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Abstract—Open-switch fault is one of the most common faults of
dc–dc converter. If the fault cannot be diagnosed in time, it will have
a serious impact on the normal operation of the system. To solve
this problem, this article proposes an open-switch fault diagnosis
method for bidirectional dc–dc converter based on global state
observer. In this method, the global mathematical model of two
bidirectional dc–dc converters in hybrid energy sources system
is first derived, and then a global state observer is constructed
based on Luenberger observer. The open-switch fault detection
and location are achieved through the residuals of battery current
and supercapacitor current. Both the simulation and experimental
results verify the effectiveness of the proposed open-switch fault
diagnosis method.

Index Terms—Bidirectional dc–dc converter, global state
observer, open-switch fault diagnosis, residual signals.

I. INTRODUCTION

NOWADAYS, the hybrid energy source-fed permanent
magnet motor system is widely used for electric vehicles,

which mainly includes a hybrid energy source system (HESS)
(battery, supercapacitor, and two bidirectional dc–dc converters,
also called interface circuits) and a permanent magnet syn-
chronous motor (PMSM) [1], as shown in Fig. 1. The HESS
composed of batteries and supercapacitors commonly adopts an
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Fig. 1. Hybrid energy source fed PMSM system.

active structure: the batteries and supercapacitors are, respec-
tively, connected to the dc bus through two bidirectional dc–dc
converters, which can give full play to the advantages of HESS.

For the HESS, the dc–dc converters are the most prone to
the failures, and the faults mainly include power tubes faults,
capacitor faults, and interface faults [2], [3]. Among them, power
switch faults account for about 31%, mainly including open-
circuit fault and short-circuit fault. The short-circuit fault evolves
rapidly and is usually converted into open-circuit fault by adding
fast fuses in the converter [4]. The open-circuit fault of the power
switch will inevitably affect the control function of the converter.
If the fault is not detected in time, the fault will reduce the
reliability of the system, and even lead to the secondary failure,
thus causing the paralysis of the entire system. Hence, it is of
great significance for fault diagnosis of power switch in HESS
to ensure the safe operation of electric vehicles.

Up to now, a few open-switch fault diagnosis methods have
been presented for dc–dc converter, which are mainly based
on inductor current [5], [6], [7], [8], [9], inductor voltage [10],
[11], [12], [13], magnetic near-field signal [14], the voltage
across devices [15], diode voltage [16], input current [17],
[18], module output voltage [19], midpoint voltage [20], and
capacitance current derivative [21]. In [5], [6], [7], [8], and
[9], the open-circuit faults of the power switch are identified
based on the shape of the inductor current. In [10], [11], [12],
and [13], the inductor voltage signal is collected by adding an
additional auxiliary coil, and the inductor voltage is compared
with the timing of the switching device drive signal for real-time
fault detection. In [14], a magnetic near-field probe is used to
capture the low-frequency and high-frequency magnetic fields
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near the converter, and fault classification is achieved through
a neural network. In [15], the voltage across power devices in
dual-active bridge converters is monitored in real-time to detect
the open-switch faults. In [16], for nonisolated dc–dc converters,
a fault diagnosis method is discussed for switching and diode
by sampling diode voltage and gate drive signal. In [17], for
the interleaved dc–dc converter, the input current derivative
sign characteristic is used for fault diagnosis. In [19], a fault
diagnosis method is discussed by sampling the module output
voltage via a dedicated hardware circuit. In [20], based on the
resonant phenomenon during the fault condition, an open-circuit
fault diagnosis strategy that uses midpoint voltage as diagnosis
criteria is proposed for dual-active bridge converters. In [21],
the capacitor current is sampled by a PCB Rogowski coil and its
derivative is used as the signature for fault detection. However,
the existing fault diagnosis methods are limited to specific dc–dc
converters, such as nonisolated single-tube converters (buck
converters or boost converters), interleaved boost converters,
cascaded buck converters, series-parallel forward dc–dc convert-
ers, modular dc–dc converters. Moreover, the additional sensors
or probes are required, which will increase the complexity of the
system and the cost of the fault diagnosis.

The bidirectional dc–dc converter has two operating modes:
buck and boost. Combined with the operating conditions of
electric vehicles, the structure and operating mode of the bidi-
rectional dc–dc converter are different from those of dc–dc
converters in [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15],
[16], [17], [18], [19], [20], and [21]. Therefore, the open-switch
fault diagnosis of bidirectional dc–dc converters in HESS cannot
be effectively solved by directly applying the previous fault
diagnosis methods or by simply combining the previous fault
diagnosis methods (fault diagnosis methods for buck converters
and boost converters).

At present, the fault diagnosis of bidirectional dc–dc converter
is less involved. In [22] and [23], the fault diagnosis method
based on state estimation is studied, and the state observer is
only designed for buck or boost mode. However, the HESS con-
tains two bidirectional dc–dc converters. If the fault diagnosis
methods in [22] and [23] are directly used for two bidirectional
dc–dc converters, four state observers are needed to conduct
a comprehensive diagnosis of power switch faults. This will
reduce the efficiency of fault diagnosis and increase the workload
of fault diagnosis at the same time. Hence, to improve the
efficiency and accuracy of fault diagnosis, it is necessary to
propose a targeted fault diagnosis method for the bidirectional
dc–dc converter.

