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Abstract: The design of electrical drives capable of tolerating sensor faults has recently become very popular due to
their possible use in Fault Tolerant Control systems. This paper introduces a virtual speed sensor design based on a
nonlinear state estimation algorithm for fault-tolerant vector control for Induction Motor Drives after speed sensor
faults. The rotor speed estimator is realized by integrating the Unscented Kalman Filter (UKF) and the Sliding Mode
Observer (SMO) based only on the measurements of the stator current and voltage. This proposal is dedicated to
maintain the proper behaviour of the Indirect Rotor Field Oriented Control of the induction motor drive, where it is
necessary to switch to the nonlinear estimators as a result of damage to the speed encoder. Simulation studies of the
proposed fault tolerant design are performed in the case of total and partial losses of the speed sensor in a closed loop
control structure for different operating conditions of the drive system. Fault-tolerant designs based on the UKF and
the SMO estimators show good performance in the presence of speed sensor faults in terms of stability, overshoot
rate (less than 10%), and trajectory tracking over low and medium speed range. However, the SMO performance is
reduced for high-speed operation (wr >1400rpm) over the UKF which maintain good performance over the entire

493

speed range.
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Notation list

id/il : Stator current in d / g axes
o2/l :Rotorfluxind/qaxes
w, | w,y : Real / Faulty rotor speed measurement

R, /R, : Stator / Rotor resistance

Lg/ L./M  : Stator / Rotor/ Mutual inductance
T, /T : Rotor/Stator time constant

J : Rotor inertia

P : Pole-pair number

T, : Sampling time
X /Y /Uy State/output/input vector at step k

L

O+ : ith sigma point at step k

a;,k- : Projected sigma point using the
function f

X+ /X~ : State estimate/prediction at step k

K, : Kalman gain at step k
P+ : The covariance matrix at step k
P,,x : Covariance matrix of innovations
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Py,x : The cross-covariance matrix between the
state estimate errors and innovations

W!  : Weight associated with the ith sigma point
Q/R : Covariance matrix of state/measurement
noise

1. Introduction

Today's demand for reliability and safety has
been increased in most automation control.
Consequently, it is necessary to develop control
systems that have the ability to self-adjust to
malfunctions and maintain overall system stability
and availability while maintaining acceptable and
satisfactory performance [1, 2].

In most industrial systems, the use of sensors is
unavoidable [1, 3]. They provide the controllers
with the required data to make decision. However,
these sensors are subject to numerous failures,
which affect system performance [3, 4]. In vector-
controlled Induction Motor Drive (IMD) systems,
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current and voltage sensors are required to ensure
the proper operation of the control strategy. Usually,
these components are sensitive and can break. The
performance of the IMD with estimation algorithms
remains stable even if they do not utilize the
physical voltage sensor, but they cannot work
properly without the data from the stator current
sensors [5]. Rotor speed sensor is considered as the
main important sensor used in the IMD. The
accuracy of the signal from this component is
crucial, but very sensitive to the current drive and
weather conditions [3] which leads to unsatisfactory
behavior of the whole system. Consequently, the
topology of the system must be changed if the speed
sensor is damaged [6, 7].

The classical methods for detecting sensor faults
were based on hardware redundancy [8, 9], so that
the signals from the faulty sensors are compared to
the generated fault indicators to detect fault
occurrence. Once the fault is confirmed, a
reconfiguration action is made to eliminate the fault.
Hardware redundancy is simple and direct, but very
expensive and a heavy solution. The use of
additional components increases the complexity of
the whole system and poses numerous diagnostic
problems [7, 10].

With the discovery of electronic computers,
model-based approaches have attracted researcher's
consideration. This has led to adopting the concept
of analytical redundancy where virtual sensors
(estimators, filters, and observers) have been
employed to estimate rotor speed, internal states,
and machine parameters [11, 12] using the inputs
and outputs of the system [13, 15].

