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Abstract—In general, permanent magnet synchronous
motor (PMSM) drives require four sensors (one position,
one dc-link voltage, and at least two current sensors) to ob-
tain good dynamic control performance. If an unpredictable
fault occurs in any of these sensors, the performance of
the drive deteriorates or even becomes unstable. Most of
the existing works are limited to fault diagnosis of one
or two sensors due to complexity. Therefore, to provide a
continuous drive operation regardless of any of the sensor
faults, an advanced fault-tolerant control (FTC) scheme that
comprises of higher order sliding mode (HOSM) based ob-
servers and controllers is proposed. Two HOSM observers
and one Luenberger observer are designed to generate the
respective residuals and provide the detection of all sensor
faults. Moreover, HOSM controllers are developed to ensure
finite-time convergence of the error trajectories after the
fault reconfiguration. The proposed FTC scheme reduces
the existing chattering phenomenon with good performance
in terms of convergence speed and steady-state error. Eval-
uation results on a three-phase PMSM are presented to val-
idate the effectiveness of the proposed FTC approach.

Index Terms—Fault-tolerant control (FTC), observer-
based fault detection, reliable control, residual-generation,
sliding mode (SM) control.

NOMENCLATURE

R,L Stator resistance and inductance.
KE Electromotive force (EMF) constant.
θs, ωs Rotor position and speed.
P Number of pole pairs.
φm , Tl Rotor flux and load torque.
Fv , J Viscous friction and moment of inertia.
ia , ib , ic Phase currents.
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va , vb , vc Phase voltages.
iα , iβ Currents in stationary reference frame.
vα , vβ Voltages in stationary reference frame.
eα , eβ Back-EMFs in stationary reference frame.

I. INTRODUCTION

P ERMANENT magnet synchronous motors (PMSMs) are
widely used in high-performance motion control applica-

tions because of their high efficiency and high power density
[1], [2]. High-performance vector-control PMSM drive requires
one position, one dc-link, and at least two current sensors. Un-
expected failure/malfunction in any of these sensors will de-
grade the overall system performance or make the system unsta-
ble. Therefore, it is extremely important for the vector-control
PMSM to be robust against sensor faults to provide uninter-
rupted system operation. In recent years, fault diagnosis (FD)
and fault-tolerant control (FTC) have been extensively studied
[3]–[5] for accommodating the faulty plant dynamics. Various
approaches have been proposed for the development of FTC in
dynamic systems. Most of the existing works on PMSM [6], [7]
considered FTC of only one particular sensor assuming the other
sensors are healthy. However, it is impractical to consider only
one particular sensor fault in a real vector-control PMSM based
applications (for instance electric vehicles and other industrial
systems). Indeed, fault can occur in any of the four sensors due
to their maloperations under challenging drive operating con-
ditions. Hence, the PMSM drive needs to be prepared to take
care of such contingencies, therefore, FTC for all three kinds
of sensors is an extremely important investigation in PMSM
drive applications. Most of the earlier approaches are focused
on observer-based FD [8]–[10] techniques, however, they are
ineffective to handle the model uncertainties, parameter vari-
ations, and steady-state accuracy, which results unreliable FD
due to missing or false alarms. In [11], phase current and speed
sensors FTC is proposed, in which, the phase current is recon-
structed using the dc-link current and switching states. However,
the usage of dc-link current measurement is redundant if fault
occurs in the other sensors. Furthermore, the works in [6], [12]
considered only one sensor fault either in dc-link voltage or
speed using respective observers to achieve FD.

FTC for all three kinds of sensors requires estimation of all
the three sensors information to provide as feedback if the fault
in a respective sensor is detected. Moreover, the respective esti-
mated sensor variable should be robust to the motor parameter
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variations and unmodeled dynamics, to be controlled by the
considered controllers. Furthermore, the reconfiguration time
of a respective sensor fault should be as small as possible to
avoid the chances of other observers become erroneous, which
may result the closed-loop system unstable. Existing schemes
for sensors FTC are either too complex or ineffective in dealing
all the sensors faults [13]–[15]. For instance, in [13], a bank of
observers for sensor fault detection and isolation (FDI) is pre-
sented for doubly fed induction generators. Five observers are
used to provide the corresponding residuals for fault detection,
however, the implementation is adverse and the robustness of
the scheme in the presence of disturbances is not verified. An
adaptive observer for induction motor is proposed in [14], in
which phase currents and rotor resistance are estimated and sent
to a decision-making unit (DMU). However, the isolation of
voltage sensor fault depends on the dynamics of phase currents
and also this method is only limited to sensor FDI. Recently,
in [15], phase currents and rotor speed of the interior perma-
nent magnet machine are simultaneously estimated using an
extended Kalman filter. A residual-based FDI algorithm is used
to detect and isolate all the sensor faults. The main drawback
of this work is there is no scope for dc-link voltage sensor fault
reconfiguration as it cannot be estimated using the scheme.

