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Abstract—This paper investigates the problem of automatic speed tracking control of an electric vehicle (EV)
that is powered by a permanent-magnet synchronous motor
(PMSM). A reconfiguration scheme, based on higher order
sliding mode (HOSM) observer, is proposed in the event
of sensor faults/failures to maintain a good control performance. The corresponding controlled motor output torque
drives EVs to track the desired vehicle reference speed for
providing uninterrupted vehicle safe operation. The effectiveness of the overall sensor fault-tolerant speed tracking
control is highlighted when an EV is subjected to disturbances like aerodynamic load force and road roughness
using high-fidelity software package CarSim. Experiments
with a 26-W, three-phase PMSM are presented to demonstrate the validity of the proposed fault-detection scheme.
Index Terms—Electric vehicles (EVs), fault-tolerant control (FTC), higher order sliding mode (HOSM), permanentmagnet synchronous motor (PMSM), road roughness,
speed tracking control.

I. INTRODUCTION
HE high percentage of vehicle accidents due to driver’s error, distractions, and drowsiness motivates the researchers
in introducing the various driver assistance systems to increase
the highway safety [1]. A few of these systems such as predictive cruise control [2] and lane departure warning systems [3]
have already been accepted as standard in many vehicle production industries. Furthermore, the dependence of the vehicle
propulsion control system on actuator/sensor components is becoming more complex. Generally, these complex systems are
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Industrielles et Humaines, CNRS UMR 8201, University of
Valenciennes, 59314 Valenciennes, France (e-mail: michael.defoort@
univ-valenciennes.fr).
H. R. Karimi is with the Department of Mechanical Engineering,
Politecnico di Milano, 20156 Milan, Italy (e-mail: hrkarimi@ieee.org).
K. C. Veluvolu is with the School of Electronics Engineering, College of
IT Engineering, Kyungpook National University, Daegu 702-701, South
Korea, and also with the School of Mechanical and Aerospace Engineering, Nanyang Technological University, Singapore 639798 (e-mail:
veluvolu@ee.knu.ac.kr).
Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TIE.2016.2590993

subjected to some catastrophic faults such as unknown actuator/sensor faults [4] and thereby increasing the concerns over
fault tolerance [5], [6]. Therefore, the development of effective
control systems under the aforementioned faults and challenging operating conditions is still a potential research topic from
both academic and industrial perspectives. Indeed, it is important for the overall electric vehicle (EV) system to be robust
against such system faults/failures to enhance vehicle handling
characteristics like stability and comfort, which further leads to
the outright driverless cruise control.
Over the past few decades, various fault-diagnosis and faulttolerant control (FTC) strategies (generally classified as active
and passive FTCs) have been proposed [7]–[11]. In [8], FTC is
achieved based on the adaptive residual generator for identifying
the abnormal change of system parameters and an iterative tuning scheme for the optimization of system performance. Among
various approaches for sensor FTC published in the literature,
observer-based approaches are effective and reliable [12]–[17].
In [12], speed sensor FTC based on a voting algorithm for EVs
is proposed. The main drawback of this approach is the requirement of two observers and a complex voting algorithm
for the sensor fault detection. A simple adaptive observer-based
scheme is designed in [13] for the fault-tolerant cruise control of
EVs with induction motors. However, the analysis of FTC-based
cruise control performance on variable vehicle speed references
and vehicular disturbances is not considered. A logic-based decision mechanism using a model reference adaptive system estimator for the sensor FTC in an induction motor is proposed in
[15]. Recently, in [16], a discrete-time estimator for simultaneous estimation of states and actuator/sensor faults is proposed.
Further, with this information, a discrete-time FTC approach
for vehicle lateral dynamics is addressed. More recently, sliding mode observer (SMO) based FTC without rate sensors is
proposed in [17] for the attitude stabilization of satellites.
A permanent-magnet synchronous motor (PMSM) becomes
an attractive candidate for electric/hybrid vehicles, including
trains, buses, and cars, because of its high efficiency and power
density [18]. A high-performance PMSM drive relies on fieldoriented or vector control and requires a precise rotor position.
The main issues related to the sensorless speed estimation of a
drive are the rotor position accuracy and the speed convergence
rate. SMOs in the recent literature are popular for the robust
unknown input estimation (see, for instance, [19]–[23]). More
recently, a few schemes based on SMOs have been proposed
for the speed estimation of a PMSM [24], [25]. A high-speed
SMO is proposed in [24] to avoid the time delay occurring
due to a low-pass filter, by employing a sigmoid function as
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the switching function. However, the boundary layer and SMO
gains selection are dependent on the motor speed. Furthermore,
a modified SMO is developed in [25] to estimate the speed from
back electromotive force (EMF) signals, which are estimated
with a conventional SMO. However, this approach contains a
two-stage process for estimating the position and speed signals.
Recently, higher order sliding mode (HOSM) observers based
on a supertwisting algorithm (STA) [26]–[28] have been proposed to provide finite-time convergence and robustness with
respect to bounded disturbances. The structurally bounded uncertainties/unknown inputs can be estimated from the sliding
mode terms without requiring external low-pass filters. Further, the well-known chattering phenomenon, which consists of
large oscillations in the neighborhood of the sliding manifold,
can also be reduced. However, the STA fails to converge in the
end for a linearly growing perturbation. Therefore, a modified
STA is introduced in [29] to counter this problem. In this design,
the SMO gain is adjusted to resist against exciting perturbation
terms, which straightaway handle the linear perturbation. Recently, a nonhomogeneous continuous STA is proposed in [30]
for systems of relative degree more than one, which assures
finite-time convergence to the origin for all system states.
Based on the recent developments and the modified STA,
it is inspired to propose a sensor FTC scheme based on an
HOSM observer for the cruise control of EVs. As preliminary,
sensor FTC in [31] needs to be revised and adapted to more
general sensor fault scenarios. The contributions of this paper
are summarized as follows:
1) A novel fault-tolerant cruise control architecture using
a robust HOSM observer for a PMSM-powered EV in
the presence of speed sensor faults is proposed. Unlike
the existing observer-based FTC works [13], [32], [33],
the proposed HOSM observer ensures finite-time stability of the observation error for the reconfiguration-based
control scheme. Furthermore, the sensor fault detection
based on an HOSM observer is robust to bounded model
uncertainties and parameter variations, which vary according to the operating conditions [8]. Indeed, the fault
can be effectively detected using an appropriate threshold,
since the estimation error is bounded, without the use of
complex observer-based detection techniques [12], [34].
2) In [35] and [12], the proposed approaches consider only
EV motor speed reference to evaluate its dynamic performance under speed sensor faults. However, in this paper,
the robustness of the proposed sensor FTC is further illustrated in the presence of vehicular disturbances like
aerodynamic load force and road roughness. The considered vehicular disturbances are the main factors affecting
the vehicle speed motion. Various simulations for faulty
speed sensor cases (during constant and ramp speeds) together with vehicular disturbances are provided using the
high-fidelity CarSim software package.
3) Experimental results are presented to demonstrate the
HOSM observer-based sensor fault-detection approach.
Unlike the existing works [12], [13], [35], experiments
on a real PMSM with a mechanical load under parametric uncertainties are conducted by considering a similar