This article proposes a global state observer-based open-
switch fault diagnosis method for two bidirectional dc–dc con-
verters in HESS, where only one state observer is needed. The
global mathematical model of two bidirectional dc–dc convert-
ers in HESS is first derived. Then, a global state observer based
on the linear switching model is constructed. The residuals of
battery current and supercapacitor current are used to achieve
the open-circuit fault detection and location in two bidirectional
dc–dc converters. To demonstrate the effectiveness of the pro-
posed fault diagnosis, a hybrid energy source fed PMSM is built
for simulation and experimental verification. In addition, the

Fig. 2. Topology of bidirectional DC–DC converter in HESS.

novelty of the proposed fault diagnosis method is described as
follow.

1) Aiming at four operating modes of two bidirectional dc–dc
converters under hybrid energy source, a global mathe-
matical model is established, and all working states of
the whole system can be estimated with only one global
observer.

2) It is not necessary to estimate the capacitor voltage of the
dc bus, only the battery current and the supercapacitor
current is estimated for fault diagnosis.

3) There is no requirement for complex signal processing,
and fault location is implemented only based on the esti-
mated current.

The rest of this article is organized as follows. In Section II,
the global mathematical model of two bidirectional dc–dc con-
verters in HESS is deduced. In Section III, the open-switch fault
diagnosis method is introduced. In Section IV, the simulation
research is introduced. In Section V, the experimental imple-
mentation is presented. Finally, Section VI concludes this article.

II. GLOBAL MATHEMATICAL MODEL OF TWO BIDIRECTIONAL

DC–DC CONVERTERS

A. Topology of Bidirectional DC–DC Converter in HESS

To solve the mismatch problem caused by the different charac-
teristics of two energy sources, the bidirectional dc–dc converter
is usually selected as the interface converter used in HESS.
Among different bidirectional dc–dc converter topologies, such
as bidirectional flyback [24], Cuk [25], push–pull [26], bidirec-
tional forward [27], dual half-bridge [28], and other topologies,
the dual half-bridge converter is known owing to its high effi-
ciency (low inductive turn-ON and low switching and conduction
losses on the active components [29]) and its wide application
in this system [30]. Both the battery and the supercapacitor are
connected to bidirectional dc–dc converter and are connected in
parallel to the dc bus together, which can realize the independent
control of two energy sources and has the strongest adaptability
to the load. The topology of the bidirectional dc–dc converter in
HESS is shown in Fig. 2.
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B. Global Mathematical Model of Two Bidirectional DC–DC
Converters

Traditionally, the mathematical model of the bidirectional
dc–dc converter for buck mode and boost mode is separately
established. As shown in Fig. 2, the HESS contains two bidirec-
tional dc–dc converters. If the traditional modeling method is
used, four mathematical models are needed to be established to
reflect the operation of the entire system. Hence, in this article, to
simplify the mathematical model and improve the efficiency of
fault diagnosis, a global mathematical model of two bidirectional
dc–dc converters in HESS is established based on the local
modeling method. The specific modeling process is given as
follows.

1) Local Model Building: The buck mode and boost mode of
the bidirectional dc–dc converter correspond to the discharging
state and the charging state of the energy source, respectively.
Local mathematical models are, respectively, established for two
states.

a) Definition of binary switching function: Each energy
source contains discharging state and charging state in HESS. To
better establish the model, the respective binary switching func-
tions are established according to the charging and discharging
states of the battery and the supercapacitor, and are expressed as

k =

{
1 discharge (ibat,ref > 0)
0 charge (ibat,ref < 0)

(1)

m =

{
1 discharge (isc,ref > 0)
0 charge (isc,ref < 0)

(2)

where ibat,ref and isc,ref are the reference values of battery cur-
rent and supercapacitor current, respectively, k and m are binary
switching functions and represent the charging and discharging
states of the battery and supercapacitor.

b) Discharging states (k = 1, m = 1): The dynamic equa-
tion of the power electronic converter is usually established by
the linear switching model [31]. According to Kirchhoff’s law,
the state equations of battery current and supercapacitor current
in discharging mode are expressed as(The specific process is
shown in Appendix.){

dibat

dt = −(1− d0)
Vdc
L1

− R1

L1
ibat +

Vbat

L1
disc
dt = −(1− d2)

Vdc
L2

− R2

L2
isc +

Vsc

L2

(3)

where ibat and isc are the currents of the battery and the super-
capacitor, respectively, R1 and R2 are the circuit wire resistances
on the battery side and the supercapacitor side, respectively, d0
and d2 are duty cycles of switch tubes S0 and S2, respectively,
Vbat, Vsc, and Vdc are the battery voltage, supercapacitor voltage
and dc bus voltage, respectively.

c) Charging states (k = 0, m = 0): Similarly, the state
equations of the battery current and supercapacitor current in
charging mode are expressed as (The specific process is shown
in the Appendix.){

dibat

dt = −d1
Vdc
L1

− R1

L1
ibat +

Vbat

L1
disc
dt = −d3

Vdc
L2

− R2

L2
isc +

Vsc

L2

(4)

where d1 and d3 are duty cycles of switch tubes S1 and S3,
respectively.