Sliding mode (SM) theory is well known for its robustness
to parameter variations and rejection of disturbances [16], [17].
In [18]–[20], an effective estimation and control of industrial
drives are performed using first-order SMs, however, they re-
quire additional low-pass filter to minimize the chattering phe-
nomenon. To overcome the chattering issues and provide finite-
time convergence, higher order SM (HOSM) observers based
on super-twisting algorithm (STA) (see [21] and [22]) have
been developed by modifying the traditional SM design. The
quadratic like Lyapunov functions designed in [23] make it pos-
sible to obtain an explicit relation for the controller parameters.
Furthermore, modifications to STA have also been proposed to
improve the convergence and robustness properties [24], [25].
The advancement in HOSM design has been applied to solve
various industrial problems [7], [26].

Most of the existing FTC schemes [6], [8], [11], [15] focused
to handle one or two sensors faults by employing proportional-
integral (PI) controllers in the control-loops. Moreover, the em-
ployed techniques are suitable for exact mathematical models
of practical systems and work well under noisy measurements.
Nevertheless, there always exist parameter deviations and model
uncertainties that cannot be modeled with mathematical expres-
sions. Hence, with the use of existing observers-based tech-
niques [8], [13], [15], the generated residuals may deviate from
zero even without faults, which results unreliable detection.
Motivated by the aforementioned observations, this paper pro-
poses a novel residual-based reconfiguration (FTC) scheme to
deal with all sensors (voltages, speed, and currents) faults. In
addition, the proposed FTC scheme with HOSM observers and
controllers provides high precision, finite-time convergence (ad-
vantageous for active FTC systems to achieve acceptable decou-
pling when faults occur during initial stages of the drive start-up)
and robustness with respect to model uncertainties and param-
eter variations even in the presence of noisy measurements. It

can be highlighted that the proposed scheme is more reliable
since three independent observers are designed by considering
each sensor as an unknown input.

II. MODELING OF A PMSM AND PROBLEM STATEMENT

The PMSM model equations in the stationary reference frame
can be expressed as [27]

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

diα

dt = −R
L iα − 1

L eα + 1
L vα

diβ

dt = −R
L iβ − 1

L eβ + 1
L vβ

dωs

dt = P
J φm (− sin θsiα + cos θsiβ ) − Fv

J ωs − Tl

J

dθs

dt = ωs

(1)

{
eα= −KE ωs sin θs

eβ= KE ωs cos θs

. (2)

On the other hand, the relationship between the phase and αβ−
axes for stator currents and voltages is given by
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. (3)

The first objective is to design observers for estimating the
dc-link voltage, speed, and phase currents. In this paper, three in-
dependent observers [two HOSM and one Luenberger observer
(LO)] are designed for estimating them and then fault detec-
tion is carried out based on the generated residuals. One of the
HOSM observers is designed to estimate voltages from currents
and speed measurements. The other HOSM observer is used to
estimate the speed from current and voltage measurements. In
the same way, the LO is designed to estimate the phase currents
from voltage and speed measurements. For instance, if a fault
occurs in any one of the sensors, the corresponding estimated
sensor variable is compared with the faulty sensor variable to
detect the fault using the preset threshold. If the fault is detected,
the faulty sensor will be replaced with the corresponding esti-
mated variable. The second objective is to design robust HOSM
controllers to achieve exact tracking control performance by en-
suring finite-time convergence of the tracking error trajectories.

III. OBSERVERS DESIGN

A. Estimation of Voltages Based on HOSM Observer

In this section, stator currents (iα , iβ ) and speed (ωs) are con-
sidered as known quantities and voltages (vα , vβ ) are treated as
unknown quantities. By using the HOSM observer, the unknown
stationary reference frame voltages are estimated in both α- and
β-axes, respectively. The HOSM observer based on modified
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STA for the model in (1) is designed as
⎧
⎨

⎩

dîα 1
dt = −R

L îα1 − 1
L eα + 1

L f1(t)
dîβ 1

dt = −R
L îβ1 − 1

L eβ + 1
L f2(t)

(4)

where the corrective terms proposed in the classical STA
[23] are
{

f1(t) = −Qv1|σα | 1
2 ˜sign(σα ) − Qv2

∫ t

0 sign(σα (τ))dτ

f2(t) = −Qv1|σβ | 1
2 ˜sign(σβ ) − Qv2

∫ t

0 sign(σβ (τ))dτ

in which σαβ = îαβ − iαβ is the selected sliding surface and
Qvi are the positive gains. Since the signum function in the
correction term is bounded, the trajectories of the algorithm
are very slow when they are far from the origin. Therefore, in
order to improve the convergence time, a slight modification by
adding linear terms is introduced. Hence, enhanced design of
the robust terms based on modified STA [7] becomes

{
f1(t) = −Qv1ζ1(σα (t)) − Qv2

∫ t

0 ζ2(σα (t))dτ

f2(t) = −Qv1ζ1(σβ (t)) − Qv2
∫ t

0 ζ2(σβ (t))dτ
(5)

with

ζ1(σα (t)) = σα (t) + Qv3�σα� 1
2 (6)