In order to maintain acceptable performance and
preserve the stability of the whole IMD with faulty
speed sensor, a variety of Fault Tolerant Control
(FTC) strategies have been proposed. These
strategies are mainly divided into two groups:
Passive-FTC (PFTC) and Active-FTC (AFTC) [16].
In PFTC approaches, faults are handled as limited
non-structural uncertainties [17, 18]. The design of
the control scheme is required to be robust only to
specified faults. Thus, fault detection and estimation
issues are also not involved. Contrary to PFTC,
AFTC would require an FDI block in order to
estimate, detect and isolate fault signals [19].

To detect speed sensor faults, most diagnostic
methods use the difference between the measured
and the estimated rotor speed signals. When this
error exceeds the selected threshold, the detection
algorithm confirms the occurrence of faults in the
speed sensor. Recently, a number of published
papers have appeared in the literature documenting
the FTC of the speed sensor, as in [20]. In this paper,
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authors have applied the EKF to compare rotor
speed measurements and their estimates to diagnose
the state of the speed sensor. Furthermore, the
authors have proposed hybrid-EKF and GIMC
design for the reconfiguration actions. In [21],
authors have applied the adaptive stator flux
observer to estimate the rotor speed. Based on the
error between the measured and estimated speed
signals, the FDI algorithm makes decision regarding
the  occurrence or non-occurrence of a
malfunctioning condition. At the same time, the
error is refined by a low-pass filter and checked
against the selected threshold. Authors in [22]
integrate the MLV algorithm for detecting and
isolating speed sensor faults. In this algorithm, the
likelihood coefficients of a feedback measured
speed using the physical sensor and two virtual
signals from the EKF and ELO are integrated to
diagnose the occurrence of a speed fault and
maintain the normal operation of the drive system
for a wide speed range. Authors in [18], have
utilized the stator currents to evaluate the health of
the mechanical speed encoder. This technique
permitted to separate the reconfiguration and
diagnosis steps so that the estimated currents are
used for fault detection step, and the speed
sensorless control is used in the reconfiguration step.

The main contribution of this work is to perform
an effective virtual speed sensor design for fault-
tolerant vector controlled IMD with faulty speed
sensor based on the use of the Unscented Kalman
Filter (UKF) algorithm. This algorithm is considered
as the minimum mean square error and the reduced
computational burden. Synthesized UKF algorithm
was used to estimate, detect and isolate the speed
sensor fault in order to maintain the stability and the
normal behaviour of the IRFOC IMD system even if
the speed sensor is damaged. To improve the
validity of the proposed diagnosis algorithm, the
UKF algorithm was compared with the SMO
algorithm (detailed in the appendix) in term of
stability and trajectory tracking.

The rest of this work is organized as follows:
SECTION 2 introduces the IM dynamic model and
details the SMO and the UKF algorithms for IM
state estimation, SECTION 3 presents the FTC
design for speed sensor fault-tolerant vector control
of IMD, and SECTION 4 provides simulation
results of the proposed FTC structure.

DOI: 10.22266/ijies2023.0228.43



Received: September 10, 2022.

2. State estimation of the Induction Motor
(IM)

2.1 Nonlinear state estimation observers

IM state space representation Eq. (1) is
established by considering the equations of state for
stator currents, rotor flux and rotation speed in the
d/q reference frame rotating with the synchronous
speed ws. The model is controlled by the stator
voltage and load torque. The chosen output variables
are the stator currents as in Eq. (2) [10].
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Where ufq and ifq represents the stator voltage and

the current in d/q axis; <pfq is the d/q axis rotor
flux; w, is the rotor speed; C, is the load torque; A €
R™ ™" refers to the state matrix; B € R™™ s the
input matrix; C € RP*™ is the output matrix; X €
R™ is the state vector; U € R™ is the control input

