteristic variable
to diagnose the switch fault. This is mainly because it has
existed in the closed-loop controller, and no additional sensors
are required. Moreover, to explore the robustness of the sliding
mode algorithm to the uncertainties and disturbances [33], the
sliding mode observer is used to generate the residual. After
evaluating the residuals, the switch fault can be diagnosed.

Fig. 3 shows the fault diagnosis scheme based on the slid-
ing mode observer. The observer is construed to generate the
residuals, based on the nominal converter model in the health
state, as established in (5). It shares the same input as the actual
converter system. In particular, the residual feedback is used
to compensate for the modeling imperfections caused by the
uncertain circuit parameters. Finally, the residuals are evaluated
by comparing them with the threshold to make fault decisions.

B. Residual Generation Based on Sliding Mode Observer

The sliding mode observer is designed as follows to estimate
the inductor currents, based on the nominal model in (5)

$(0)= A+ Bou()— | 4 0 |sm(e(n)

®)
G

9 = Ca 0

where &(t) and g(t) are the estimated variables for x(t) and
y(t), respectively. e(t) = § (t) — y(t) is the residual, and sgn(-)
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is a standard sign function. g; and g, are observer gains to be
tuned, and there are: g1 > 0, g5 > 0.

The stability of the above observer can be analyzed using the
Lyapunov theory, see Appendix A.

C. Residual Evaluation Under Switch Fault

It follows from (5), (7), and (8) that the residual generated by
the sliding mode observer can be expressed as

e (t) = AO e(t) - ngn(e(t)> - f’n (t) = 07172a3a4'

)

It is obvious from (6) that Ay < 0. Therefore, the time evo-
lution of the residual e(¢) becomes

t
e ()= —(Gsgu(e(t) + £, (1)) / A g (10)
0
To exploit the residual to deliver the fault message, it is
expected that the residual maintains at zero in converter healthy
mode, while diverging considerably in switch fault mode. To
achieve this goal, the observer gains should satisfy

The converter trajectories are bounded, as proved in Ap-
pendix B. The bidirectional converter can operate in either
discharging mode or charging mode. The discharging tube and
the charging tube cannot operate simultaneously. Thus, the fault
diagnosis of the discharging and charging tubes can be discussed
as follows.

1) Discharging Tubes Sy and Ss: In converter healthy mode,
it follows from (10) and (11) that the residuals become

<=l =]

Without loss of generality, assume that the OCF occurs in
power switch S7. Itis derived from (10) and (11) that the residual

vector is
vp—rx1—g1L
_ €1 _ b Tlgl
e = = .
€9 0

Similarly, suppose that the OCF takes place in switch So, the
residual vector changes to

€1 0
e = e = vhf’l“fl/’:*g2[4 .

Therefore, it can be concluded that the failure in switch
Sk(k = 1,2) only influences its corresponding residual. The
related residual is zero in healthy mode, and it becomes a positive
value of 2="2:—91L jn gwitch fault mode.

2) Charging Tubes Ssand Sy: In converter healthy mode,
the residuals are the same as that in (12). Consider the switch
OCF in switch S5, according to (10) and (11), the residuals turn
into

12)

(13)

(14)

T

0 5)

®

I
——
D ®
N
—

I

|:'ubrzlvn+glL:|
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When switch OCF happens in switch Sy, the residuals are as

follows:
€1 0
€ = e = | w—rzo—vo+goL |-

(s

(16)

Similarly, the influence of the switch fault on its residual is in-
dependent. When OCF occurs in the switch Si 4o (k = 1,2),the
residual changes from zero to a negative value w.