ζ2(σα (t)) = σα (t) +
Q2

v4

2
sign(σα (t)) +

3
2
�σα� 1

2 (7)

where Qv1, Qv2, Qv3, and Qv4 are properly chosen constants.
Likewise, the other terms ζ1(σβ (t)) and ζ2(σβ (t)) can be com-
puted by substituting σβ (t) instead of σα (t) in (6) and (7). The
linear term Qv1ζ1(σαβ (t)) is mainly used to improve the con-
vergence rate when the trajectories of the algorithm are far from
the origin. If large, the convergence rate will increase. The gains
Qv2 and Qv3 are used to obtain finite-time stability and reject
the effect of uncertainties. If the gain Qv1 is high, it results in
a large control input (possible saturation in practice), however
convergence rate becomes higher, which is used to compromise
between size of control and convergence rate. If Qv2 magni-
tude is selected higher than the perturbation term vαβ , the term
Qv2

∫ t

0 ζ2(σαβ (τ))dτ will dominate the perturbation. Further-
more, the gains Qv2 and Qv3 are tuned to compromise between
robustness and size of the control. The gain Qv4 should be appro-
priately tuned in order to do a compromise between robustness
and chattering alleviation. A tradeoff between robustness, rate
of convergence, and size of the control should be determined to
tune the parameters.

The estimation error dynamics σα (t) = îα1 − iα , σβ (t) =
îβ1 − iβ from (1) and (4) can be computed as

{
σ̇α = −R

L σα − 1
L vα + 1

L f1(t)

σ̇β = −R
L σβ − 1

L vβ + 1
L f2(t)

. (8)

The boundedness of voltages can be established from (1) with
positive constants ρ1 and ρ2 as

{
|v̇α | ≤ ρ1

|v̇β | ≤ ρ2
. (9)

Under the above condition (9), the convergence of σα and σβ

to the origin in finite-time can be ensured similar to [23]. After
a finite-time, a smooth estimation of voltages can be obtained
as Qv2

∫ t

0 ζ2(σαβ (t))dτ . Since σα and σβ converge to zero in
finite-time, one gets

{
0 = Qv2

∫ t

0 ζ2(σα (t))dτ + vα

0 = Qv2
∫ t

0 ζ2(σβ (t))dτ + vβ

. (10)

Hence, estimation of voltages can be achieved as follows:
{

v̂α = −Qv2
∫ t

0 ζ2(σα (t))dτ

v̂β = −Qv2
∫ t

0 ζ2(σβ (t))dτ
. (11)

B. Estimation of Speed Based on HOSM Observer

In this section, stator currents (iα , iβ ), voltages (vα , vβ ) are
considered as known quantities and speed (ωs) is treated as an
unknown quantity. To estimate the speed, back-EMFs (eα , eβ )
in (1) are considered as unknown inputs for the HOSM observer.
Thereby, speed of the drive is computed using algebraic calcu-
lations. The HOSM observer based on modified STA for the
model in (1) is designed as

⎧
⎨

⎩

dîα 2
dt = −R

L îα2 + 1
L vα + 1

L f3(t)
dîβ 2

dt = −R
L îβ2 + 1

L vβ + 1
L f4(t)

(12)

where the robust SM terms are given as
{

f3(t) = −Qs1ζ1(σγ (t)) − Qs2
∫ t

0 ζ2(σγ (t))dτ

f4(t) = −Qs1ζ1(σδ (t)) − Qs2
∫ t

0 ζ2(σδ (t))dτ
(13)

with

ζ1(σγ (t)) = σγ (t) + Qs3�σγ � 1
2 (14)

ζ2(σγ (t)) = σγ (t) +
Q2

s4

2
sign(σγ (t)) +

3
2
�σγ � 1

2 (15)

where Qs1, Qs2, Qs3, and Qs4 are appropriately designed. Like-
wise, the other terms ζ1(σδ (t)) and ζ2(σδ (t)) are computed by
substituting σδ (t) instead of σγ (t) in (14) and (15).

Remark 1: It should be noted that the design procedure of
HOSM speed observer is similar to that of the HOSM voltage
observer in terms of gain selections and their effects on the
convergence rate.

The estimation error dynamics σγ (t) = îα2 − iα , σδ (t) =
îβ2 − iβ from (1) and (12) can be computed as

{
σ̇γ = −R

L σγ + 1
L eα + 1

L f3(t)

σ̇δ = −R
L σδ + 1

L eβ + 1
L f4(t)

. (16)

The boundedness of voltages can be established from (1) with
positive constants ρ3 and ρ4 as

{
|ėα | ≤ ρ3

|ėβ | ≤ ρ4
. (17)

The condition (17) is not restrictive since ωs , Tl , eα and eβ , iα
and iβ are continuous on a compact set.
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Similar to the previous subsection, a smooth estimation of the
unknown back-EMFs can be obtained in finite-time as follows:

{
êα = Qs2

∫ t

0 ζ2(σγ (t))dτ

êβ = Qs2
∫ t

0 ζ2(σδ (t))dτ
. (18)

Using the estimated back-EMF voltages and (2), the speed of
the drive can be computed algebraically as

ω̂s =
1

KE

√

ê2
α + ê2

β . (19)

C. Estimation of Currents Based on LO

In this section, stator currents (iα , iβ ) are treated as unknown
quantities and voltages (vα , vβ ), speed (ωs) are considered as
known quantities. By using LO, one can estimate these unknown
stator currents in both α- and β- axes, respectively. Here, a
LO is used instead of the HOSM observer as the choice of an
appropriate sliding surface seems to be difficult and in fact not
straightforward.