power-to-torque ratio, which is obtained in the CarSim
environment. This is considered to justify the effectiveness of the proposed approach in a real EV scenario (when
a PMSM is subject to external dynamics).
The rest of this paper is organized as follows. The modeling
of a PMSM is discussed in Section II. Section III presents the
design of the HOSM observer based on the modified STA for
speed estimation. Section IV discusses the speed sensor fault
models and FTC architecture for EVs. Section V presents the
CarSim and experimental results. The main discussions on the
implementation are presented in Section VI and Section VII
concludes this paper.
II. VEHICLE DYNAMICS AND PMSM MODELING
In this section, the vehicle dynamics followed by a
well-known PMSM model are presented.

A. Vehicle Dynamics Modeling
The load torque TL of an EV is given by [12], [31]
TL = (Frr + Fwd + Fgr + Far )rt + 

(1)

where TL ∈ R, Frr is the rolling resistance force, Fwd is the
aerodynamic drag force, Fgr is the grading resistance force, Far
is the acceleration resistance force, rt is the dynamic radius of
tires, and  is the uncertainties or unmodeled dynamics.
Furthermore, the vehicle speed vs is proportional to the motor
speed ωe , which can be described in terms of tire radius rt ,
differential transmission ratio nd , and the gear box ratio ni in
the gear number i as follows [36]:
rt
vs =
ωe .
(2)
nd ni
Given a desired vehicle speed vs ∈ R, one needs to steer the
drive speed ωe to its corresponding motor reference speed. A
standard feedback control requires the knowledge of the current
speed for this purpose. As the motor speed is a function of load
torque, the forces that are acting on the EV directly affect the
driving motor speed. Therefore, it is important to provide the
required driving motor torque to track the EV’s actual speed to
its desired reference speed.

B. Dynamic Modeling of PMSM
In the stationary reference frame (α − β), the dynamic model
of the PMSM is represented as follows [25]:
−R
1
1
dij
=
ij − bj + uj
(3)
dt
L
L
L
where j ∈ {α, β}. The stator currents are ij ∈ R, uj are the
voltages and bj are the back EMFs given as

bα = −KE ωe sin θe
(4)
bβ = KE ωe cos θe
where the speed ωe dynamics are given as

dω e
P
dt = J φm (− sin θe iα + cos θe iβ ) −
Te =

3
2 φm P (− sin θe iα

+ cos θe iβ )