D. Fault Diagnosis and Fault Decision

According to the above residual evaluation in Section III-C,
it is seen that in the converter healthy mode, the residual vector
is zero. When the converter operates in discharging mode, i.e.,
the battery current ¢; > 0, the related residual would diverge
to a positive value if switch OCF occurs in discharging tubes
Sy and Sy. Similarly, when the converter works in charging
mode, i.e., the battery current ¢;, < 0, the related residual would
change to a negative value if switch OCF happens in charg-
ing tubes S3and S4. The battery current can be calculated by
iy = ir1 + 12, according to the topology in Fig. 1. Therefore,
the switch OCFs can be diagnosed based on the following
logic:

e
= (20T
[T
Flag, = {(1) i'ih;fviﬁd el 20)

where Flag, Flags, Flags, and Flagy are, respectively, the switch
OCF flags for the power switch Sy, So, S3, and S4. When the
flag equals one, it is indicated that there is a switch OCF. T', is
the diagnosis threshold to be set, which satisfy:

vp—rxp—gpL| |vp—rxR—VvC + gL D

)

r

0<I'y < min(
r

k=12 2D

IV. SIMULATION VALIDATION

To demonstrate the validity of the proposed method, both the
energy storage system shown in Fig. 1 and the proposed fault
diagnosis method are implemented based on the software MAT-
LAB/Simulink. The main circuit parameters of the bidirectional
interleaved dc—dc buck/boost converter are given in Table II.
The non-ideal power switches and diodes with default circuit
parameters are used. The inductance is 800 pH, the equivalent
series resistance of the inductor is 0.6 €2, and the capacitance
is 1000 pF. The switching frequency is 25 kHz, the inductor is
sampled twice in one switching cycle to obtain its average value.
The sampling frequency for the voltages is equal to the switching
frequency. Substitute the limit value of the inductor current and
consider the parasitic resistance deviation by 50%, the observer
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TABLE II
CIRCUIT PARAMETERS OF THE BIDIRECTIONAL CONVERTER

Description Variable Value
Inductor Ly, L, 800 uH
Inductor resistance r, 0.6 Q
Capacitor C 1000 uF
Output bus voltage Viet 48V
Battery voltage Vs 224V
Inductor current Iy, I 0~+6 A
Switching frequency fs 25 kHz
48 =
s |/ 5
S So L1
&) | —- estimated il <2 [ — -estimated i,
E E
S | —measured i, || 3 : — measured 7,
~34r e =iz L iy
< ,' $ Hooe I -Flagl — Flag3
E , 34 el = |—Flag2 — Flagd
C o
03 0.4 0.5 0.6 03 0.4 0.5 0.6
Time(s) Time(s)
(a)
49 ~
: AN : ’
et v et L1
% 48 2 g !
= O -1
~ 0 d -~ —— measured /
< | —measured i || = : =
g \\ — -estimated i | £ _I — -estimated 7 ,
C ol N O
0 : = . e
< 303 2w |—Flagl — -Flag3
5 el = —Flag2 —Flagd
S . e T
03 0.4 0.5 0.6 03 0.4 0.5 0.6
Time(s) Timef(s)
(b)
Fig. 4. Fault diagnosis for single switch OCF. (a) OCF occurs in switch S at

t = 0.4s. (b) OCF happens in switch S3 att = 0.4s.

gains can be setas g; = g2 = 2500 based on (11). The threshold
value should satisfy (21), and it is tuned as I'; = I's = 0.4 by
balancing the accuracy and rapidity of the switch fault diagnosis.

A. Diagnosis of Switch OCF

For the energy storage system, set the FC voltage as 25 V,
and its current as 2 A. Meantime, set the load current as 2 A.
Since the reference bus voltage is 48 'V, at this time, the battery
works in discharging mode to supply the power to the load to
stabilize the dc bus. It is seen from Fig. 4(a) that at the start,
the converter works in healthy mode, the output voltage can be
regulated at the desired value of 48 V, and the current balancing
between the two converter modules is achieved. It is also noted
that the estimated current can accurately track the measured
current. Thus, the resulting residuals e; and ey are located in
the vicinity of zero, and the flags are equal to zero, implying the
healthy state of the converter.

