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Abstract: This paper presents a effective sensor fault detection and system reconfiguration approach
for DC-DC Boost converter. We consider to design a Luenberger observer to solve the problem of the
sensor fault detection of the DC-DC Boost converter. We establish mathematical model according to
the state of the switch . Luenberger observer is designed to produce residual errors and analyse faults.
We detect three types of sensor faults online and compare residuals with thresholds. The system
is able to maintain stability by taking system reconfiguration approach. The effectiveness of this
approach is demonstrated by simulations.
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1. Introduction

In recent decades, sensor fault detection in power electronics has aroused increasing attention.
Power electronics products, such as switching power supply, frequency converter and UPS power
supply, have been widely used in all aspects of social life and national economy such as aerospace,
automobile system, vehicle system, ship system, medical equipment and so on [1,2]. The safe operation of
power electronic products is of great significance to the safety, efficiency and quality of the entire system.

According to the power conversion type of the power treatment device, The switching converters
have the following four basic forms:AC-DC converters, AC-AC converters, DC-AC converters, DC-DC
converters. Thereinto, DC-DC converters have widely applied to many fields, including multiple
input source applications [3], offshore wind power [4] and so on. To achieve an ultrahigh step-up ratio
while maintaining a high conversion efficiency, a novel DC-DC converter topology is proposed in [5].
The design and control of DC-DC converters is an important branch of electronic technology. There are
three common fault in DC-DC converters: open -circuit fault, gain deviation fault and noise abnormity
fault. In this case, some solutions about fault detection and fault tolerant control methods have been
proposed [6-9]. In [10], the model-based estimator approach is used to design a fault diagnosis method
for switching power converters . In [11], based on analytical redundancy relations, the paper design
the sensor fault detection and isolation method. It is the role of transforming the direct current of
input into the direct current of output which has different characteristics. Thereinto, the DC-DC boost
converter is widely used into daily life. This is a direct-current converter with an output voltage
higher than the input voltage. In recent years, some papers propose different methods to research and
analysis this boost converter [12-18]. In [19], the paper proposed a open circuit switch fault detection
method which is very fast and effective with the fault tolerant converter topology.

In the field of automatic control, sensors are the main devices for information acquisition.
When a sensor faults occurs, it will have a serious impact on the follow-up monitoring and
controlling. Therefore, the researching of sensor fault detection is particularly important. Under these
circumstances, some papers proposed different sensor fault detection methods [20-23]. In addition,
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there are some reconfiguration schemes for fault tolerant control [24-27] . Common sensor faults
mainly include three kinds of faults: open-circuit fault, gain deviation fault and noise abnormity fault.
Real-time detection of DC-DC converter fault by online and the appropriate fault-tolerant control
approaches can improve the fault-tolerant ability of the system.

Many kinds of observer-based fault detection methods have been proposed which generate
residuals to detect system fault information [28-31]. More recently, different kinds of observers have
been used for fault detection, including Luenberger observers, adaptive observers, sliding mode
observers and so on. To observe the states and estimate the component parameters , the paper designs
a model-observer-based scheme for Buck converters [32]. The Luenberger observers are able to estimate
current and voltage accurately. In [33], the paper design a Luenberger observer for the sensor fault
detection and fault tolerant control.

This paper propose a sensor fault detection and system reconfiguration method for the DC-DC
Boost converter. Firstly, the boost converter is described as a switched model, which can precisely
capture the characteristics between different working modes of the converter. Secondly, a fault
detection observer is designed based on the faulted mode to construct residual signal. The residual
value is larger than the threshold when the sensor fault happens, an alarm is generated. Thirdly,
we design a switching control law for the Boost converter under healthy condition. Then we put to use
a system reconfiguration method to improve the fault-tolerant ability of the system. Finally, we apply
the method proposed above to three kinds of sensor faults in the current sensor and the voltage sensor.

The structure of the paper is organized as follows. The mathematical model of the Boost converter
is established in Section 2. The Luenberger observer is designed in Section 3. The switching control
law for healthy condition is presented in Section 4. In Section 5, we present fault detection and
system reconfiguration scheme design. In Section 6, The efficiency of this approach is demonstrated by
simulation examples. Finally, we arrive at the conclusion of this paper in Section 7.