fv
J

ωe −

TL
J

(5)
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where R is the stator resistance, L is the synchronous inductance, P is the number of pole pairs, J is the moment of inertia,
KE is the back EMF constant, φm is the rotor flux, fv is the
viscous friction, TL is the load torque, and θe and ωe are the
position and speed of the motor, respectively.
In the above model, ij and uj are the measured quantities and
bj is considered as the unknown quantity. It is well known that
the back EMFs in (3) are functions of speed and rotor position,
shown in (4). In the following section, a robust observer is
designed for the estimation of these unknown back EMFs. The
rotor position and speed are then calculated from the estimated
back EMFs.
This paper focuses on sensor faults that occur during drive
operation to ensure the uninterrupted EV operation. The main
objective of this work is to provide the required motor torque
even in the presence of speed sensor faults in order to automatically regulate the EV speed to the desired vehicle reference
speed. We aim to achieve this objective with the use of an HOSM
observer and a selection mechanism that chooses between the
measured and estimated speeds depending on the detection of a
sensor fault.

−R
1
1
sj (t) + bj (t) + ϕj (t).
(12)
L
L
L
The boundedness of back EMFs can be easily established from
(4) and (5). Since ωe , TL , bj , and ij are persistent in a compact
space, there exists a constant ρj ∈ R such that the perturbation
term is bounded as

III. DESIGN OF HOSM OBSERVER

|ḃj | ≤ ρj .

This section designs the HOSM observer for the estimation
of back EMFs from the measured voltages uj and currents ij .
The estimated back EMFs b̂j are further used to compute the
rotor position and speed of the drive. The actual speed of the
drive is controlled with a PI regulator to further produce the
desired current iref
q in the q-axis. In the constant air gap flux
mode of operation, iref
d = 0 (see the vector control architecture
for a PMSM in [25]). The HOSM observer considers the back
EMFs bj of the PMSM model in (3) as unknown inputs and
reconstructs them in both the α- and β-axes.
The sliding surface in the design of an HOSM observer is
selected as follows:
sj (t) = îj (t) − ij (t)

(6)

where îj and ij are estimated and actual currents, respectively.
Let us define the SMO for PMSM currents as follows:
−R
dîj (t)
1
1
=
îj (t) + uj (t) + ϕj (t).
dt
L
L
L

(7)

The corrective terms proposed in the classical STA [26] are
 t
1
2
sign(sj (τ ))dτ (8)
ϕj (t) = −k1 |sj (t)| sign(sj (t)) − k2

where
1

φ1 (sj (t)) = sj (t) + G3 |sj (t)| 2 sign(sj (t))
φ2 (sj (t)) = sj (t) +

0

(10)

1
3
G4 |sj (t)| 2 sign(sj (t))
(11)
2
where G1 , G2 , G3 , and G4 are properly chosen positive constants. The linear term G1 φ1 (sj (t)) is mainly used to improve
the convergence rate when the trajectories of the algorithm are
far from the origin. If the linear term is large, the convergence
rate will increase. The gains G2 and G3 are used to obtain
finite-time stability and reject the effect of uncertainties.
The time derivative of sj can be obtained from (3) and (7) as

+

ṡj (t) =

(13)

Theorem 1: Under condition (13), the origin of system (12)
is a finite-time stable equilibrium point. After a finite time T (s0 ),
t
a smooth estimation of bj is given by G2 0 φ2 (sj (τ ))dτ .
Proof: Let us select a Hurwitz matrix A0 as
 G1

−( L + R
L) 1
A0 =
0
− GL2
where G1 > 0 and G2 > 0. System (12) with (9) can be equivalently represented by
⎧
1
⎪
2
ṡ = s2 − ( GL1 + R
⎪
⎪
L ) s1 + G4 |s1 | sign(s1 )
⎨ 1
2
1
G
ṡ2 = − GL2 s1 + 24 sign(s1 ) + 3G2 4 |s1 | 2 sign(s1 ) (14)
⎪
⎪
⎪
⎩
ḃ
+ Lj
t
with s1 = sj , s2 = L1 [bj − G2 0 φ2 (s1 (τ ))dτ ], and G4 =
G1G3
L
+R
L

G1
L

=

G3 G1
G 1 +R .
G 24
2

Since  φ2 (sj (t))  ≥

, one gets  ḃj  ≤  φ2 (sj (t))  if

G4 ≥

2ρj .

(15)

G1
From the selection of gain G4 = GG13 +R
in conditions (14) and
(15), the gain G3 should satisfy the following inequality:

0

where ki are positive gains. Since the signum function in the
correction term of (8) 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. The modified STA then
becomes [29]
 t
φ2 (sj (τ ))dτ
(9)
ϕj (t) = −G1 φ1 (sj (t)) − G2

G24
sign(sj (t))
2

G3 ≥

2ρj (G1 + R)
.
G1

(16)

The augmented state vector can be considered as
T
T


1
ξ = ξ1 ξ2
= s1 + G4 |s1 | 2 sign(s1 ) s2 . The Lyapunov
function V (ξ) = ξ T P ξ is selected to perform
the stability anal
2
λ
+
4
−2
ysis with P = P T =
, λ > 0 and > 0. The
−2
1
time derivative of the candidate Lyapunov function along solutions of the system can be found using differential inclusion
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theory as follows:
V̇ = 1 +