2) Establishment of Global Mathematical Model: Accord-
ing to the state expressions of the battery and supercapacitor
in discharging mode and charging mode, by substituting the
switching function into (3) and (4), respectively, the global math-
ematical model of the battery and supercapacitor in charging and
discharging mode are given as{

dibat

dt = − [k(1− d0) + (1− k)d1]
Vdc
L1

− R1

L1
ibat +

Vbat

L1
disc
dt = −[m(1− d2) + (1−m)d3]

Vdc
L2

− R2

L2
isc +

Vsc

L2

.

(5)
The first coefficient term on the right side of (5) is defined as

the unique control signal of two bidirectional dc–dc converters

d01 = k(1− d0) + (1− k)d1 (6)

d23 = m(1− d2) + (1−m)d3. (7)

According to (5)–(7), the global mathematical model of two
bidirectional dc–dc converters in the HESS can be obtained as{

dibat

dt = −R1

L1
ibat − d01

L1
Vdc +

Vbat

L1
disc
dt = −R2

L2
isc − d23

L2
Vdc +

Vsc

L2
.

(8)

III. OPEN-SWITCH FAULT DIAGNOSIS

According to the global mathematical model of two bidirec-
tional dc–dc converters in HESS, a global Luenberger observer is
constructed to estimate the battery current and the supercapacitor
current. In this article, the open-switch fault of two bidirectional
dc–dc converters is detected and located by the residuals of the
battery current and the supercapacitor current.

A. Design of Global State Observer

Equation (8) is changed into the description form of the state
space equation {

ẋ(t) = Ax(t) +Bu(t)
y(t) = Cx(t)

(9)

where A =

[
−R1

L1
0

0 −R2

L2

]
,B =

[ 1
L1

0

0 1
L2

]
,C =

[
1 0
0 1

]
,

x(t) =
[
ibat isc

]T
, u(t) =

[
Vbat − d01Vdc Vsc − d23Vdc

]T
.

Before designing the Luenberger observer, the observability
of the system is analyzed. Because the matrix C is full rank,
the rank of the observable matrix of the system must be full
rank. Hence, the system is completely observable and meets
the requirements of the Luenberger observer. In this case, the
Luenberger observer is designed as{

˙̂x = Ax̂+Bu+Ke(y − ŷ)
ŷ = Cx̂

(10)

where x̂ is the estimated value of state variable x, ŷ is the
estimated value of output variable y. The gain coefficient matrix
Ke is expressed as

Ke =

[
ke1 0
0 ke2

]
. (11)
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Fig. 3. Block diagram of the observer structure.

As long as the appropriate gain coefficient matrix is selected,
the residuals will converge and the rate of convergence can
be achieved by adjusting Ke. The block diagram of the state
observer and the actual system is shown in Fig. 3, and the
designed Luenberger observer is expressed as[

dîbat

dt
dîsc
dt

]
=

[
−R1

L1
0

0 −R2

L2

] [
îbat
îsc

]

+

[ 1
L1

0

0 1
L2

] [
Vbat − d01Vdc

Vsc − d23Vdc

]

+

[
ke1 0
0 ke2

] [
ibat − îbat
isc − îsc

]
. (12)

According to the backward difference method, (12) is con-
verted into discrete form

îbat(k)− îbat(k − 1)

Tsc

=
1

L1
[(−d01Vdc(k − 1)−R1îbat(k − 1) + Vbat(k)]

+ ke1(ibat(k)− îbat(k − 1)) (13)

îsc(k)− îsc(k − 1)

Tsc

=
1

L2
[(−d23Vdc(k − 1)−R2îsc(k − 1) + Vsc(k)]

+ ke2(isc(k)− îsc(k − 1)) (14)

where Tsc is the sample step.

B. Open-Switch Fault Diagnosis

It can be seen from (12) that, by selecting an appropriate gain
coefficient matrix, the estimated value can quickly converge
to the actual value when the system runs normally. When the
open-circuit fault occurs in the power switch, the mathematical
model of the bidirectional dc–dc converter system is changed
and does not match the model of the observer. Hence, the residual
of state quantity between the state observer and the actual system

Fig. 4. Fault detection principle.

will diverge rapidly in a short time, and the open-switch fault
detection and location are achieved through the residuals of
battery current and supercapacitor current.

1) Residual Signal Preprocessing: First, to enhance the ro-
bustness of the proposed fault diagnosis method, the residual
function Jr(t) based on the moving average filter is determined{

Jr(t) =
1
w

∫ t

t−w e(τ)d(τ)
e = x− x̂

(15)

where e is the state residual between the actual system and the
observer, and w is the size of the sliding window.