2. System Model

The DC-DC Boost converter circuit is shown in Figure 1. The circuit is able to get a higher voltage
through the switch S . This process contains two operating modes. The switch is open (S = 0) when
the system is in mode 1. The switch is closed (S = 1) in mode 2 . The two operating modes can be
described as follows :

S5=0 S=1
d . R. 1 1 d . R. 1
LT —ZZL—Zvc‘f‘ZVin ﬁlL:—flL'FZVin
dt° " Co " RipaaCo © dt ° " RpaaCo *
_/\/I\Q/\;_/Y\L/Y\_ d
A0S >
iy
-V S c = '
R 0 ___ vc Rload

Figure 1. Schematic representation of the DC-DC Boost converter.
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Then we can get the mathematical model of the circuit:

=2
—~
—~
~—

Ag(t)x(t) + Bu(t)
y(t) = Cx(t)
In the above equation, x(t) is the state vector, y(t) is the output vector, u(t) is the input vector,

o(t) appears the switching signal generated by converter control. A,(;), B and C are the collection of
state space models. Where x(t) , A,(;), B and C are set as:

)

i (t -k L8 1 10
o= [0 aea= | 2 2 Lo [4] =] 12)
¢ 0 1oad Co

Remark 1. In this paper, two state vector (ir, v.) is used to build the system model and analyse the mathematical
model. Because we hope to get a stable output voltage for DC-DC boost converter. The voltage of capacitor is
equal to output voltage. Therefore, we focus on the state vector v..

In the next sections, we need to realize the sensor fault detection and the system reconfiguration.
We design a Luenberger observer to produce a residual signal and compare it with a predefined
threshold. When the sensor fault happens, the residual value is larger than the threshold and an alarm
is generated. Thus, the value of Luenberger observer is applied to system switching law instead of
measured value. In addition, the output value y is replaced by the desired value x*. Consequently,
The system is able to maintain stability by taking system reconfiguration approach and we can obtain
a stable output voltage. The block scheme of the fault detection and system reconfiguration is shown
in Figure 2.

System control
Y. > Plant -
law
Y
Measured value
> Residual
Generation w
- . . Luenberger »
econfiguration .
Observer Observed value
A

Fault detection
(threshold)
A

Residual

Figure 2. Block scheme of the fault detection and system reconfiguration.

3. Luenberger Observer Design
Since sensor faults appear in the system, the output value y(t) will have some changes. So we can
describe the fault model of system as:
x(t) = Ag(t)x(t) + Bu(t)

2
y(#) = Cx(t) + Qf (1)
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where Q = I with appropriate dimensions and f(t) is the sensor fault signal which caused by the
undesirable sensor faults in the electric circuit. In order to realize fault detection, the following
Luenberger observer for the switched system is constructed:

x(t) = Ag(n2(t) + Bu(t) + H(y(t) — 9(1))
£) = C%(t) (3)
r(t) =y(t) —9(t)
where %(t) is the observer state, /() is the observer output, H is the observer gain matrix and r(t) is
the observer residual vector .
Denoting e(t) = x(t) — £(t), the augmented state vector (t) = e(t), 7(t) = r(t) — f(t).
The augmented system of (2) and (3) can be written as

where

©)

Ay —HC | —H ]

The frameworks of fault detection observer design: the Luenberger state-observer is designed
such that the augmented system (4) is asymptotically stable when f(t) = 0 and under zero-initial
condition, For detection objective, the effects from the faults to the residual error signal 7(t) are
minimized. The fault detection observer satisfies the following index :

@i <02 [T T pear ©

In the following theorem, we obtain the necessary condition that system (4) satisfies the upper
requirement. The observer gain H can be achieved at the same time.