The PMSM state model developed in the stationary reference
frame is given as

{
dx
dt = Ax + Bu

y = Cx
(20)

where x =
[
iα iβ ωs θs

]T
is the state vector, u = [vα vβ Tl ]T

is the input vector, and y =
[
ωs θs

]T
is the output vector.

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

−R
L 0 1

L KE sin θs 0

0 −R
L − 1

L KE cos θs 0

−P
J φm sin θs

P
J φm cos θs −Fv

J 0

0 0 1 0

⎤

⎥
⎥
⎥
⎥
⎥
⎦

B =

⎡

⎢
⎢
⎢
⎢
⎣

1
L 0 0

0 1
L 0

0 0 −1
J

0 0 0

⎤

⎥
⎥
⎥
⎥
⎦

, C =

[
0 0 1 0

0 0 0 1

]

.

The observer structure can be written as [28]

dx̂

dt
= Ax̂ + Bu + G(y − Cx̂) (21)

where x̂ =
[
îα îβ ω̂s θ̂s

]T
is the state estimation vector and G

is the observer gain matrix, which is selected to guarantee the
error stability. The error dynamics for the observer is obtained
from (20) and (21) as

dx

dt
− dx̂

dt
=

de

dt
= (A − GC)e (22)

where estimation error is e = x − x̂. To ensure that the observer
(21) is stable, the error dynamics (22) must be stable. The in-
stantaneous eigen values of the observer have to be placed in
the left-half side in the complex or s plane as

det[sI − (A − GC)] = 0. (23)

Fig. 1. Schematic view of the overall platform.

In order for the observer to be stable, all observer poles should
have negative real parts. Large negative real parts for the ob-
server poles will result in faster convergence of the estimation
error. The desired eigenvalue locations are enforced through the
selection of the observer gain matrix G [8], which will be given
in the results section.

IV. FTC DESIGN

The overall platform of the proposed FTC structure is de-
picted in Fig. 1. Based on the design of observers, the following
residuals can be considered to detect the faulty sensor as
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Phase-a current residual, Ia,res = |̂ia − ia |
Phase-b current residual, Ib,res = |̂ib − ib |
DC-link voltage residual, Vαβ ,res = |v̂αβ − vαβ |
Rotor speed residual, ωs,res = |ω̂s − ωs |

. (24)

The presence of fault can be detected by comparing the gen-
erated residuals with the respective thresholds. If the faulty
residual exceeds the threshold, the fault can be detected and
vice-versa [25]. A threshold that gives tradeoff between min-
imum false alarm rate and detection delay, must be selected
depending on the sensor noise, parameter variations and esti-
mation errors. As a result, if a fault occurs in any of the sensors,
the detection algorithm detects the fault and the reconfiguration
strategy feedbacks the corresponding estimated entity to provide
the continuous drive operation.

The aforementioned FD scheme is well-suited for speed
sensor faults as speed reference is generally set as constant.
Since phase currents and voltages are in the form of sine
waves, the corresponding Boolean errors will be generated as
square waveforms in the presence of sensor faults. Boolean er-
rors ϕi(i = α, β, a, b) are defined with the following simple
logic as

ϕi =

{
1 if the residual is > threshold

0 otherwise
. (25)

Consequently, the false alarm rate increases and cannot diag-
nose the correct faulty sensor. Therefore, in addition to the
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above approach, a time-based analysis [29], [30] is introduced
to guarantee the robustness against false detection. A fault de-
tection time Tfault for the period of sensor fault presence can be
defined as

Tfault = fsTs (26)

where Ts is the sampling time and fs is sensitivity factor
that must be carefully selected by considering the detection
time to achieve faster fault detection. If this value is too large,
the sensor fault may not be detected and, if it is too small, the
possibility of false detection increases. Hence, fs should be se-
lected considering the detection time (which in turn depends
on the sampling time) to achieve faster sensor fault detection.
Therefore, based on the above Boolean errors and the fault de-
tection time, the fault can be detected using a flag as

Flagi =

{
1 if te ≥ Tfault

0 otherwise
(27)

where te is defined as the elapsed time from the beginning of
Boolean errors in (25) to the arriving at the fault detection time
Tfault. Indeed, the value 1 of Flagi signifies a fault and vice-
versa. Hence, the reconfiguration strategy replaces the faulty
current or voltage with the estimated variable when the faulty
flag becomes 1.