The residual change greatly after the fault occurs and is
far greater than the residual under healthy condition, hence,
considering the case that the parameter uncertainty will increase
the residual, 1.5 times of the maximum residual during healthy
operation is taken as the fault detection threshold

Jth = 1.5max (|Jr(t)|) (16)

where Jth is the threshold for fault detection.
2) Fault Detection: The open-switch fault of two bidirec-

tional dc–dc converters in HESS is detected when the absolute
value of the residual function of the battery current or superca-
pacitor current exceeds the threshold value. The fault detection
principle is shown in Fig. 4.

In addition, the large residuals caused by a sudden change
in motor operating point may exceed the threshold and cause
false detections. However, the current will drop sharply to close
to 0 after the open-circuit fault occurs in power switch, which
will contradict the fact that the current is obviously larger than
0 under a sudden change in motor operating point. Hence, the
condition that the current is close to 0 can be used to reduce
the possibility of false detection caused by the sudden change
in motor operating point. Hence, the open-switch fault can be
detected based on the following logic:

Flag =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

|Jibat
(t)| ≥ J ibat

th & |ibat| ≈ 0
1 or

|Jisc(t)| ≥ J isc
th & |isc| ≈ 0

0 otherwise

(17)

where |Jibat
(t)|and |Jisc(t)| are the absolute value of the resid-

ual function of the battery current and supercapacitor current,
respectively,J ibat

th and J isc
th are the thresholds, Flag is the fault

detection flag.
3) Fault Location: During the operation process of the elec-

tric vehicle, the battery and supercapacitor work in a state of
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charging and discharging. The discharging tube and the charging
tube can only work alone and cannot work at the same time.
Therefore, the situation that the charging tube and the discharg-
ing tube fail at the same time does not exist. Moreover, it is rare
for the discharging tube or charging tube on the battery side and
the supercapacitor side to fail at the same time. Hence, this article
mainly focuses on the fault location of a single power tube, and
the fault location of the discharging tube and the charging tube
is discussed as follow.

a) Discharging tube S0 and S2: First, supposing that the
open-circuit fault occurs in the discharging power tube S0,
whether it is in the discharging state or it is changed from the
charging state to the discharging state, according to (1), k = 1
and (6) is changed into

d01 = 1− d0. (18)

After the open-switch fault occurrence, the actual current will
decrease rapidly and the reference current cannot be tracked, d0
will be suddenly changed from 0 to 1. Hence, it has

d01Vdc = 0. (19)

According to Fig. 1 and Kirchhoff’s voltage law, it can be
obtained that the battery voltage is larger than the voltage across
the resistance R1, where the resistance R1 is the circuit wire
resistance and it is very small. Hence, it has

Vbat >> R1îbat. (20)

After the open-switch fault occurrence, the actual current will
be not suddenly changed due to the inductance effect. In addi-
tion, the inductance L1 is small, hence, as long as the feedback
coefficient ke1 is selected properly, the following condition is
satisfied:∣∣∣∣∣Vbat −R1îbat

L1

∣∣∣∣∣ ≈ Vbat

L1
>

∣∣∣ke1 (ibat − îbat

)∣∣∣ . (21)

By substituting (18)–(21) into (13), after open-
circuit fault occurs in the discharging power
tube S0, it has

îbat(k)− îbat(k − 1)

Tsc
> 0. (22)

Since two bidirectional dc–dc converters are connected in
parallel on the dc bus, the open-circuit fault of the power tube
on the battery side will definitely affect the working conditions
of the supercapacitor side, which may cause the increase of the
supercapacitor current residual or even exceeds the threshold.
However, when the feedback coefficients on both sides are set to
be near, the change of the current residual on the supercapacitor
side must not exceed that on the battery side. Hence, set ke1 =

ke2, it can be obtained as⎧⎨
⎩

îbat(k)−îbat(k−1)
Tsc

> îsc(k)−îsc(k−1)
Tsc∣∣∣ibat − îbat

∣∣∣ > ∣∣∣isc − îsc

∣∣∣ . (23)

From the abovementioned analysis, it can be seen that, after
open-circuit fault occurs in the discharging tube S0, the estimated

battery current îbatwill rise rapidly, and the current residual
ibat − îbat will be smaller than 0, and the absolute value of the
battery current residual will be larger than that of the superca-
pacitor current residual. Because the open-switch fault occurs,
the battery current ibat will be rapidly changed from positive to
close to 0, and îbat is larger than 0.

In addition, since the bidirectional dc–dc converters on the
battery side and the supercapacitor side have the same structure
and are symmetrical, the abovementioned conclusion is also
valid when the open-circuit fault occurs in the discharging tube
S2.

b) Charging tube S1 and S3: Supposing that the charging
power tube S1 has open-circuit fault, whether it is in the charging
state or it is changed from the discharging state to the charging
state, according to (1), k = 1 and (6) is changed into

d01 = d1. (24)

After the open-switch fault occurrence, the actual current will
decrease rapidly and the reference current cannot be tracked, d1
will be suddenly changed from 0 to 1. Hence, it has

d01Vdc = Vdc. (25)

Similarly, the battery voltage is larger than the resistance
voltage across its loop. This resistance is the loop wire resistance
R1 and it is very small. Hence, it has

Vbat >> R1îbat. (26)