. . . ) . Py P g
Theorem 1. Given the constant a1, , if there exist matrix variables W, H, P = [ *1 P2 ] > 0 satisfying
3

the inequalities

-W—-WwT P+WTA, — HC —a;,W —H 0
* a1 WT Ay + a1, ATW — a1, HC — a1,CTHT  —a;oH CT “0 )
* * —?I 0
* * * —1I

then the system (4) under arbitrary switching is asymptotically stable, and guarantees the robust performance (6).
Moveover, if (7) is feasible, then the observer gain in form of (3) can be given by H = (WT)~1H.

Proof of Theorem 1. Firstly, consider the stability for the system (4), we rewrite the system as
%(t) = A%(t) when f(t) = 0, and choose the common Lyapunov functions: V(%(t)) = T (t)P#(t).
Then it has

Vo (%(t)) = 2L (1) (ATP + PA)% 8)
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We consider the following performance index I'(f) = fot(f’T(T)f’(T) — 9*fT(t)f(7))dt. For any
nonzero f(t) € I [0,00) and the under zero-initial condition, we have

M) = [ (70 AT () + Vo5 (0)) = Vo ls(0)

=/, (FBF(E) = PO f () + Vo (2(7)))dr

It notes that

where

ATp+PA+CTC PB+CTD

A= s
* —?1+D™D

Thus, if A < 0, it follows form (8) that V,-(%(#)) < 0,which implies that V(%(t)) converges to zero
as t — co. The switched system (4) under arbitrary switching is asymptotically stable. Moreover, it also
implies I'(t) < 0. Then, it has the robust performance (6).

It notes that A can be rewritten as

. 0o P 0 A B
T
’gT é (1)1 p CTC C'™D I 01]<0 9)
0 DTC —?1+D'D 0 I
By Projection theorem, (9) is equivalent to
0 P 0 -1
p ET¢ follid) YHel| | AT | [w auw 0] <0 (10)
0 DTC —+21+D'D BT

where W is the matrix variables of appropriate dimensions. By denoting H = W' H and applying
schur complement formula, and after some matrix manipulation, (10) becomes (7). O

Remark 2. Theorem 1 has formulated the inequality conditions for the stability and the performance (6). As long
as the parameters satisfy the inequalities, the system is asymptotically stable and satisfies the robust performance
index (6). Moreover, it is noted that condition (7) is all convex. Hence, the problem of observer design can be
directly translated into solve (7). The observer gain can be derived by H = (WT)~1H.

4. System Control Law

4.1. Design of Control Law

In [34], the paper design a switching control law for the Boost converter under healthy condition.
In this paper, we use this switching law to guarantee the stability of the system. In this process, we will
use a Lyapunov function, see [35]. Denote z = x — x*, then we consider the system

2(t) = Apz(f) + Agx™ + Bu(t) (11)
where x* = (i¥,v})T. Moreover, if > 0and v} > 0 are desired current and voltage. We choose the
control Lyapunov function

V(x)=z"Pz (12)
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pin 0
0 px
derivatives Vy(x) {S = 0} and V;(x) {S = 1}. The switching law of system (1) is designed as follows:

P =

] > 0. Since S € {0,1} represents two modes of operation, there exist two

(1) If Vo(x) < Vy(x), the system is in mode 1, in which the switch is open (S = 0).
(2) If Vi(x) < Vp(x), the system is in mode 2, in which the switch is closed (S = 1).

Remark 3. For guaranteeing the switching system (11) is asymptotically stable, we consider V(x) < 0.
For Lyapunov function V(x), the derivative of V(x) is a negative number. So the smaller the derivative,
the greater the attenuation rate of V(x). This condition is used to derive the upper switching law. Therefore,
we choose the switching law as follows:

o(x(t)) = argmin {V (x) < 0}. (13)

By taking this switching control law, the switching system (11) can be stable as soon as possible
and we can obtain a stable output voltage. We will prove the feasibility of this switching law in the
following theorem.

%2
Vi ‘274[{%
Theorem 2. Let p1y, pn > 0, p—il = ’%2, if exist vy, < vF < 7W‘, and if = +Rl””d, then the
system (11) is asymptotically stable under the upper control law. Moreover, the system (11) has the unique
equilibrium point (i}, vy).