Moreover, the generalized control law for speed and currents
(dq− axes) to track their respective references is designed as

Uj = −κ1j |σj | 1
2 sign(σj ) − κ2j

∫ t

0
sign(σj )dτ − κ3j σj (28)

where σj with j = ωs, id , iq are the sliding surfaces defined
as the difference between the reference entity and the actual
entity, such as speed and current tracking errors. The controller
gains κ1j , κ2j , κ3j > 0 have to be tuned to ensure tracking errors
converge in finite-time. Indeed, the gains κ1j and κ2j are used
to obtain finite-time stability, chattering reduction, and reject
the effect of uncertainties. Moreover, κ3j is used to improve
the convergence rate. It should be noted that the tracking errors
comprises reference and actual signals in the absence of faults.
On the other hand, in the event of fault, the error dynamics will
change according to the estimated signals. The tracking errors
can be represented as follows:

σωs
=

{
ωref

s − ωs in the absence of fault

ωref
s − ω̂s in the presence of fault

(29)

σid
=

{
iref
d − id in the absence of fault

iref
d − îd in the presence of fault

(30)

σiq
=

{
iref
q − iq in the absence of fault

iref
q − îq in the presence of fault

. (31)

Remark 2: It can be noted that the currents (̂id , îq ) are com-
puted from phase currents estimation (̂ia , îb) by applying for-
ward transformations in the event of fault either in ia or ib .

TABLE I
SPECIFICATIONS OF PMSM

Quantity Symbol Value

Rated speed ωs 4000 [r/min]
Stator resistance R 2.0 [Ω]
Stator inductance L 0.51 [mH]
Back-EMF constant KE 0.156 [Vs/rad]
Number of poles P 8

For ease of exposition, the speed control law is designed by
considering first and second time derivatives of σωs

as follows:

σ̇ωs
= ω̇s

ref − ω̇s

= ω̇s
ref − P

J
φm iq +

Fv

J
ωs +

Tl

J
. (32)

Similarly, for σ̈ωs
, taking the time derivative, one can obtain

σ̈ωs
= ω̈s

ref − P

J
φm

[ −R
L iq − ωsid − 1

L KE ωs + 1
L Vq

]

+
Fv

J

[
P
J φm iq − Fv

J ωs − Tl

J

]
+

Tl

J

= ω̈s
ref +

PR

JL
φm iq +

P

J
φm ωsid +

P

JL
φm KE ωs

− P

JL
φm Vq − Fv

J2
Pφm iq − F 2

v

J2
ωs − FvTl

J2
.

Hence, the implemented control law is deduced as follows:

Vq =
JL

Pφm

[
P R
J L φm iq + P

J φm ωsid + P
J L φm KE ωs

]

−Fv

J2
Pφm iq +

F 2
v

J2
ωs +

Fv

J2
Tl + Uωs

. (33)

Remark 3: By properly tuning the gains κ1j , κ2j , κ3j , it can
be ensured that the convergence of sliding surface σωs

to the
origin in finite-time. It can be noted that the convergence analysis
for the currents (id , iq ) is similar to the speed dynamics.

V. PERFORMANCE EVALUATION AND DISCUSSIONS

In this section, simulation and experimental results are re-
ported to evaluate the effectiveness of the proposed FTC scheme.
Moreover, few remarks/observations regarding the implemen-
tation are discussed followed by results.

A. Simulation Results

Simulation results with a realistic PMSM model by con-
sidering all the possible dynamics are presented to illus-
trate the proposed FTC performance. The motor parame-
ters and their rated values are given in Table I. The gain
values of both voltage and speed HOSM observers are se-
lected as follows: Qv1 = 0.7, Qv2 = 65, Qv3 = 30, Qv4 = 4.0,
Qs1 = 0.7, Qs2 = 60, Qs3 = 35, and Qs4 = 4.5. Furthermore,

the gain matrix G of a LO is selected as

[
0.1 0.1 0.05 0.001
0.1 0.1 0.05 0.01

]T

.

Moreover, speed controller gains are selected as κ1ωs
=
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Fig. 2. Performance of observers. (a) and (b) Voltages estimation and
its error using HOSM observer. (c) and (d) Speed estimation and its
error using HOSM observer. (e) and (f) Currents estimation and its error
using LO.

10.5, κ2ωs
= 80, and κ3ωs

= 5. Indeed, id and iq controller
gains are selected as κ1id

= 0.001, κ2id
= 20, κ3id

= 0.001,
κ1iq

= 0.001, κ2iq
= 100, and κ3iq

= 0.001. The threshold
values for accurate fault detection are selected as: Vthd =
1.5 V, ωthd = 20 r/min, and Ithd = 0.05 A. In this paper, the
sensitivity factor in (26) is set as 3, therefore, the total time
needed for the sensor fault detection is Tfault = 3 ms.