{X i AX+BU+V @ vector; Y € RP is the output vector; V € R" and
Y=CX+DX+W W, € R™ are the process and measurement noises ;
With (n,m,p) € N are the number of states, number of
inputs and the number of outputs, respectively.
The continuous form in Eq. (1) is discretized by the
first-order Euler approximation Eq. (3). The detailed
discrete state space form of the IM is as in Eq. (4).
Ay = eTe ~ [ + AT,, By— BT, (3)
[ BTe
1+al, wT, = Bw,T, 0
T
PTe § 0 0
—wsT, 1+ aT, T, — 0
Wsle ale Bw,T, T, [O 5 0 1
_| MT, Te 00 O
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0 ¢ —w T, 1-=2 0 00 7T
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. . fT.
0 0 —VYTeisq VTeisa 1-— Te
N Tk
— N b
Ay Cr By, 4)
a8 - N\
1 0 000
Ne=[g 1 o o ol XXkt Wi

The following factorizations have been adopted
to simplify the state equations:

1/1  1-0 1-o
a=——\- ] B =
o \1; Tr oM
T MZ 2
60=—%,0=1- VY = P 5)
oLs LgLy JL,

Where R(R,) is the stator (rotor) resistance;
Ls(L,) and M are the stator (rotor) and the mutual
inductances; p is the number of pole pairs; ] is the
total inertia; f is the friction coefficient; z,. is the
rotor time constant; o is the total leakage
coefficient; T, is the sampling time.
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2.2 Unscented Kalman filter (UKF)

The Unscented Kalman Filter (UKF) is a non-
linear estimation algorithm proposed by Julier and
Uhlmann [9]. It differs from the Extended Kalman
Filter by the fact that its algorithm does not require
the step of linearization of the non-linear f-transition
and h-measurement functions. It therefore allows to
surmount the tedious and delicate calculation
problem of Jacobian matrices in certain cases [10].
Its principle relies on the Unscented Transformation
(UT), which allows the successive calculation of the
mean and the posteriori covariance of the state, by
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creating a finite number of points called "Sigma
points”, which depend on the size of the state vector.
The operating steps of the UKF algorithm are as
follows:
= Compute the 2n+1 sigma points to be
propagated, noted c{< and composed of 2n+1 state
vector. These sigma points are obtained by:

i
Op—1+ ~
Xg—1+ =0

i=
= Xiopt +J(+Y)P_+; 1 <i<n

Xt =+ Y)Pp_pt|ymn + 1< i < 2n
(6)

Where g,+ € R™?"*1 are the sigma points at
time k; n is the dimension of the state vector; y is a
scaling parameter; x; corresponds to the itk column
of the matrix x.

= Transform sigma points using system
dynamics

0} - = fi(op_yv , Ug) @)

= Set the weight vector

r i=0
; n+y !
wh={"] 1o (8)
T , i=1..2n

= Calculate the mean and the covariance
B =3 Wiaf - ©)
= Next, the observation covariance matrix

Pooie = X2 W (0} 1~ — Yiem) X (0 p- — BT
(10)

= On the other hand, the state/measurement
Cross covariance matrix

sz,k = 21220 Wi (O-}Jc‘ - Xk‘)
X (0h - —Y%)T+R (11)

= and then the Kalman gain is calculated by
the equation:

Ky = sz,k P_lzz,k (12)

= Finally, the updated states and covariance
matrices are determined by:

International Journal of Intelligent Engineering and Systems, Vol.16, No.1, 2023

Revised: December 12, 2022. 496

Xk+ = XAk- + Kk(yk - CXAk-)
Py+ = Pi= — [Ky Py KkT (13)

3. Speed sensor fault-tolerant vector control

3.1 Speed sensor fault modelling

When the speed encoder is damaged, the
measured signal can be modelled by a progressive
bias on the real speed values due to the variations of
the sensor internal parameters, its expression is as in
Eq. (14) [20, 23]:

Wy = wr(1—-7) (14)

Where w,f is the faulty measurement, w, is the
real rotation speed and vy is the sensor gain.

For different values of y, two kinds of faults can
be distinguished:

Total sensor loss (y = [0, 1]): This fault consists
of cyclic interruptions of the sensor.