G4
2

|s1 |




 T

0
T
T
ξ A0 P + P A0 ξ + 2ξ P
.
ḃj

−1
2

It can be shown that
 




−1
G4
0
|s1 | 2
ξ T AT0 P + P A0 ξ + 2P
V̇ ≤ 1 +
ξ1
2


−1
G4
≤ − 1+
|s1 | 2 ξ T Qξ
2


−1
G4
2
|s1 |
≤ − 1+
λm in (Q)ξ2
2
with


Q=

Q1
Q2

Q2
Q3

(17)

(18)

One can choose G2 = L(λ + 4 2 + 2 ( G 1L+R )) to guarantee the
positive definiteness of the matrix Q similar to [26] and [29].
The matrix Q is positive definite if
2 L
(λ + 4
λ

2

− 1).

(19)

One can conclude that
1

V̇ ≤ −γ1 V 2 (s) − γ2 V (s)
with γ1 =

λm i n (Q ) G 24
1
2
λm2 a x (P )

and γ2 =

(20)

λm i n (Q )
λm a x (P ) .

The closed-loop system (14) is finite-time stable. Therefore,
it follows that every trajectory of system (14) starting at initial
state sj (t0 ) ∈ R with initial time instance t0 reaches the origin
(sj = 0) in a finite time smaller than [29]
T (sj (t0 )) =

IV. SENSOR FAULT MODELING AND FTC DESIGN
In this section, mechanical sensor fault conditions and the
corresponding FTC mechanism, including the fault-detection
technique, are presented.

A. Speed Sensor Fault Modeling





 G 1 +R  

⎧
λ + 4 2 − 4 GL2 − 1
⎪
⎨ Q1 = 2 L
 

Q2 = −2 G 1L+R + GL2 − 1 − (λ + 4 2 )
⎪
⎩
Q3 = 4 .

G1 > −R +

therefore monotonically decreasing if and only if V̇ is negative
definite almost everywhere. Moreover, as the closed-loop system in (14) is discontinuous, its solutions are interpreted as the
ones of the differential inclusion ṡj ∈ f (sj ) obtained when the
set-valued modification of the sign function assigns the interval
[−1, 1] to sj = 0 [37].

2
γ2 1
ln
V 2 (sj (t0 )) + 1 .
γ2
γ1

For the vector control of a PMSM-powered EV, a rotor position sensor is employed to provide the required information
to be used by the control system. The speed sensor fault/failure
leads to unsatisfactory or dangerous behavior if no remedial actions are made. In general, mechanical sensors can exhibit the
following fault models [34]:
1) intermittent sensor connection;
2) complete sensor outage;
3) DC bias in sensor measurement;
4) sensor gain drop.
Generally, these faults can be described as additive
perturbations [38]:
y(t) = y0 (t) + y (t)

(25)

where y is the speed measurement, y0 is the nominal one, and
y (t) represents the fault.
In some recent research works [12], [34], it is reported that
the complete speed sensor outage is one of the most severe faults
that may lead to instability. Therefore, the complete speed sensor
outage in the closed-loop speed control of an EV is considered
in this paper.

B. Sensor FTC Mechanism
(21)

Since s1 ands2 converge to zero in finite time, one gets
t
0 = L1 [bj − G2 0 φ2 (s1 (τ ))dτ ]. Hence, the estimation of back
EMFs is achieved as follows:
 t
φ2 (sj (τ ))dτ.
(22)
b̂j = G2
0

Using the estimated back EMFs, from model (4), the rotor
position and speed signals are computed, respectively, as
 
b̂α
−1
(23)
θ̂e = −tan
b̂β

1
ω̂e =
(24)
b̂2α + b̂2β .
KE
Remark 1: Since V (ξ) is continuous but not locally Lipschitz, the classical version of the Lyapunov theorem cannot
be used. However, it is possible to show that V (ξ) is an absolutely continuous function along the system trajectories, and it is

The overall block diagram of the proposed sensor faulttolerant cruise control architecture is depicted in Fig. 1. The
major steps involved in the FTC design are as follows:
1) The designed robust HOSM observer (treated as a virtual
sensor) estimates the vehicle motor speed in finite time.
2) A fault-detection method based on the estimated and the
measured speeds detects and isolates the eventual sensor fault.
3) A switching strategy (reconfiguration) chooses between the measured and estimated speeds depending on the
detection result.
4) Using either the measured speed (if no fault has been
detected) or the estimated speed (in the presence of fault), a PI
controller achieves the speed tracking control objective.
Using results from the previous section, the fault-detection
scheme, which uses the measured and HOSM estimated speeds
using a threshold, is presented here. One should note that, due to
sensor noise and system parameter uncertainties, there will be a
bounded error between the measured and the estimated speeds.
The threshold selection should also depend on the noise and
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TABLE I
SPECIFICATIONS OF PMSM
Symbol
PW
ω
R
L
KE
P

Fig. 1.