Proof of Theorem 2. For guaranteeing the stability of the system (11), we consider V(x) < 0.
There exist two derivatives Vj(x) {S = 0} and V;(x) {S = 1}.

(1) For S = 0, we have Vy(x) < 0. Substituting the parameters Vi, R, Rjo, L, C,x*,

using % = % gives
. Vw+Rii—or, 1 Rioad (if + 155)
R(ip — b=ty (g — L Rt
load . (14)
. v
(Vin = Ri; —v7)* ~ 4Rijo; | Rioaa(if + ro)
4R 4

(2) For S =1, we have Vi(x) < 0. Substituting the parameters Vj,,, R, Rj,u4, L, C, x*, using again
Pu _ Py o
} & gives

R(ip — Vin + Rif )2 (0 — %)2 (Vin — Ri} ) % (15)
k 2R Rloud 4R 4R}png

This gives the expressions

. ) V: Ri* — p* 1 R, d(i* + i)
CDO - {(lL/ UC) S RZ . R(lL - m + IL UC )2 Ve — oa L Rload )2
2R Rload 2
) (16)
. . . v
(Vin - le - v?) - 4lel);‘ n Rloud(l; + m)z}
4R 4
. . Vin + Ri} (ve — ﬁ)Z (Vi — Ri*)? o2
D1 = ’ RZ 'R _m L)2 2 > m L c (17)
! {(lL UC) < (ZL 2R ) Rload 4R + 4Rload}
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We also define ¥5:={x € R? : Vg = 0}. Obviously, ¥ and ¥; are both ellipses. Compare %
to Rjys4, we can get the graph as in Figure 3. The graph indicates that @ is the external area of the
ellipse Y. ®; is the external area of the ellipse ¥;. For guaranteeing system (11) is asymptotically
stable, for each x € R?, there exist S € {0, 1} such that V5(x) < 0. As a result, the two ellipses must
have a unique crossover point at most, which leads to

Vo(x) = Vi(x) (18)

we have

Ri*? 1 iV Ri*? vk
L 2 LVin L ¢ .
Vit =0 19

U? Rloud ( U? UZ‘ Rload )vc L ( )

PV, (x)=0)

PV (x)=0)

Figure 3. An example of a possible sign distribution for the two ellipses Vp(x) = 0 and V;(x) = 0.

Then Equation (19) should have a unique solution at most. By solving (19), we can get

> 4Rur?
. ‘/in - in Rioaa
L= 2R (20)

ot < \/RloadVin
‘7 2VR

) is the unique crossover point of two ellipses which is the
equilibrium point of system (11). The proof of the theorem is complete. [

Moreover, we can obtain (i}, v}

Remark 4. (i}, v}) actually is the intersection point of two ellipses. It is also a equilibrium point of the
switching law. In order to ensure that the equilibrium point is unique, the intersection point of two ellipses is

*2
Vip— / % _ 4Rog ‘
only one. Then we can get if = +le¢ and v} < 7W’ from the process of solving Equation (19).
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4.2. Separation Principle

In order to realize system reconfiguration, state value x and output value y are replaced by £
and x*. Therefore, we will discuss the feasibility of this system reconfiguration approach. Let 9(t) =

[ 222 ] .Since e(t) = x(t) — £(t),z(t) = x(t) — x* it has

A, —HC 0

0
0 A, ] (21)

Calculating the poles of augmented system (21), then there

A,—HC 0 |, sI—(Ag —HC) 0
det[sI 0 A | = det l 0 A, )
= det[s] — (Ay — HC)]-det[s] — Ay]
After the system reconfigured, it has
%(t) = Agx(t) + Bu+ H(x* — §(t))
j(t) = Cx(t)
There exist e(t) = x(t) — £(t) and z*(¢) = £(t) — x*, it has
é(t) = Age(t) + Hz*(t)
2*(t) = (Ay — HC)z" (t) + (Ayx™ + Bu(t))
. e(t) .
Denoting 7 (t) = () and calculating the poles
As H sl — Ay —H
det|s] — = det
etls 0 Ag—HC]] ¢ l 0  sI—(Ay— HC) (23)

= det[s] — Ay|-det[s] — (As — HC)]

Separation principle is applied in this process. From Equations (22) and (23) , we can see that the
poles of 9(t) and #(t) are the same. It indicates that ¢(t) and #(t) are independent of each other. Thus,
the designs of the Luenberger observer and the switching control law can be independent. Hence the
system reconfiguration approach is feasible.