_ (@, if  t<t 15
Wrr {0 else (15)

Where t represents the fault occurrence time.

Gain fault: This fault consists of a partial
decrease in the actual rotation speed. Its expression
is as follows:

Wrf = { [1 — % (1 — e‘(t‘tf))] w,, else (16)

3.2 Proposed speed fault detection and isolation
strategy

The bloc diagram of the proposed fault-tolerant
vector control structure is shown in the Fig. 1. It
includes the IRFOC vector control strategy, the
virtual observers (UKF or SMO given in the
appendix), the physical speed encoder and the
virtual fault-tolerant design.

The fault detection and isolation strategy of the
speed sensor is based on the use of the non-linear
state estimation observers (SMO or UKF). The
detection algorithm consists of the following four
steps (Fig. 1):

1. In the first step, the estimated and measured
rotation speeds are compared to calculate the
residuals (23):
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Figure. 1 Bloc diagram of the proposed FTC unit in the presence of broken speed sensor

w, if t <t
Wry = [1 —%(1 — e‘(t‘tf))] w, else (17)

2. In the second step, the residuals are
compared to the detection threshold. The threshold
must be well chosen to maintain good performance
and avoid false alarms. This is an important task that
determines the minimum level of error that can be
detected. They can be set experimentally on the
basis of fault-free behaviour.

3. If the difference between these signals is
greater than the threshold, a logic algorithm can
detect speed sensor dysfunction.

(1 if R,—¢>0
F_{O else R,—¢e<0 (18)
4. The final step of the detector is to isolate the
fault, if the fault is confirmed, by replacing the
sensor with the speed estimator.

F=0
F=1

_ (o, if
Wrf = {&)} else (19)

4. Simulation and results

The implementation of the IRFOC vector control
model has been performed in Matlab/Simulink
(2013a) for a 1kW IM whose parameters are
presented in the Table 1. The sampling time is
chosen to be equal to T, = 10~ 5sec. To monitor the
behavior of the system in case of speed sensor fault,
the encoder will be subject to two types of faults:
Partial and total loss of the speed sensor. To
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Table 1. Parameters of the IM tested in the simulation

Parameter Value
Voltage 400 V
Frequency 50 Hz
Stator winding resistance 6.8 Q
Rotor winding resistance 543 Q
Stator inductance 0.3978 H
Rotor inductance 0.3558 H
Mutual inductance 0.3558 H
Number of pole pairs 2
Total rotor inertia 0.02 kgm2
Fraction coefficient 0.0025 Nmsradl

demonstrate the effectiveness of this solution over
any given operating point, the simulation results
were tested over a wide speed range
(50—700—1475rpm).

4.1 Impact of broken speed sensor

In order to illustrate the impact of the faulty
speed sensor on the IRFOC IMD system, faults
given by Egs. (21) and (22) were applied for
different operating points of the machine, in
particular when the machine is working without load
(Fig. 2 and 4) but also when the machine is loaded
(Fig. 3 and 5). For each type of fault, a degraded
behaviour is observed.

= Total sensor loss: This fault occurs at t €
[6,27]s and was modelled by a periodic
breaks/recovery (T=9s, a=60%) of the mechanical
sensor signal. As soon as the fault is applied, the
electromagnetic torque (in blue) reaches values
greater than the maximum value that the machine
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can tolerate (given in red) (= Cop(F) >4 x
Cem(H)) as shown in part (d) of Fig. 2 and 3.
Moreover, as shown in part (c) of Fig. 2 and 3, the
flux in the machine diverges and the speed of the
machine is unknown (part (b) of Fig. 2 and 3). We
no longer have any feedback on the speed, and it is
no longer controlled. The system does not work
correctly anymore and tends to diverge. Also, the
estimated rotor speed quantities (by the UKF or the
SMO) diverge due to the unobservability of the IM
at zero speed (part (a) of Fig. 2 and 3).

On the other hand, when the sensor recovers its
healthy state, the tracking of the reference speed
trajectory shows large overshoots which is greater
than two times the rated IM rotation speed leading
to its destruction.