Proposed sensor FTC architecture.

estimation error to avoid false alarms. For the fault detection,
the speed index is chosen as
Rotor speed index : ωe,index = ω̂e − ωe .

(26)

The index value in the absence of a fault will be a bounded
error that will be less than the threshold. For industrial drives,
the minimum operating speed must be determined to select
the threshold value ωe(th) . In practice, the speed threshold is
set smaller than the minimum speed of the drive to identify
the sensor fault. For instance, if the rotor speed index ωe,index
exceeds the preset threshold value ωe(th) , a speed sensor fault
is detected.
Based on the detection result, the reconfiguration strategy
feedbacks either the estimated speed or measured speed to the
feedback controller. The control law that forces the speed to
track the motor speed reference [33] is designed as follows:
 t
z1 (τ )dτ
(27)
ΥPI = P1 z1 + P2
0

Quantity

Value

Rating
Rated speed
Stator resistance
Stator inductance
Magnetic flux linkage
Number of poles

50 [kW]
628 [rad/s]
0.79 [Ω]
0.47 [mH]
0.2709 [Vs/rad]
4

the fault-detection time while avoiding false alarms. Indeed, the
controller successfully manages the control objective since the
fault is detected within a short period of time due to the appropriate selection of the threshold. Adaptive threshold schemes are
considered in [15] and [40], where model uncertainties highly
influence the complex system dynamics. Recently, in [40], a
Luenberger observer-based adaptive threshold is proposed since
the generated residuals may deviate from zero even without any
fault. These time-varying deviations may cause missing or false
alarms, which are not acceptable in the wide speed operation
range of EVs. Here, it should be highlighted that the speed index
is always bounded using an HOSM observer due to its robustness properties and thus does not require an adaptive threshold
to reduce the complexity.
Remark 4: The stability of the system can be established in
the practical sense. As the system is assumed to be healthy
during the initial drive operation, the observer converges in
finite time. Later in the event of a fault, because of the finitetime stability of the proposed observer, the decoupling between
the observer and controller is achieved in the practical sense.
Therefore, the stability of the closed-loop system holds even in
the presence of a sensor fault.
V. SIMULATIONS AND EXPERIMENTAL RESULTS
Computer simulations are performed on a high-fidelity fullvehicle model constructed in CarSim software to provide the
closed-loop behavior of the proposed sensor FTC. Experimental
results are conducted on a three-phase PMSM with a mechanical
load to support the simulation results.

with positive gains P1 , P2 > 0 and

ωeref − ω̂e , if the fault is detected
z1 =
ωeref − ωe , otherwise.

A. CarSim Results

Remark 2: Since the proposed HOSM observer provides an
estimate of a speed sensor in finite time, the stable aforementioned controller design achieves the speed tracking control objective either in faulty or in healthy sensor operations.
Remark 3: The controller output ΥPI may be saturated if the
reference speed is given a large step change or if a large external
torque is loaded. The controller gains P1 and P2 are properly
tuned to minimize the speed tracking error z1 .
For the state-driving cruise control problem, complete sensor
outage or abrupt sensor faults are commonly detected in the
literature using a fixed threshold [32], [39]. However, a possible large fault-detection time may occur due to the use of a
fixed threshold. Here, the threshold is carefully tuned based on
the minimum operating speed of the drive in order to minimize

The CarSim simulations are performed to analyze the closedloop responses of vehicle dynamics under vehicular disturbances by using the developed sensor FTC approach. The employed CarSim vehicle (front-wheel drive A-class, Hatchback)
consists of nonlinear tire dynamic models and also takes the suspensions and steering effects. The vehicle under consideration
has an autonomous front suspension system. The specifications
and parameters of the PMSM used are given in Table I.
In the simulations, it can be seen that the cruise control action is activated when the controller and motor dynamics in
the closed loop reach their steady state. To demonstrate the effectiveness of the proposed approach, two different reference
speed profiles are considered in which faults are applied in two
situations: one during the constant speed drive operation and
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Fig. 2. FTC for a given speed profile with a sudden aeroforce load
applied at t = 33 s. (a) Aerodynamic force applied. (b) Motor torque.
(c) Actual motor speed. (d) Vehicle actual and reference speeds. The
zoomed-in portion from t = 32.5 s to t = 37.5 s is highlighted. (e) Vehicle
speed error.

the other during the ramp speed drive operation. The HOSM
observer requires the tuning of four positive gains G1 , G2 , G3 ,
and G4 . The bound of the rate of change of the perturbation was
estimated as ρα β = 5.5, which is verified a posteriori through
numerical simulations. This procedure is usually employed in
sliding mode applications [29]. With regard to this bound, the
constant gains can be selected as G1 = 0.9, G2 = 50, G3 = 16,
and G4 = 8. It can be seen that the chosen gains satisfy
the following:
⎧
G1 > −R + 2 λL (λ + 4 2 − 1)
⎪
⎪
⎪
⎪
⎪
⎨ G2 > L λ + 4 2 + 2 G 1 +R
L
√
(28)
2ρ
(G
+R
)
j
1
⎪
⎪
G
≥
⎪
3
G1
⎪
⎪
⎩
G1
G4 = GG13 +R
.
If the gain G1 is high, it results in a large control input (possible
saturation in practice); however, the convergence rate becomes
higher, which is used to compromise between the size of control
and convergence rate. Further, the gains G2 and G3 are tuned
to compromise between the robustness and size of the control.