5. Fault Detection And System Reconfiguration Scheme Design

5.1. Residual Generation and Threshold Calculation

We calculate the threshold of sensor faults in this section. In this paper, we take into account
observerd errors and measurement noise when calculating the threshold. We use residual evaluation
function to calculate the threshold. This can minimize misdiagnosis. This paper focuses on three kinds
of sensor faults in current sensor and voltage sensor, including open-circuit fault, gain deviation fault,
and noise abnormity fault. In this paper, the designed Luenberger state-observer is used to detect three
kinds of sensor faults.

In sensor fault detection, the measured value and observed value can produce residuals.
The residual error for current of inductor and voltage of resistor are determined to be



Sensors 2018, 18, 1375 90f 13

{Ti(t) =i (t) —iL(t) (24)

ro(t) = Ve(t) — Ve(t)

Define the residual 1 (t) = r?(t) + r3(t). In healthy mode, the residual error maintain at pretty
low value.The residual increases instantly when sensor faults happen. We need to choose a threshold
to guarantee the precision of fault detection and avoid misdiagnosis. This paper adopts residual
evaluation function when calculating the threshold. The threshold can be chosen as

J(ri(t)) = \/1\14 /OM r1(t)Tr (T)dT (25)

where 0 is the initial evaluation time instant and M is the evaluation time step. Once the evaluation
function has been selected, we are able to determine the threshold. The threshold J;;, is selected such
that f(t) = 0. Thus, the threshold in this paper is determined as

Jim = sup J(ri(t)). (26)
f(H)=0

Based on this, the occurrence of faults can be detected by comparing 1 (¢) and Jy;, according to the
following logic rule:

r1(t) <Jwm, the system no alarm,
r1(t) >Jwm, the system with alarm.

5.2. Control System Reconfiguration

Fault detection and system reconfiguration can improve the fault-tolerant ability of system
operation. By means of system reconfiguration, system can operate safely and maintain stability when
sensor faults happen.

System reconfiguration contains two parts in this paper. The Luenberger state-observer operates
normally when sensor fault happens. Hence, the value of Luenberger observer is applied to system
switching law instead of measured value. In addition, the output value y is replaced by the
desired value (i}, v;) at the same time. Thus, fault tolerant control is realized by taking this system
reconfiguration approach. This fault detection and system reconfiguration method is applied to three
kinds of sensor faults in the current sensor and the voltage sensor.

6. Simulation Results

The efficiency of this approach is demonstrated by simulations in this section. The Boost
converter model is built under MATLAB/Simulink. The simulations are performed using V;;, = 190V,
C =0.00285F, L = 0.005 H, R = 0.082 Q, Rjppq = 100 Q, (i],v) = (7.6,380). To better meet the
performance index (6) and make 7y get the minimum value. We give a17 = 299,41, = 152. By solving
the LMI (7), and the FD observer gain matrix is shown as:

| 364677 —17.0967
" | 285219  75.6359

In this paper, we choose the threshold as J;;, = 0.02. The three kinds of sensor faults in current
sensor and voltage sensor are simulated when the system is in stable operation.

(1) Simulations for open-circuit fault in current sensor and voltage sensor: The simulation results
for the open-circuit fault are shown in Figure 4. The state-observer still works properly when
open-circuit fault occurs. Since the open-circuit fault occurs at t = 0.2 s, the residual error 7 (¢)
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is larger than the threshold. Hence the measured values are replaced by the observed values to
realize system reconfiguration. According to Figure 4c,f, the output voltage remains relatively
stable after the open-circuit fault. This indicates fault tolerant control is realized.