Since the dc bus voltage is obtained by boosting the battery
and the supercapacitor, the dc bus voltage is larger than the
battery voltage. Hence, it has

Vdc > Vbat. (27)

After an open-switch fault occurs, the actual current will be
not suddenly changed due to the inductance effect. Moreover,
the inductance L1 is small, so as long as the feedback coefficient
ke1 is selected properly, the following condition is satisfied:∣∣∣∣∣Vbat −R1îbat − Vdc

L1

∣∣∣∣∣ ≈
∣∣∣∣Vbat − Vdc

L1

∣∣∣∣ >
∣∣∣ke1 (ibat − îbat

)∣∣∣ .
(28)

By substituting (24)–(28) into (13), after the open-circuit fault
occurs in the charging power tube S1, it has

îbat(k)− îbat(k − 1)

Tsc
< 0. (29)

Similarly, set ke1 = ke2, it has⎧⎪⎨
⎪⎩
∣∣∣ îbat(k)−îbat(k−1)

Tsc

∣∣∣ > ∣∣∣ îsc(k)−îsc(k−1)
Tsc

∣∣∣∣∣∣ibat − îbat

∣∣∣ > ∣∣∣isc − îsc

∣∣∣ . (30)

According to the abovementioned analysis, it is seen that, after
open-circuit fault occurs in the charging tube S1, the estimated
battery current îbat will drop rapidly, and the current residual
ibat − îbat will be larger than 0, and the absolute value of the
battery current residual will be larger than that of the super-
capacitor current residual. As the open-switch fault occurs, the
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TABLE I
SUMMARY OF FLAGS UNDER HEALTHY AND FAULT CONDITIONS

battery current ibat will be rapidly changed from negative to close
to 0, and îbat is smaller than 0. Similarly, the abovementioned
conclusion is also suitable for open-circuit fault in the charging
power tube S3.

Hence, the open-switch fault can be located based on the
following logic:

Flag0 =

{
1 îbat > 0& |Jibat

| > |Jisc |
0 otherwise

(31)

Flag1 =

{
1 îbat < 0& |Jibat

| > |Jisc |
0 otherwise

(32)

Flag2 =

{
1 îsc > 0& |Jibat

| < |Jisc |
0 otherwise

(33)

Flag3 =

{
1 îsc < 0& |Jibat

| < |Jisc |
0 otherwise

(34)

where Flag0, Flag1, Flag2, and Flag3 are power tube S0, S1, S2,
and S3 open-fault location flags, respectively.

In summary, the open-switch fault diagnosis process is de-
scribed as follows.

Step 1: The fault detection is achieved by the absolute value
of the battery/supercapacitor current residual and the battery/
supercapacitor current, as expressed in (17).

Step 2: The fault side location is obtained by judging, which side
has the larger absolute value of the current residual.

Step 3: The faulty power tube location is achieved by the esti-
mated current. If the value of the estimated current is larger
than 0, it is indicated that the discharging power tube has
an open-circuit fault. If the value of the estimated current is
smaller than 0, the charging power tube has an open-circuit
fault.

In addition, Table I summarizes fault detection and location
flags, and fault diagnosis flowchart is shown in Fig. 5.

IV. SIMULATION VALIDATION

To validate the proposed open-switch fault diagnosis method,
the simulation is carried out in MATLAB/Simulink environ-
ment. The specific parameters of two bidirectional dc–dc con-
verters in HESS are listed in Table II.

A. Open-Circuit Fault in Discharging Tube S0 on Battery Side

Fig. 6 shows the simulation waveforms for the open-circuit
fault in S0 at the moment t = 2.4 s. It is seen that, under healthy
condition, the estimated current can track the actual value, and

Fig. 5. Fault diagnosis flowchart.

TABLE II
SPECIFIC PARAMETERS OF TWO BIDIRECTIONAL DC–DC CONVERTERS IN

HESS

the residual is small. The fault detection and location flags (Flag,
Flag0, Flag1, Flag2, Flag3) are all equal to zero. As the open-
switch fault occurs, the battery current drops rapidly to close
to 0, the estimated battery current rises rapidly above 0, and
the absolute value of the battery current residual exceeds the
threshold. The absolute value of the battery current residual is
larger than that of the supercapacitor current residual. Moreover,
both the flags Flag and Flag0 are changed and are equal to 1 at
the instant t = 2.4005 s, and the remaining flags Flag1, Flag2,
and Flag3 are not changed. Hence, the simulation results show
that, by the fault detection and location flags Flag and Flag0123,
the open-switch fault can be effectively detected and located
0.0005 s after the fault occurrence.