Fig. 3. FTC for a given speed profile with an aerodynamic load at
t = 33 s and a speed sensor fault at t = 37 s. (a) Motor torque. (b) Speed
index and threshold. (c) Actual motor speed after reconfiguration: The
zoomed-in portion from t = 34.5 s to t = 39.5 s is highlighted. (d) Longitudinal vehicle actual and reference speeds. (e) Vehicle speed error.

A tradeoff between robustness, rate of convergence, and size of
the control should be determined to tune the parameters. The
speed threshold is chosen as ωe(th) = 50 rad/s. Furthermore, the
speed controller (PI) gains can be selected to minimize the speed
tracking error as P1 = 6.0 and P2 = 15.
1) Case 1: In the first simulation, it is considered that the
vehicle is moving on a flat and dry road. Fig. 2 depicts the
performance of the developed approach when the vehicle speed
reference is set from 90 to 120 km/h in the presence of a sudden
aerodynamic load force (three times the normal aerodynamic
force) applied at t = 33 s onwards. Fig. 2(a) shows the applied
aerodynamic force and Fig. 2(b) shows the corresponding motor
torque Te , in which a significant effect of aerodynamic force can
be clearly observed. The actual motor speed ωe in the presence
of a sudden aerodynamic force is shown in Fig. 2(c). Furthermore, the vehicle’s actual and reference speeds, vs and vsref ,
respectively, are depicted in Fig. 2(d). It can be clearly seen that
the vehicle speed accurately tracks the reference speed even in
the presence of a sudden aerodynamic load. The vehicle speed
error is shown in Fig. 2(e).
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In the second simulation, Fig. 3 depicts the performance of the
developed approach under an aerodynamic load and an abrupt
motor speed sensor fault. An aerodynamic load is applied at
t = 33 s and a speed sensor fault is applied at t = 37 s. As soon
as the motor speed sensor fault is properly diagnosed using the
HOSM observer speed, the motor speed is controlled by a speed
controller to provide a torque input shown in Fig. 3(a). Furthermore, Fig. 3(b) shows the speed index and the corresponding
threshold to detect the faulty measurement speed. The actual
(reconfigured) motor speed under a sudden faulty sensor speed
is depicted in Fig. 3(c). The corresponding vehicle speed and its
reference are shown in Fig. 3(d), despite the motor speed sensor
fault. The vehicle speed error is shown in Fig. 3(e). Therefore,
it can be observed that the vehicle speed tracks the reference
accurately even in the presence of a motor speed measurement
fault, which shows the effectiveness of the proposed speed sensor fault-tolerant cruise control for the considered EV scenario.
In the third simulation, the robustness of the proposed method
is verified in the presence of road roughness, an aerodynamic
load, and a speed sensor fault, as depicted in Fig. 4. A Class D
road profile is generated according to the International Organization for Standardization, in which standards of road roughnesses are classified into different road classes. The generated
Class D road profile data are provided as an input for the vehicle
simulation. Fig. 4(a) shows the motor torque of an EV under the
road roughness profile. The load torque contains noise due to
the roughness in the road profile. Fig. 4(b) represents the preset
speed threshold and the corresponding speed index, which detects the faulty measurement speed. The actual (reconfigured)
speed of the motor in the presence of a speed sensor fault is depicted in Fig. 4(c). The estimated speed is engaged (or switched)
in the sensorless controller when a speed sensor fault occurs.
The transition between the sensor and the observer’s estimation
with the help of a proper threshold is smooth, which resembles
the validity of the developed sensor FTC method. However, due
to the existence of noisy measurements, the actual speed of the
motor also contains noise. Moreover, the corresponding vehicle
longitudinal speed in the presence of roughness is depicted in
Fig. 4(d), which accurately tracks the vehicle reference speed.
The corresponding vehicle speed error between the reference
and actual, as shown in Fig. 4(e), is low, which proves the stability of the overall closed-loop sensor FTC. It can be pointed
that the proposed FTC scheme provides a good rotor speed in the
presence of noise as the EV operates smoothly even in the presence of vehicle vibration characteristics due to the roughness in
the road profile. The considered road profile for the simulation
is depicted in Fig. 4(f).
2) Case 2: To further prove the effectiveness of the proposed sensor FTC, a ramp-change vehicle speed profile varying between 90 and 120 km/h is considered. The proposed approach is tested in the presence of an aerodynamic load (three
times the normal aerodynamic force) and road roughness, as
shown in Fig. 5. Fig. 5(a) shows the generated motor torque and
Fig. 5(b) shows the corresponding speed index and its threshold. The actual motor speed (after reconfiguration) is depicted
in Fig. 5(c). Fig. 5(d) represents the vehicle reference and actual
speeds achieved with the developed FTC architecture. The actual
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Fig. 4. FTC under road roughness for a given speed profile with an
aerodynamic load at t = 33 s and a speed sensor fault at t = 37 s.
(a) Motor torque: The zoomed-in portion highlights the effect of the road
roughness profile. (b) Speed index and its threshold. (c) Actual motor
speed after reconfiguration. (d) Longitudinal vehicle actual and reference speeds: The zoomed-in portion from t = 34.5 s to t = 39.5 s is
highlighted. (e) Vehicle speed error. (f) Road profile.