(2) Simulations for gain deviation fault in current sensor and voltage sensor: the gain deviation fault
occurs separately in current sensor and voltage sensor at t = 0.2 s. The simulation results are
shown in Figure 5. As shown in Figure 5b,e, the residual error r; (f) increases and oversteps the
threshold, which indicates the current sensor fault and voltage sensor fault. Then the system is
reconfigured. Finally, we can get a relatively stable output voltage.

(3) Simulations for noise abnormity fault in current sensor and voltage sensor:a group of random
noise is added separately on the measured values of the current i} and the voltage v. atf = 0.2 s.
The simulation results are shown in Figure 6. As Figure 6b,e suggests,the residual error ¢ (t)
keeps to zero before t = 0.2 s. Then the residual error r; () increases and overtakes the threshold,
which indicates noise abnormity fault in current sensor and voltage sensor. By the fault tolerant
control, we can get a relatively stable output voltage.

S , 60
% | The current residual becomes smaller N 380.002
[ 0 . .
=T after the open-circuit fault g
10 - 540 The residual is close g 0
3 0 01 o0z 03 04 05 06 3 to sixty and exceeds $£379.998 A
o_ ) 5 The output voltage
SR 020 the threshold 2.379.996 ) )
3 [ . —_— . Ehihe remains relatively
@4 The voltage residual is lclosefi to zero 0 379 994 stable after the system
o 2rafter the system reconfiguration 0 reconfiguration
20 > 379.992
= 0 0.2 0.4 0.6 0 0.2 0.4 0.6
S 0 0.1 0.2 03 0.4 0.5 0.6 . .
Time Time Time
(a) Current and Voltage residual (b) residual r; () (c) Output voltage
g x10? x10*
2 4| The current residual is close to zero 15 - 380,002
2 2| after the system reconfiguration °
o =10 , g 380
£ g The residual exceeds =
_O0o0 o1 02 03 04 05 06 T the threshold after the 2379.998 /
£ o 5 open-circuit fault in the 3 .
2 7 |The voltage residual has a great change = pl 5 379.9% The output voltage
g o0 after the open-circuit fault voltage sensor o is almost stable after
%-200 in the voltage sensor 0 379.994 the system reconfiguration
g 001 02 03 o4 05 06 0 02 ) 04 06 0 02 04 06
Time Time Time
(d) Current and Voltage residual (e) residual rq(t) (f) Output voltage

Figure 4. (a—c) are simulation results for the open-circuit fault in current sensor; (d-f) are simulation
results for the open-circuit fault in voltage sensor.
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0 0.2 0.4 0.6
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Figure 5. (a—c) are simulation results for current gain deviation fault in current sensor; (d-f) are

simulation results for voltage gain deviation fault in voltage sensor.
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T
the noise abnormity fault in voltage sensor
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30 threshold after the noise
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520 A
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o

10+
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0 0.2 0.4 0.6
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30 after the noise abnormity fault in the
voltage sensor

“a

residual
- )
o o

o
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0.2 0.4 0.6
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380.002
o
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%379996 remains relatively
o 379.994 ' stable after the system
reconfiguration
379.992
0 0.2 0.4 0.6
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(c) Output voltage
380.002
o
g 380
°
2 379.998 et
é The output voltage
3 379.996 is almost stable after
379.994 the system reconfiguration
0 0.2 0.4 0.6
Time
(f) Output voltage

Figure 6. (a—c) are simulation results for current noise abnormity in current sensor; (d—f) are simulation
results for voltage noise abnormity in voltage sensor.

Remark 5. The above simulation results validate the effectiveness of the proposed metnod in the Boost converter.
Besides, we applied this method to converters, including Buck converters and Buck-Boost converters. In addition,
the validity of the presented approach is demonstrated by simulation examples.
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7. Conclusions

This fault detection and system reconfiguration method is applied to three kinds of sensor faults
in the current sensor and the voltage sensor. The simulation results are shown to test and verify the
effectiveness of the approach. The system is able to maintain stability by taking system reconfiguration
approach. We can get a relatively stable output voltage after occurrences of sensor faults. We will build
a experimental platform to verify the proposed fault detection and system reconfiguration method in
the follow-up work.
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