Without loss of generality, applying the OCF to switch S at
t = 0.4s. It is observed from Fig. 4(a) that the inductor current
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Fig. 5.  Fault diagnosis for double switch OCFs in S and S5.

11,1 in the faulty module decreases to zero soon, and the inductor
current 77, in the rest healthy module increases to stabilize again
the dc bus. It is also shown that the estimated value % 11 for
the inductor current 77,1 in faulty module diverges. The relevant
residual e; exceeds the threshold quickly, and triggers the flag
signal. It finally arrives at the value of 34, which is consistent
with the calculated value by (13). The OCF in switch S is
thus diagnosed. Moreover, it is noticed that the other estimated
value i 1,2 can still follow the inductor current 77, in the healthy
module. The related residual e, is always under the threshold,
without generating a false alarm.

Furthermore, change the load current to 0.5 A. In this case, the
battery works in charging mode to absorb the excessive power
from the load side. It is noticed in Fig. 4(b) that at the beginning,
the converter operates in a healthy mode, and the output voltage
is equal to the reference value of 48 V. The sliding mode observer
functions well to track the inductor currents and the residuals e
and ey are very close to zero. Therefore, the flags are equal to
zero, indicating the healthy state of the converter.

Applying the OCF to switch S5 at ¢ = 0.4 s. It is noted from
Fig. 4(b) that the inductor current 41,7 in the faulty module rises
to zero promptly, and the rest inductor current ¢ 7,5 drops to com-
pensate for the lost module. Moreover, as the estimated value i L1
diverges, the relevant residual e; goes over the threshold, and
activates the flag signals rapidly to identify the OCF in switch
S3. The threshold finally arrives at the value of —39.3, which
agrees with the calculated value by (15). In contrast, the other
estimated value 1,2 can still track the inductor current 7,5 in the
healthy module. The relevant residual es is always below the
threshold, there is no false alarm.

As analyzed in Section III-C, the influence of the switch fault
on its residual is independent. Therefore, the proposed method
can diagnose simultaneously the multiple power switches. Take
the converter discharging mode as an example, the simulation
results are plotted in Fig. 5. It is seen that at the beginning, the
converter operates in healthy mode, the bus voltage is regulated
at the reference value, and the residuals are under the threshold,
the flag signals are zero. However, when applying the OCFs to
both switch S and S ¢ = 0.4 s, it is noted that the two inductor
currents decay to zero rapidly, and the bus voltage cannot be
maintained anymore. Meanwhile, the two residuals e; and es

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 7, JULY 2025

) i
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3
Cos
<1 { g
= —— estimate <
g .
305 — measured 7, | »
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Time(s) Time(s)
Fig. 6. Simulation results of the power converter in healthy mode under

disturbances.

— estimate: ILl
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—Flagl —Flag3
—Flag2 —Flag4

IClIIT. (A) Curr.(A)
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Time(s)

~ 2 ~ |
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Time(s)

Time(s)

(b)

Fig. 7. Simulation results of the converter in healthy mode under inductance
deviation. (a) L1 = Lo = 640 uH. (b) L1 = Lo = 960 pH.

surpass the threshold quickly, and trigger the flag signals to
identify the switch faults. Both the residuals reach the value of
34, which is in line with the calculated values by (13) and (14).
The effectiveness and correctness of the theoretical analysis in
Section III-C are verified.

B. Robustness to Disturbances and Uncertainties

The proposed diagnosis method features strong robustness to
the unknown disturbances and converter uncertainties. Fig. 6
presents the converter in healthy mode under disturbances. It is
seen that at the start, the load current is 0.5 A, and the converter
operates in charging mode. The residual is always under the
threshold, without triggering false alarms. The load current
disturbance stepping from 0.5 to 2 A is applied to the system at
t = 0.4 s, and it is observed that the converter turns to discharge
mode, while the residual is still under the threshold, without false
alarms. The robustness of the proposed fault diagnosis method
to the load disturbance is thus validated.