B. Open-Circuit Fault in Charging Tube S1 on Battery Side

Fig. 7 shows the simulation waveforms for the open-circuit
fault in S1 at the moment t = 2.7 s. Under healthy condition,
the estimated currents can track the actual currents, and the
current residuals are small. The fault detection and location flags
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Fig. 6. Simulation waveforms for open-circuit fault in S0. (a) Actual and
estimated valves of the battery current (left) and the absolute value of residual
(right). (b) Actual and estimated valves of the supercapacitor current (left) and
the absolute value of residual (right). (c) Flags of fault detection (left) and fault
location (right).

are all equal to 0. As the open-switch fault occurs, the battery
current drops rapidly to close to 0, the estimated battery current
drops rapidly below 0, and the absolute value of the battery
current residual exceeds the threshold. The working state of the
supercapacitor is less affected by the open-switch fault, and the
supercapacitor current residual has slight change. The absolute
value of the battery current residual is larger than that of the
supercapacitor current residual. Moreover, both the flags Flag
and Flag1 are changed and are equal to 1 at the instant t =
2.7005 s, and the remaining flags are not changed. Hence, the
simulation results show that, by the fault detection and location
flags, the open-switch fault can be detected and located 0.0005 s
after the fault occurrence.

In addition, the simulation waveforms of open-circuit fault
in the discharging tube S2 and charging tube S3 on the super-
capacitor side are presented in Figs. 8 and 9, respectively. The
simulation results show that the open-switch fault can be also
detected and located by the fault detection and location flags as
the fault occurs in the discharging tube S2 and charging tube S3
on the supercapacitor side.

C. Effect of Parameter Uncertainty

The observer is based on the mathematical model of the sys-
tem and requires precise model parameters, such as L and R. As is
known, the parameters are affected by the temperature, operating

Fig. 7. Simulation waveforms for open-circuit fault in S1. (a) Actual and
estimated valves of the battery current (left) and the absolute value of residual
(right). (b) Actual and estimated valves of the supercapacitor current (left) and
the absolute value of residual (right). (c) Flags of fault detection (left) and fault
location (right).

Fig. 8. Simulation waveforms for open-circuit fault in S2. (a) Actual and
estimated valves of the battery current (left) and the absolute value of residual
(right). (b) Actual and estimated valves of the supercapacitor current (left) and
the absolute value of residual (right). (c) Flags of fault detection (left) and fault
location (right).
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Fig. 9. Simulation waveforms for open-circuit fault in S3. (a) Actual and
estimated valves of the battery current (left) and the absolute value of residual
(right). (b) Actual and estimated valves of the supercapacitor current (left) and
the absolute value of residual (right). (c) Flags of fault detection (left) and fault
location (right).

Fig. 10. Simulation result under the condition that the value of R1 varies by
−10% at the instant t= 3 s. (a) Actual and estimated valves of the battery current
(left) and the absolute value of residual (right). (b) Flags of fault detection (left)
and fault location (right).

conditions, and so on. Hence, to investigate the effect of the
parametric uncertainty on the proposed method, the simulation
are performed under different situations.

Supposing the value of L1 and R1 varies. Figs. 10 and 11 show
the simulation results under the condition that the value of R1

and L1 varies by −10% at the instant t = 3 s. As seen from
Figs. 10 and 11, when the parameter changes are not obvious,
the residual will become larger, but it does not exceed the set

Fig. 11. Simulation result under the condition that the value of L1 varies by
−10% at the instant t= 3 s. (a) Actual and estimated valves of the battery current
(left) and the absolute value of residual (right). (b) Flags of fault detection (left)
and fault location (right).

Fig. 12. Simulation result under the condition that the value of R1 varies by
−30%, −50%, and −80%.

Fig. 13. Simulation result under the condition that the value of L1 varies by
−30% and −50%.

threshold of 0.3. Therefore, the fault detection and fault location
flags are not triggered.

In addition, to fully understand the impact of parameter
changes, it is necessary to conduct the research on the case that
the parameter changes are obvious. Supposing that the value
of L1 and R1 varies by −30%, −50%, and −80%. As seen
from Figs. 12 and 13, when the parameters change significantly,
the residuals exceed the threshold value of 0.3, leading to false
diagnosis. However, the parameter changes are usually small
[32], [33], and the proposed method can still achieve the reliable
open-circuit fault diagnosis.

D. Short-Circuit Fault

The short-circuit fault in the battery side discharge tube S0 is
taken as an example, and the simulation results are presented
in Fig. 14. It can be seen that, after the discharge tube is
short-circuited at the moment t = 2.4 s, the current residual
increases sharply and quickly exceeds the threshold value, and
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Fig. 14. Simulation results for short-circuit fault in S0. (a) Actual and esti-
mated valves of the battery current. (b) Absolute value of residual.

Fig. 15. Experimental platform.

the estimated value is much larger than 0. It is shown that
the rapid fault diagnosis can be also carried out by the pro-
posed method. However, after the short-circuit fault occurs,
the current increased dramatically far beyond the maximum
allowable current of the system. Hence, the short-circuit fault is
very dangerous, and the short-circuit fault is usually converted
into open-circuit fault by adding fast fuses in the converter [4].
Hence, only the power tube open circuit fault diagnosis is studied
in this article.