vehicle speed follows the reference (desired) speed in the presence of a sudden motor speed sensor fault. The zoomed-in
portion of the speed reconfiguration is highlighted and shown
in the same plot. The corresponding vehicle speed error and
considered road roughness are depicted in Fig. 5(e) and (f).

B. Experimental Validation
To show the effectiveness of the proposed HOSM observer
with fault detection of the motor speed sensor in a real-time
vehicle control scenario, an experimental validation with the
following motor specifications is presented. A three-phase
PMSM of TBL-i model TS4632N2050E510 powered by a
smart power module (switching frequency is 15 kHz) is set up
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Fig. 6.

Overall experimental setup.

TABLE II
SPECIFICATIONS OF PMSM
Symbol
PW
T
ω
R
KE
L
P

Fig. 5. FTC under road roughness for a given speed profile with
an aerodynamic load at t = 25 s and speed sensor fault at t = 29 s.
(a) Motor torque. (b) Speed index and its threshold. (c) Actual motor
speed after reconfiguration: The zoomed-in portion highlights the effect
of road roughness. (d) Longitudinal vehicle actual and reference speeds.
(e) Vehicle speed error. (f) Road roughness profile.

in the laboratory, as shown in Fig. 6. A 32-bit floating point
TMS320F28335 DSP is utilized as the controller and the space
vector pulse width modulation is employed as it is the most
reliable modulation technique. An incremental encoder of 2000
pulses/rotation is used to measure the actual motor speed. The
specifications and parameters are provided in Table II.
In order to validate the results obtained in the CarSim software, the mechanical inertia load (JL = 0.0746 kg · cm2 ) is
accordingly added on the real PMSM rotor shaft to maintain
a similar power-to-torque ratio to that achieved on the simulated car. The mechanical load is fixed to the rotor shaft of the
PMSM drive. For a speed profile of 135–185 rad/s, the real
PMSM with an applied inertia load produces a motor torque of
0.017– 0.027 N·m, which is approximately similar to the CarSim

Quantity

Value

Rating
Torque
Rated speed
Stator resistance
Back EMF constant
Stator inductance
Number of poles

26 [W]
0.062 [N·m]
418 [rad/s]
2.0 [Ω]
0.156 [Vs/rad]
0.51 [mH]
8

vehicle motor power-to-torque ratio in the presence of vehicular load disturbances (see Fig. 5). This means that the PMSM
is driving with the same power-to-torque ratio under loading
and parameter variation conditions as that of the vehicle PMSM
employed in CarSim. In the experiments under a similar powerto-torque ratio, the real PMSM torque is driving the same ratio
of load as that employed in the CarSim vehicle powered by a
PMSM. Although the real PMSM is not subjected to all load
torque dynamics of a real EV, it is intended to show the validation of the proposed approach with a considered mechanical load
under parametric uncertainties. Therefore, by performing the experiments on a real PMSM with respect to the power-to-torque
ratio obtained in CarSim, it can be justified that the EV gives
similar performance under real conditions (actual load torque
dynamics) in the presence of considered speed sensor faults.
In other words, the scaled-down motor (26-W PMSM) performance shows the effectiveness and reliability of the proposed
approach with a similar power-to-torque ratio to that obtained
in the CarSim vehicle (50-kW PMSM). The HOSM observer
gains are selected as follows: G1 = 0.5, G2 = 40, G3 = 25, and
G4 = 4.5. The speed threshold value is set to ωe(th) = 15.
The performance of the proposed HOSM observer for ramp
and sudden change speed profiles varying between 135 and 185
rad/s is shown in Figs. 7 and 8. The actual and estimated currents for a ramp-change speed profile are shown in Fig. 7(a) and
(b), which are identical in phase and magnitude. Despite the
noisy currents, the back EMFs shown in Fig. 7(c) are relatively
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Fig. 9. Estimation using a high-speed SMO with a low-pass
filter for a ramp-change speed profile. (a) Estimated back EMFs.
(b) Estimated speed.

Fig. 7. Estimation using HOSM observer for ramp-change speed
profile: (a) Actual currents. (b) Estimated currents. (c) Estimated back
EMFs. (d) Estimated speed.