1) Performance of Closed-Loop Control and Observers in
the Absence of Faults: In order to analyze the closed-loop con-
trol and the performance of observers, a speed profile that starts
toward 400 r/min is considered, and after it has stabilized, at
t = 1.5 s, the speed command is abruptly changed to 500 r/min.
Initially, the controller gains are tuned to achieve actual speed
and currents to track their respective references. On the other
hand, the performance of observers which are running in parallel
to the closed-loop system in the absence of faults are depicted
in Fig. 2. For the first observer, the considered unknown volt-
ages vα , vβ are estimated using HOSM observer as shown in

Fig. 2(a). The estimated voltages are well matched with the
actual voltages, which can be observed using estimation errors
shown in Fig. 2(b). In the same way, the unknown speed of the
drive considered for the second observer is estimated using (19)
with help of back-EMFs shown in Fig. 2(c). Indeed, the esti-
mated speed exactly tracks the desired speed reference which
is highlighted using speed error shown in Fig. 2(d). Further-
more, performance of LO to estimate the currents is depicted in
Fig. 2(e) and the corresponding estimation errors are shown in
Fig. 2(f). It can be inferred from closed-loop control and perfor-
mance of observers that if a fault occurs in any of the sensors,
the corresponding estimated variable (which is readily avail-
able) can be used for closed-loops instead of the faulty sensor
to continue the drive operation.

2) Closed-Loop FTC With a Faulty Voltage Sensor: The per-
formance of the proposed FTC approach in the presence of volt-
age sensor fault is depicted in Fig. 3, where a voltage sensor fault
is applied at t = 1.0 s. The faulty voltages are shown in Fig. 3(a)
and the corresponding residuals obtained using estimated volt-
ages (attained when nonfaulty currents and speed are used for
the voltage observer) are shown in Fig. 3(b), where residuals
after the fault occurrence (at t = 1.0 s) cross the threshold. Due
to the square waveforms of corresponding Boolean errors, the
false alarm rate increases and cannot isolate the faulty sensor.
Therefore, the elapsed time te shown in Fig. 3(c) is triggered to
measure the time until the Boolean errors are detected by (25).
The time te elapses continuously and sets Flagi to 1 if it reaches
or exceeds the fault detection time Tfault as shown in Fig. 3(d).
Hence, when the Flagi sets to 1—the voltage sensor fault is de-
tected and the reconfiguration mechanism feeds the estimated
voltages for the control-loop. Consequently, the control-loop
runs with the estimated voltages to achieve uninterrupted drive
operation—the continuous operation can be realized using the
voltage errors shown in Fig. 3(e). Furthermore, the fault detec-
tion performance with LO in the presence of voltage fault via
their residuals is shown Fig. 3(f). Similarly, the corresponding
speed observer residual is depicted in Fig. 3(g). It can be high-
lighted that the residuals of currents and speed observers after
the voltage sensor fault reconfiguration are omitted since the two
observers are of no use for the closed-loop control. The residu-
als in Fig. 3(f) and (g) are shown until t = 1.1 s to highlight that
the residuals are within the threshold during the voltage sensor
fault detection.

3) Closed-Loop FTC With a Faulty Speed Sensor: In this
case, a complete speed sensor outage (which is the worst sensor
fault) at t = 1.0 s is considered and the performance of over-
all FTC is shown in Fig. 4. In Fig. 4(a) and (b), the reference,
faulty, actual speeds, and the corresponding fault detection per-
formance are demonstrated. As the fault is applied at t = 1.0 s,
the measured speed drops to zero, however, the actual speed
continues to track the speed reference due to the switching of
estimated speed to the control-loop. The transition from mea-
sured to the estimated speeds in the event of fault is smooth and
highlighted in the zoom portion. It can also be noted that the
actual speed (i.e., estimated speed) after the fault reconfigura-
tion well-tracks even under a rapid change at t = 1.5 s. Fig. 4(c)
and (d) shows voltage and phase currents residuals with respect
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Fig. 3. FTC performance in the presence of voltage sensor fault at
t = 1.0 s. (a) and (b) Faulted voltages and the corresponding residuals.
(c) and (d) Fault detection performance: the zoomed-in portion highlights
the detection delay and the corresponding flag. (e) Voltage errors after
the fault reconfiguration. (f) Phase currents residuals. (g) Speed residual.

to their thresholds. A change in the residuals during speed sen-
sor fault detection can be observed, however, they are below
the threshold levels and cannot affect the system performance.
Hence, it can be highlighted that the fault in speed sensor is
well-isolated by reconfiguring with the estimated speed and the
drive continues to perform the desired speed control objective.

4) Closed-Loop FTC With a Faulty Phase Current Sensor:
Moreover, phase current sensor fault has been considered here
to validate the proposed scheme as depicted in Fig. 5. The
phase−a current sensor fault considered at t = 1.0 s is shown in
Fig. 5(a). The corresponding residuals in both αβ− axes have

Fig. 4. FTC performance in the presence of an abrupt speed sensor
fault at t = 1.0 s. (a) and (b) Faulty, actual speeds and its residual. The
zoomed-in portions show the speed transition and effectiveness of the
controller under a rapid change in speed reference. (c) and (d) Voltages
and phase currents residuals.

been computed, in which, the phase−a current residual crosses
the preset threshold value as shown in Fig. 5(b). Fig. 5(c) and
(d) shows the result of fault detection algorithm with time-based
analysis, where the faulty flag becomes 1 during the sensor
fault detection. Furthermore, the residuals of voltage and speed
observers with their respective residuals are shown in Fig. 5(e)
and (f). It can be highlighted that although the reconfiguration
effects the other observers performance, the residuals remain
below their respective thresholds. The zoom portions highlight
the change in performance during the fault detection. It should
be noted that the validation of FTC performance in the presence
of phase−b current sensor fault is avoided because the control
performance is similar.