V. EXPERIMENTAL VERIFICATION

A. Experimental Platform

To further verify the proposed fault diagnosis method, an
experimental platform of the hybrid energy source fed PMSM
system is built, as shown in Fig. 15, which mainly includes
batteries, supercapacitors, a PMSM, two inductances, two elec-
trolytic capacitors, two sampling circuits, and a YX Space
controller. Together with the MATLAB/Simulink and YX Space
controller, the YX Space controller provides real time control
and monitoring of the hybrid energy source fed PMSM system.
In addition, the open-circuit fault in power tube is simulated
by setting PWM signal to 0. In addition, the parameters (J ibat

th ,
J isc
th , ke1, and ke2) of the proposed fault diagnosis method are

chosen to be 1.5, 4, 500, and 500 in the experimental tests,
respectively.

B. Experimental Results

1) Open-Circuit Fault of the Discharging Tube S0 on the
Battery Side: Fig. 16 shows the experimental waveforms for
the open-circuit fault in S0 about t = 0.7 s. It is seen that the
experimental results are similar with the simulation results in
Fig. 6. Under healthy condition, the estimated currents are close
to the actual currents and the current residuals are small. The
fault detection and location flags (Flag, Flag0, Flag1, Flag2,

Fig. 16. Experimental waveforms for the open-circuit fault in S0. (a) Actual
and estimated valves of the battery current (left) and the absolute value of residual
(right). (b) Actual and estimated valves of the supercapacitor current (left) and
the absolute value of residual (right). (c) Flags of fault detection (left) and fault
location (right).

Flag3) are all equal to zero. As the open-switch fault occurs, the
battery current drops rapidly to close to 0, the estimated battery
current rises rapidly above 0, and the absolute value of the battery
current residual exceeds the threshold. The absolute value of the
battery current residual is larger than that of the supercapacitor
current residual. The flags Flag and Flag0 are changed from 0
to 1 after the fault, and the remaining flags Flag1, Flag2, and
Flag3 are kept 0. Hence, the experimental results indicate that
the open-switch fault can be detected and located after the fault
occurrence by the fault detection and location flags Flag and
Flag0123.

2) Open-Circuit Fault of the Charging Tube S1 on the Bat-
tery Side: Fig. 17 shows the experimental waveforms for the
open-circuit fault in S1 about t = 2.6 s. It is seen that the
experimental results are also similar with the simulation results
in Fig. 7. Under healthy condition, the estimated currents can
track the actual currents, and the current residuals are small.
The fault detection and location flags are all equal to 0. Under
fault condition, the battery current drops rapidly to close to 0, the
estimated battery current drops rapidly below 0, and the absolute
value of the battery current residual exceeds the threshold. The
absolute value of the battery current residual is larger than that
of the supercapacitor current residual. The flags Flag and Flag1
are both changed from 0 to 1 after the fault, and the remaining
flags are kept 0. The experimental results show that, by the
fault detection and location flags, the open-switch fault can be
effectively detected and located.

Moreover, the experimental waveforms of open-circuit fault
in the discharging tube S2 and charging tube S3 on the
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TABLE III
COMPARISON OF OPEN-CIRCUIT FAULT DIAGNOSIS METHODS OF DC–DC CONVERTERS

Fig. 17. Experimental waveforms for the open-circuit fault in S1. (a) Actual
and estimated valves of the battery current (left) and the absolute value of residual
(right). (b) Actual and estimated valves of the supercapacitor current (left) and
the absolute value of residual (right). (c) Flags of fault detection (left) and fault
location (right).

supercapacitor side are presented in Figs. 18 and 19, respectively.
The experimental results indicate that, by fault detection and
location flags, the open-switch fault can be also detected and
located as the fault occurs in the discharging tube S2 and charging
tube S3 on the supercapacitor side.

3) Effect of Parameter Uncertainty: In order to further verify
the influence of parameter uncertainty on the diagnostic method,
the experimental study is performed under different situations,
as presented in Figs. 20 and 21. The results show that, when
the parameter changes are not obvious, false diagnosis are not
triggered; for large parameter changes, the residuals exceed the
threshold, leading to false diagnosis, being in agreement with
simulation results.

4) Transient Process: Fig. 22 shows the experimental results
with the load switching from full load nonload. It is seen that,
when the load changes suddenly, the actual currents of the battery
and supercapacitor are greater than 0 and does not meet the

Fig. 18. Experimental waveforms for the open-circuit fault in S2. (a) Actual
and estimated valves of the battery current (left) and the absolute value of residual
(right). (b) Actual and observed valves of the supercapacitor current (left) and
the absolute value of residual (right). (c) Flags of fault detection (left) and fault
location (right).

condition that the absolute values of the currents are close to 0,
and the fault detection will not be triggered.

C. Comparisons

To show the limitations and strengths of the proposed method
and previous methods, a few important indicators are chosen
to study the limitations and strengths of the proposed method
and previous methods, such as cost (additional hardware and
sensors), robustness (load disturbances), adaptability, detection
time, and fault location. The comparison results are presented
in Table III.

The fault diagnosis method based on inductive current and
inductive voltage has poor robustness when detecting the critical
value of duty or high switching frequency [5]. In addition, the
signals of actual current and voltage are greatly affected by the
control strategy, which fluctuates and contains the measurement
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Fig. 19. Experimental waveforms for the open-circuit fault in S3. (a) Actual
and estimated valves of the battery current (left) and the absolute value of residual
(right). (b) Actual and estimated valves of the supercapacitor current (left) and
the absolute value of residual (right). (c) Flags of fault detection (left) and fault
location (right).