The proposed diagnosis method is also robust against the
converter circuit parameter uncertainties. The converter model
only relates to the inductance and the parasitic resistance, see
(4) and (5). Fig. 7 plots the simulation results of the converter in
healthy mode under inductance deviations by £20%. The load
current stepping from 0.5 to 2 A is applied to the system at
t = 0.4 s. The converter changes from the charging mode to the
discharging mode. It is noted from the figure that the estimated
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Fig. 9. Simulation results of the power converter under inductance deviation

from —50% to 50%.

value can well follow the inductor current, and the residual is
always below the threshold. Therefore, the flag signals are not
activated, without false alarms.

Fig. 8 shows the simulation results of the converter in healthy
mode under parasitic resistance deviation by +50%. Atr=0.4s,
the load current steps to 2 A, and the converter operates from
discharging to charging mode. It is noticed that the inductor
current can be observed well, and the residuals are less than
the threshold value. The flags are not triggered, identifying the
healthy state of the converter.

C. Discussion

The proposed diagnosis method is independent of the battery
voltage vy. This is because, in practical applications, there is
vy > Tpxn(n = 1,2), as otherwise, the converter efficiency
would be too low. Thus, the distinction between the case of “no
fault” and “switch OCF” in Table I is very obvious. Meantime,
the diagnosis threshold would not be too small.

Moreover, as shown in (10), the residual has no direct con-
nection with the inductance value of the converter prototype.
Fig. 9 shows the simulation results with more severe inductance
deviation. It is noticed that the average value of the residual
maintains at zero, validating the robustness to the inductance
deviation. In addition, it follows from (11) that it is feasible to
increase the observer gain to tolerate larger parasitic resistance
deviation. It is calculated by (11) that with the observer gain of
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g1 = g2 = 5000, itis allowed to tolerate the parasitic resistance
deviation up to £100%, see Fig. 10.

Finally, the proposed diagnosis method is designed to detect
and diagnose the switch OCFs. Fig. 11 shows the case of SCF
in switch Sy, it is seen that the residual is less than the lower
boundary of the threshold. It follows from (17) that this would
not trigger the switch OCF alarm, validating the robustness of
the proposed diagnosis method.

V. EXPERIMENTAL RESULTS

To further validate the effectiveness and robustness of the
proposed diagnosis method, the converter prototype has been
built, with the same circuit parameters given in Table II. The
nominal inductance is 800 pH, and the inductor resistance is
0.6 . The nominal capacitance is 1000 pF, and the switching
frequency is 25 kHz. The power switch with the reverse diode
of C3M0060065]J is used. The nominal voltage of the battery is
22.4 V. The diagnosis method with the same observer gains and
thresholds is implemented into the dSPACE platform. Fig. 12
shows the experimental rig.
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A. Immunity to Disturbances and Uncertainties

Fig. 13 shows the experimental results of the bidirectional
converter in healthy mode under load disturbances. The obtained
results are similar to the simulation results in Fig. 6. The load
current stepping from 0.5 to 2 A and then backing to 0.5 A is
applied to the system periodically. With the closed-loop voltage
control, the bus voltage can be maintained at the reference
value of 48 V, and the battery changes between the charging
and discharging modes. It is observed from the figure that the
residual e; is always within the vicinity of zero. The residual e,
which is not shown, has a similar performance. The immunity of
the proposed diagnosis method to the load disturbances is thus
demonstrated.

Fig. 14 displays the experimental results of the bidirectional
converter in healthy mode under inductance deviation. It is
not very convenient to change the inductance in the converter
prototype at will, therefore, the deviation is implemented by
altering the circuit parameter of the converter model by £20%.
It is seen from Fig. 14(a) and (b) that no matter with the linear
observer method in [26] or the proposed one, the estimated
inductor current can well track the measured value, and the
residual is very small near zero. The robustness of the two
diagnosis methods to the inductance deviation is validated.
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Fig. 16.