B. Experimental Results

Experimental results on a laboratory testbed shown in Fig. 6
[SMC150 EVM with TMS320F28335 digital signal process-
ing (DSP) controller made by Syncworks] are reported to val-
idate the proposed FTC algorithm. In order to implement the
propose FTC scheme in a real-time scenario, a code composer
studio has been used—it comprises a suite of tools (C/C++ com-
piler, source code editor, project build management, debugger,
profiler, and many other features) to develop and debug em-
bedded applications. All the software modules to manage the
PMS motor are written in C/C++ compiler and implemented
in the TMS320F28335 DSP controller. TMS320F28335 DSP
has a single-precision (32-bit) IEEE 754 floating-point unit,
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Fig. 5. FTC performance in the presence of phase−a current sensor
fault at t = 1.0 s. (a) and (b) Estimated phase currents using LO and
currents with faulty phase−a. (c) Currents residuals with their threshold.
(d) and (e) Process of the fault detection algorithm. The zoomed-in por-
tion highlights the detection delay. (f) and (g) Voltage and speed residuals
after the reconfiguration.

Fig. 6. Overview of the experimental setup.

Fig. 7. FTC performance in the presence of voltage sensor fault at
t = 0.5 s under 20% electric parameter variations. (a) and (b) Faulty
phase voltages and their residuals using HOSM observer. (c) Faulty
flag indicating the presence of fault. (d) Voltage errors after the fault
reconfiguration. (e) and (f) Phase currents and speed residuals.

high-performance static CMOS (6.67-ns cycle time), and 12-bit
analog-to-digital converter (ADC) with 16 channels. The real-
time code with which the DSP runs, can be loaded from the Flash
memory or from static random access memory (SRAM− 34
KB). The developed code inside the DSP is based on the princi-
ple of interruptions. The switching frequency of the pulse-width
modulation (PWM) inverter is 15 kHz.

A constant speed reference of 1000 r/min is considered to val-
idate the effectiveness of proposed FTC scheme. At first, a volt-
age sensor fault is considered at t = 0.5 s and the performance
under 20% electric parameter (R,L) variations are shown in
Fig. 7. The faulty voltages and the corresponding residuals with
the selected threshold are shown in Fig. 7(a) and (b). The voltage
sensor fault has been well detected using the time-based analysis
with fault detection time Tfault = 200 μs and the corresponding
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Fig. 8. FTC performance in the presence of speed sensor fault at
t = 0.5 s. (a) and (b) Actual, measured speeds and its residual with
threshold. (c) Voltage residuals. (d) Phase currents residuals.

faulty flag indicating the detection of fault presence is depicted
in Fig. 7(c). Indeed, Fig. 7(d) shows the reconfiguration per-
formance at t = 0.5 s when the estimated voltages are fed back
to the control-loop. A spike during the switching, magnitude,
and phase distortion after the reconfiguration can be observed.
Moreover, the corresponding phase currents and speed residuals
within their residuals during the fault detection are depicted in
Fig. 7(e) and (f). It can be inferred that the drive continues to
operate in the presence of voltage sensor fault under 20% para-
metric variations (which signifies the robustness of proposed
approach), without affecting the other observers performance.
However, it can be noted that the threshold has to be adjusted ac-
cording to the higher levels of parametric uncertainties to avoid
false alarms.

In the second case, a speed sensor fault is considered and the
resulted FTC performance is depicted in Fig. 8. The speed sen-
sor fault is applied at t = 0.5 s and the fault is detected immedi-
ately when the residual crosses the threshold shown in Fig. 8(a)
and (b). Indeed, the estimated speed (which is filtered due to
higher measurement noises) switches to the control-loop and
the controller regulates the speed to track the desired speed ref-
erence. A small dip (motor slow down) can be observed during
the fault reconfiguration due to immediate speed transition. The
estimated speed takes little time to adapt the system controlled
dynamics after the abrupt transition. Furthermore, the other volt-
age and phase currents residuals can be observed along with their
residuals in Fig. 8(c) and (d). Similarly, a phase−a sensor FTC
performance is depicted in Fig. 9, in which, the faulty phase
currents and the corresponding residuals have been shown in

Fig. 9. FTC performance in the presence of phase−a sensor fault
at t = 0.5 s. (a) and (b) Faulty phase currents and their residuals.
(c) Currents errors after the fault reconfiguration. (d) and (e) Voltages
and speed residuals.

Fig. 9(a) and (b). The phase currents estimation errors after the
fault reconfiguration is shown in Fig. 9(c). The corresponding
voltage and speed residuals during fault detection can be de-
picted in Fig. 9(d) and (e). It can be inferred that the controllers
regulate well in the presence of speed and phase current sensor
faults to achieve stable drive operation. It should be noted that
the validation of FTC performance in the presence of phase−b
current sensor fault is avoided because the control performance
is similar.