Fig. 10. Fault detection of a speed sensor for a ramp speed profile.
(a) Reference and actual speeds. (b) Speed index and its threshold.

Fig. 8. Estimation using an HOSM observer for a step-change speed
profile. (a) Estimated back EMFs. (b) Estimated speed.

smooth. The corresponding speed estimate is algebraically computed from the back EMFs depicted in Fig. 7(d). Due to the
existence of noise in current measurements, the estimated speed
also contains noise. Several experiments have been conducted
to verify the robustness of the proposed observer by varying
±10% of the motor parameters (R and L) and similar performances have been observed for a step change in the speed.
Fig. 8(a) and (b) shows the estimated back EMFs, which are
obtained using the HOSM from (22), and the corresponding estimated speed. For comparison, the performance with the recent
high-speed SMO [24] with a sigmoid function under a rampchange speed profile is depicted in Fig. 9. Fig. 9(a) shows the

estimated back EMFs, which are obtained with the use of a lowpass filter, and Fig. 9(b) depicts the estimated speed, which still
contains the chattering phenomenon. The main drawbacks of
this observer is the use of a low-pass filter to smoothen the back
EMFs and less steady-state accuracy due to the observer gain for
variable speeds.
Fig. 10 shows the fault-detection performance when the motor is driving with a load of JL = 0.0746 kg · cm2 . To evaluate the performance of the fault-detection algorithm, a sudden
speed sensor fault is applied at t = 0.5 s, as shown in Fig. 10(a).
Then, the corresponding speed index is more than the selected
threshold value ωe(th) , as depicted in Fig. 10(b). Therefore, a
speed sensor fault is detected when the speed index ωe,index exceeds its threshold value. When the sensor fault is detected,
the estimated speed can be provided as a feedback to achieve
the continuous operation of the drive. Further, the proposed
HOSM-based fault-detection approach is compared with the
recently proposed high-speed SMO-based fault detection technique in Fig. 11. Fig. 11(a) shows the reference speed and measured speed, where a fault is applied at t = 0.5 s. Then, the
corresponding speed index exceeds the threshold, as depicted in
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approach within a short time, until the speed index crosses the
threshold value. However, this detection time can be minimized
with a proper selection of the preset threshold.
VII. CONCLUSION

Fig. 11. Fault detection of a speed sensor using a high-speed SMO for
a ramp speed profile. (a) Reference and actual speeds. (b) Speed index
and its threshold.

Fig. 11(b). Due to the steady-state error obtained with the observer, the threshold must be set higher than the previous value
to avoid the false alarms. Major drawbacks/observations with
this approach are as follows: Though the high-speed SMO uses a
sigmoid function, it still requires a low-pass filter (design traded
off) to smoothen the back EMFs, whereas our HOSM observer
provides smooth estimation of back EMFs without requiring an
external low-pass filter. Furthermore, the threshold must be set
high due to the steady-state speed error. Hence, the efficiency
of the fault-detection scheme is decreased.
VI. DISCUSSION
The proposed results of this paper provide the automatic vehicle speed control to track its reference speed in the presence of
motor speed measurement faults and external vehicular disturbances, which reduces the driver fatigue and improves comfort
for long drives across highways and sparsely populated roads.
A threshold-based fault-detection technique using the robust
HOSM observer (giving reduced chattering and finite-time convergence) is employed for the reconfiguration to provide the
fault-tolerant motor torque for an EV.
The proposed HOSM observer gains (G1 , G2 , G3 , and G4 )
selection is important during the implementation. For a desired
speed range, the observer gains have to satisfy the conditions in
(28). The observer gains must be appropriately chosen depending on the motor speed operation. However, the observer gains
that are tuned for a particular speed of operation work well for
the wide speed range.
It is well known that the algorithms relying on threshold
values are sensitive. Therefore, the threshold value is selected
so as to avoid the false alarms caused by loading conditions,
machine parameters, load transients, etc. In this paper, two different threshold values are used in simulations and experiments
according to the motor ratings and loading characteristics.
The effectiveness of the developed sensor FTC approach with
sudden or abrupt speed sensor faults by using a threshold value
is presented. One should note that the incipient (and/or intermittent) sensor faults can also be detected using the proposed

This paper presented an HOSM-observer-based sensor FTC
approach for EVs using a variable load torque of the PMSM
drive. This HOSM-based realization provides the fault-tolerant
motor torque for an EV to automatically regulate the vehicle
speed to a desired vehicle reference whenever a fault occurs in
the speed sensor. Various vehicle reference speeds with motor
speed sensor faults were chosen to control the actual vehicle
speed in the presence of vehicular disturbances using the proposed FTC approach. CarSim results on a flat and dry road with
a road roughness profile and in the presence of aerodynamic
loads confirmed the effectiveness of the proposed HOSM-based
sensor FTC architecture. Experimental validation was reported
to justify the working of the proposed HOSM observer and
fault-detection approach in a real-time EV scenario.
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