Fig. 20. Experimental result under the condition that the value of R1 varies
by −30%, −50%, and −80%.

Fig. 21. Experimental results under the condition that the value of L1 varies
by −30% and −50%.

noise signal. Therefore, the inductive current slope and volt-
age fluctuate greatly, and it is difficult to find the appropriate
fault diagnosis threshold, so the robustness is poor. In addi-
tion, this method is only suitable for specific converters, and
the characteristics of current and voltage signals in different
converters are quite different, so it is difficult to find common
fault characteristics, and the adaptability is poor. However, due to

Fig. 22. Experimental results of the load switching from full load to zero.
(a) Actual and estimated valves of the battery current (left) and the absolute
value of residual (right) from full load to zero. (b) Actual and estimated valves
of the Supercapacitor current (left) and the absolute value of residual (right)
from full load to zero. (c) Flags of fault detection (left) and fault location (right).

the small amount of calculation, the fault can be usually detected
no more than two switching periods.

The fault diagnosis method based on magnetic near-field
signal can capture magnetic fields from different sources, and the
measurement waveform contains rich diagnostic information,
so it has strong robustness [12]. In addition, when the dc–dc
converter works in the switching mode, it will radiate strong
electromagnetic noise. Because the electromagnetic noise is
caused by the change of current and voltage, it carries a wealth
of useful information [34], [35]. Hence, this method can be
extended and applied to other types of converters with strong
adaptability. But the calculation is complicated and the detection
time is long.

The fault diagnosis method based on independent buck/boost
observer contains all the information of state quantities. More-
over, the algorithm of the observer has high precision, strong
stability and low phase lag, so it has strong robustness. At the
same time, as long as the mathematical model of the converter
is derived, it can be applied to various types of converters, so
it has strong adaptability. However, as the observer in multiple
modes is established, the calculation is large and the detection
time is long. On the contrary, the proposed method derives the
global mathematical model of the converter, so that only one
state observer is built to observe the state quantities in all modes,
and the calculation is relatively small and the detection time is
shorter.

In summary, the detection time of the proposed method is not
the least among the several methods. However, it is relatively
best on basis of comprehensive consideration of cost, robustness,
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Fig. 23. Equivalent topology in battery discharging state.

Fig. 24. Equivalent circuit for S0 ON (left) and OFF (right) state in the
discharging state.

adaptability, and detection time, indicating that the proposed
fault diagnosis has effective performance.

VI. CONCLUSION

This article proposes a global state observer-based open-
switch fault diagnosis method for two bidirectional dc–dc
converters in HESS. In this method, the open-switch fault is
detected by the absolute value of the battery/supercapacitor
current residual and the battery/supercapacitor current. The fault
side location is determined by judging, which side has the larger
absolute value of the current residual. The fault location is
achieved by the estimated current. A hybrid energy source fed
PMSM system is built for simulation and experimental verifi-
cation. Both the results show that the proposed fault diagnosis
method can effectively achieve the open-switch fault detection
and location.

In addition, it is noted that the large parameter variations
may lead to the false diagnosis. The future study will focus
on how to remove the influence of parameter changes on the
open-switch fault diagnosis method, improving the reliability of
fault diagnosis.

APPENDIX

The battery discharging state indicates that the bidirectional
dc–dc converter works at the boost mode. The topology is shown
in Fig. 23. At this time, S1 is always in an OFF state, which is
only equivalent to a freewheeling diode. According to the state
of power tube S0, the circuit works in two states. When S0 is
turned ON, the inductor L stores the energy, and the capacitor
Cdc releases energy to the equivalent load R; when S0 is turned
OFF, the battery and the inductor L simultaneously discharging,
and the equivalent circuit is shown in Fig. 24.

The battery current ibat is defined as the state variable of the
model. According to Kirchhoff’s law KVL, the state equation in
the discharging state can be expressed as

dibat
dt

= −(1− v0)
Vdc

L1
− R1

L1
ibat +

Vbat

L1
. (A1)

Fig. 25. Equivalent topology in battery charging state.

Fig. 26. Equivalent circuit for S1 ON (left) and OFF (right) state in the charging
state.

Similarly, the state equation of the supercapacitor current isc
in the discharging state can be obtained as

disc
dt

= −(1− v2)
Vdc

L2
− R2

L2
isc +

Vsc

L2
. (A2)

A state equation of the battery current in the charging state
is established by a similar method. The equivalent circuit in the
charging state is shown in Fig. 25, and the equivalent circuit in
the ON and OFF states of the power tube S1 is shown in Fig. 26.

The state equation in the charging state can be expressed as

dibat
dt

= −v1
Vdc

L1
− R1

L1
ibat +

Vbat

L1
. (A3)

Similarly, the state equation of the supercapacitor current in
the charging state can be obtained as

disc
dt

= −v3
Vdc

L2
− R2

L2
isc +

Vsc

L2
. (A4)
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