C. Discussions

In a practical operating conditions of the drive, the probabil-
ity of simultaneous multisensor faults is very low. Since three
kinds of sensors are required for field-orientation control of the
PMSM drive and each observer operates with two sensors in-
formation to estimate the considered unknown sensor variable,
the proposed method may not work for simultaneous multisen-
sor faults. However, the proposed method may work well for
smaller size of the faults (low amplitude faults) that can oc-
cur simultaneously. Moreover, if one sensor fault occurs at a
particular instant of time, the proposed approach can handle
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Fig. 10. Comparison performance for FTC of multi-sensors. (a) and
(b) Proposed FTC approach. (c) and (d) Classical SMOs’ with PI
controllers.

the other sensor fault after the reconfiguration of earlier sensor
since the drive is under stable operating condition. A structural
reformation with the logical DMU is necessary to handle the
simultaneous multisensor faults, which is out of the scope of
this paper and will be considered as a future work.

To highlight the advantages of proposed HOSM observers and
controllers-based FTC approach, conventional SM observers
[16] and PI controllers have been employed for FTC of mul-
tisensors (Phase−a and speed sensors) and the performance is
depicted in Fig. 10. The performance of proposed approach is
shown in Fig. 10(a) and (b), where phase−a sensor fault at
t = 0.8 s and speed sensor fault at t = 1.2 s are introduced. It
can be seen in Fig. 10(a) that actual speed accurately tracks the
desired speed even in the presence of considered two sensor
faults and highlighted the speed sensor fault reconfiguration.
Moreover, the effect of phase−a sensor fault is highlighted in
Fig. 10(b) with the speed residual as the fault corrupts the speed
estimation performance during the fault reconfiguration. Simi-
larly, FTC of multisensors with conventional SM observers and
PI controllers are shown in Fig. 10(c) and (d). In conventional
SM observers, external low-pass filters are used to extract the
back-EMFs, therefore, the estimated speed has ripples due to
its tradeoff design shown in Fig. 10(d). It can be further ob-
served that the use of PI controllers results large overshoot,
poor steady-state accuracy, and slow dynamic response.

The dynamic current-control performance in the dq-axes ref-
erence for the case of phase current−a sensor FTC is shown
in Figs. 11 and 12. Fig. 11(a) shows the reference and actual
currents in d− axis reference frame, where the change in actual

Fig. 11. Simulations − Current control under phase−a sensor fault.
(a) Current dynamics in d− axis. (b) Current dynamics in q− axis.

Fig. 12. Experiments − Current control under phase−a sensor fault.
(a) Current dynamics in d− axis. (b) Current dynamics in q− axis.

current during the fault reconfiguration is highlighted. Fig. 11(b)
shows actual and reference currents in q− axis reference frame.
Since reference current iref

q is the output of the HOSM speed
controller, it contains the chattering phenomenon. It should be
noted that the spike at t = 1.5 s is due to the rapid change in de-
sired speed reference. Similarly, for a constant speed reference
of 1000 r/min in experimental results, Fig. 12(a) shows the ac-
tual and reference currents in d− axis reference frame. A clear
change in the actual current after the instant of fault presence at
t = 0.5 s can be observed. Moreover, the actual and reference
currents in q− axis reference frame are depicted in Fig. 12(b).

It is worth to point out that the proposed FTC scheme is
computationally complex, however, it has more advantages than
the earlier approaches, toward achieving an ideal solution for
all three kinds of sensors faults. In general, FTC can also be
achieved with hardware redundancy, such as extra sensors, at
extra cost. The proposed FTC only requires extra computational
power, however, the TMS320F28335 DSP with efficient math
processing capabilities makes it easier.

Higher order SM (HOSM) observers/controllers based on
STA are gaining interest in the recent literature due to
their unique features/advantages, such as chattering attenu-
ation, accurate regulation, finite-time convergence, and ro-
bustness against bounded uncertainties (see [7], [31], and
[32] for various practical applications). However, formally the
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computer-implementations of the HOSM controllers require the
dynamic parts of controllers be integrated with infinitesimally
small integration step, while the control be fed to the system
continuously. Indeed, it complicates the realization in practical
scenarios under measurement noises, delays and discrete mea-
surements, and leads to higher chattering with uneven or long
sampling periods.

VI. CONCLUSION

Unlike existing schemes limited to one or two sensors FTC,
a novel FTC framework to deal with all the sensors (voltage,
speed, and currents) faults is proposed in this paper based on ad-
vanced robust HOSM observers and controllers. The employed
HOSM controllers ensured smooth transition during fault re-
configuration and faster convergence with high steady-state ac-
curacy for rapid changes around the operating speed condition.
Moreover, a comparison analysis with standard approach (clas-
sical SMOs and PI controllers) for the case of multisensors FTC
is demonstrated. Moreover, a FD algorithm with time-based
analysis is employed for sinusoidal voltages and currents to
achieve robustness against false detection. Evaluation results
(both simulations and experiments) are presented to validate the
feasibility and effectiveness of the proposed FTC approach.
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