A shutdown is then imperative in order to

preserve the IMD.
Gain fault: This fault occurs at t € [10,22]s and was
modeled by a drop in sensor gain (-20%). When this
fault appears, the speed feedback is erroneous (Fig.
4(a) and 5(a)) and then the rotation error is no longer
negligible in both loaded (Fig. 5(b) and unloaded
working conditions (Fig. 4(b)). The speed response
estimation does not follow the reference speed and
errors in the estimation are large (Fig. 4). The flux in
the machine is no longer constant and does not reach
the setpoint (Fig. 4(c) and 5(d)). The torque
produced by the machine is varying correctly, but it
shows non-negligibleripples which cause the
vibration of the machine (Fig. 4(d) and 5(d)).

Uncertain and imprecise behavior of the system.
Shutdown is desired.

4.2 Setting up the speed sensor fault-tolerant
design

Two FTC versions are developed and compared.
The first utilizes the UKF algorithm and the second
is using the SMO algorithm. The detection threshold
is set experimentally to € = 60 rpm on the basis of
a fault-free behavior to avoid false alarms. The
effectiveness of the proposed FTC structures is
tested in the presence of Gain fault and total sensor
loss.

= Gain fault: A partial loss in the speed sensor
signal (-20%) is applied at t = 10s. When the fault
occurs, the measured rotor speed decreases (known
as wy in part (a) of Fig. 8) and thus, the error
between the measured and the estimated speed
become higher than the threshold value
(Rsmo& Rykr » 60 rpm) as described in part (b)
of Fig. 8. As a result, the detection flag F turns to 1
which indicates the occurrence of the fault (part (c)
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Figure. 2 Total loss of the speed sensor (duty cycle
a=60%, period T=9s at t=6s) for no-loaded IM. Rotation
speed (rpm) (a), rotation error (rpm) (b), Flux (Wb) (c)
and the torque (N.m) (d). (F) and (H) are quantities in
faulty and healthy operations, respectively
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0=60%, period T=9s at t=6s) for loaded IM. Rotation
speed (rpm) (a), rotation error (rpm) (b), Flux (Wb) (c)
and the torque (N.m) (d)

of Fig. 8). Following this change, speed response
feedback is quickly switched to the speed estimators
presented by the UKF and SMO to maintain the
stable behavior of the system. When the topology
changes, an acceptable overshoot (< 10%) appears
on the IM states but the system maintain good
performance in terms of stability and trajectory
tracking. In the FTC design using the SMO
algorithm, the reticence effect is visible at t = 10s
and for high-speed operation (w, = 1400 rpm) as
shown in the part (d) of Fig. 6. The part (a) of Fig. 7
demonstrates that the flux passing through the
machine remains constant and equal to the set value.
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The torque is quickly corrected and remains at 0 for
unloaded condition (Fig. 7 part (b)).

= Total sensor loss: This fault occurs
during t€ [6,27]s . When the sensor signal
information is lost, the flag goes to 1 and the
reconfiguration action is activated. The speed
feedback switches to analytical redundancy (UKF or
SMO) to maintain operation. For this type of fault,
the detection and isolation structure show good
performance in terms of stability, overshoot rate,
and trajectory tracking over the entire speed range
(Fig. 8 and 9).

Unloaded IM (Cr=0N.m)
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5. Conclusion

In this paper, a novel virtual design for fault-
tolerant vector control for IMD system with broken
speed sensor has been proposed. This solution is
based on the analytical redundancy algorithms
(nonlinear UKF) to estimate, detect and compensate
speed sensor faults in order to ensure the
performance of the drive system. The validity of the
proposed strategy was tested over the entire speed
range, when the IM is loaded and loaded. The loss
of the speed encoder is quickly detected and
compensated. The proposed FTC design is simpler
than the other diagnosis methods. Simulation results
proved the superiority of the UKF over the SMO in
terms of stability and speed trajectory tracking
especially for high-speed range.
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