Fig. 15 presents the experimental results of the bidirectional
converter in healthy mode under parasitic resistance deviation
by £50%, which is carried out by varying the circuit parameters
in the converter model. It is observed from Fig. 15(a) that with
the liner observer method, there exist obvious estimation errors,
resulting in considerable residual exceeding the threshold to
generate false alarms. In contrast, for the proposed diagnosis
method of Fig. 15(b), the residual is always near zero. The
stronger robustness of the proposed diagnosis method against
the parasitic resistance deviation is verified.

B. Diagnosis of Switch Fault

As analyzed in Section III-C, the power switches in the
bidirectional converter can be classified into two categories. The
first category is the discharging tubes S; and S5, and the second
category is the charging tubes S3 and Sj.

First, set the load current as 2 A. Since the FC voltage is 25V,
and its current is 2 A, the battery works in discharging mode to
compensate for the power mismatch between the load and FC
stack. Fig. 16 shows the experimental results of the converter
under OCF in switch Sy, which are similar to the simulation
results in Fig. 4(a). It is observed that in the beginning, the con-
verter operates in healthy mode, and the residuals are near zero.
However, when the OCF occurs in S, the inductor current of the
faulty module reduces to zero, while the current in the healthy
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module increases to compensate for the lost one. Meantime, it is
noted from the figure that the residual ey still maintains near the
zero. However, the residual e; increases quickly, and it exceeds
the pre-set threshold in a short time. The OCF in switch S; can
be diagnosed accurately.

Similarly, the experimental results of the converter under OCF
in switch Sy are plotted in Fig. 17. It is seen that when the
switch OCF happens in switch S5, the inductor current for the
faulty module drops to zero, and the rest healthy module rises
to achieve continuous operation. It is noticed that the residual
e for the healthy phase is always near zero, while the residual
ey for the faulty phase increases quickly, and it goes over the
threshold quickly. The OCF in switch S is thus diagnosed.

Second, set the load current as 0.5 A. Since the FC voltage is
25V, and its current is 2 A, the battery works in charging mode
to absorb the excessive power. Fig. 18 shows the experimental
results of the converter under OCF in switch S5, which is similar
to the simulation results in Fig. 4(b). It is observed that in
the beginning, the converter operates in healthy mode, and the
residuals are near zero. However, when the OCF occurs in S3,
the inductor current of the faulty phase increases to zero, while
the current in the healthy phase decreases. Meantime, it is noted
from the figure that the residual ey still maintains near the zero.
However, the residual e decreases rapidly, and it goes over the
threshold. The OCF in switch S is diagnosed.

Similarly, the experimental results of the converter under OCF
in switch S, are presented in Fig. 19. It is noted that when
the switch OCF takes place in switch Sy, the inductor current
for the faulty module rises to zero, and the rest healthy phase
drops. Moreover, the residual e; for the healthy module is always
near zero, while the residual e5 for the faulty module decreases,
and it surpasses the threshold quickly. The OCF in switch S} is
diagnosed.
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TABLE III
STEADY-STATE RESIDUAL VALUE IN THE FAULTY MODULE

Experimental Theoretical
Case . R
observation calculation
S1OCF 33.6 34
S, OCF 33.6 34
S5 OCF -38.4 -39.3
S4OCF -38.4 -39.3
S1/8, OCFs 33.6/33.6 34/34

Finally, to demonstrate experimentally the effectiveness of the
proposed diagnosis method for the multiple switch faults, the
results when OCF occurs in switches S7 and S5 are presented in
Fig. 20, by taking the converter discharging mode as an example.
The obtained results are similar to the simulation results in Fig. 5.
It is seen that at the start, the converter works in a healthy
state, and the residuals are near zero. Later, the OCF occurs
in switch Sy, it is seen that the inductor current of the faulty
module reduces to zero, and its residual e; increases to exceed
the threshold to diagnose the fault. Applying the OCF to switch
So, it is seen that the relevant residual es would increase to
strike the threshold, and the switch fault can be diagnosed. It can
be concluded that the proposed method can diagnose multiple
switch faults. This is because the residuals for each module are
independent, as analyzed in Section III-C.

It is read from the oscilloscope that the diagnosis time for
switch OCF is less than two switching periods, and the steady-
state value of residual in the faulty module is summarized in
Table III. It is clearly seen that these values agree with the cal-
culated values by (17), (18), (19), and (20). The slight difference
is mainly caused by the small deviation of the battery voltage
from its nominal value during the experiments.
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TABLE IV
COMPARISON OF SWITCH OPEN-CIRCUIT FAULT DIAGNOSIS APPROACHES

Switching Sampling Diagnosis

Ref. Converter type Diagnosis criterion frequency time ime (Max.) Robustness
Yahyaoui et al. [9] Interleaved boost Capacitor voltage 20 kHz ! 2.2ms Medium
Nie et al. [13] Boost Inductor current slope sign 15 kHz 1 us 27,2 High
Pazouki et al. [17] Interleaved boost Input current evolution {1,3,5} kHz 20 us 27T Medium to high
Ding [21] Interleaved buck Linear observer 25 kHz B 213 Medium to high
Badaoui et al. [26] Buck/boost converter * Global state observer 10 kHz 20 us 5T Medium to high
Proposed Interleaved buck/boost * Sliding mode observer 25 kHz 20 us 2T High

! Not specific; > Switching period; * Off-line validations; * Bidirectional converters.

VI. CONCLUSION

This article proposed a sliding mode observer-based robust
switch fault diagnosis method for a bidirectional interleaved
dc—dc buck/boost converter for the energy storage system. The
sliding mode observer is designed to generate residuals for
fault diagnosis using only the nominal converter model. It is
demonstrated by simulation and experimental results that the
proposed fault diagnosis method shows strong robustness to
modeling imperfections and disturbances. The switch OCF can
be diagnosed in less than two switching periods, which is
comparable with the latest approaches, as given in Table IV.
The proposed method has superiority in terms of sampling rate,
implementation cost, and robustness against false alarms. The
proposed method uses the inductor current as the diagnostic
variable, which is already within the closed-loop control system.
Therefore, it does not require additional sensors. The proposed
method can be extended to other bidirectional power converters.

APPENDIX A

1

Define the positive definite function as V' = 3 ele >0, its

derivative can be expressed as: V = €T é. It follows from &)
and (8) that

V =el Age — eTGsgn(e(t)) — e (t) fo(t). (22)

Based on the known conditions Ay < 0 and G > 0, one can

obtain from (9) that
V< —e"Gsgn(e(t))—e” (t) fo (). (23)

Therefore, to ensure that V< 0, the following condition must
be satisfied:

e’ Gsgn (e (1) > [e” (1)] |£, ()] 24)
namely

As there exist V > 0 and V' < 0, the stability of the sliding
mode observer is thus proved.
APPENDIX B

(25)

The converter model can be expressed as
Cj)?,:(l—dl) l‘1+<1—d2)l‘2—$3/R (26)

where 3 is the output voltage, R is the load resistance.

Consider the positive-definite function [34]

1 1 1
V (21,22, 23) = = L1a? + nga:% + 5030% 27

2 2
which corresponds to the electrical energy stored in the converter
system. It follows from (4) and (26) that the time derivative of
(27) with trajectories is

V= —rlx? — TQ:E% + 21vp + 20y — CE%/R (28)

Based on the Young’s inequality and the bound |v,| < FE, one
can derive from (28) that
2 2

E n E
2T1 27’2.

T 9 T2 o

V S —53?1 — 51‘2 —
It is noted that since 1 > 0 and ro > 0, the last two terms of
the right side of (29) are bounded. Therefore, all trajectories are

bounded and converge to the set

22/R + (29)

E?  E?

St

(30)

1 T2
Q {(zl,xg,xgﬂ € 5x3+517§+1’§/R < o
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