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Abstract: In this study, a new model-based fault detection and isolation (FDI) strategy is proposed for field-oriented control
(FOC) induction motor (IM) drives. Actuator faults are addressed, and specifically, single open-circuit faults are considered in
this study. The residual signals are synthesised by taking the resulting closed-loop dynamics when a FOC strategy is applied,
that is, the residuals are referenced to the synchronous reference frame (dg°-coordinates), which are generated by using a bank
of variable structure observers to obtain a robust FDI scheme. Thus, subsystems sensitive to a specific fault, but decoupled
from other faults are obtained in a natural way, where only two stator currents and the mechanical position are required for
fault isolation purposes. Residual evaluation is carried out in the stator reference frame (dg-coordinates) for the IM model,
where the residual direction (angle) is employed to isolate a fault in each one of the six power switches in a voltage source
inverter. In addition, the observer FDI scheme can be combined with a fault re-configuration strategy in order to improve the
reliability of the motor drive. Experimental results are illustrated for a three-phase 3/4 HP IM drive at different reference

frequencies and load torques with single open-circuit faults that verify the ideas presented in this work.

1 Introduction

Reliability is an important factor in modern variable speed
drives, specially if the automated process is handling
critical loads which could not tolerate a sudden stoppage.
Factors such as transients, heavy loads and environmental
conditions are the main stresses on this kind of systems. In
[1], it is mentioned that around 38% of the faults in
variable speed ac drives are because of failures in the power
devices. In addition, according to Yang et al. [2], the
semi-conductor devices are the most fragile components in
power electronic converters. Hence, power electronics
reliability is an important issue, and clearly an area with an
active research community, see for example [2—4]. In this
context, a novel model-based fault detection and isolation
(FDI) scheme for power converter faults in voltage source
inverters (VSI), feeding induction motors (IM) is proposed
in this paper (see Fig. 1). Inverter power switch faults are
divided into open-circuit F; and short-circuit F,. In this
study, only single open-circuit faults on the semi-conductor
devices (IGBT’s) in the VSI are considered, which are
denoted by switches sw; — swg in Fig. 1. In fact,
this restriction does not limit the applicability of the
proposed approach, since short-circuit faults trigger the
over-current protections in the VSI (see Fig. 1), and as a
consequence, the dynamic effect is equivalent to an
open-circuit fault.
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Some FDI methods for open-circuit faults have been
previously suggested in literature [5-16]. For example, in
[5] a fuzzy logic FDI system for open-circuit faults in
PWM-VSI IM drives was proposed. The dg current
trajectory is used in order to obtain the F fault features. At
the same time, fuzzy logic is suggested to isolate the six
faults related to each switch in the VSI. In [6], once more
the motor line currents in the stator reference frame are
used (dg-coordinates). In this case, intermittent misfiring
faults are diagnosed by wusing a pattern recognition
philosophy. In both cases [5, 6], only an evaluation in
open-loop V/Hz operation has been addressed. However, as
was shown in [7], the dg current trajectory is seriously
affected when the IM drive is operating under a closed-loop
control action. In this way, most of the methods proposed
previously in the literature, fail when they run under this
condition. An alternative approach is to incorporate new
measurements of the motor drive system, hence voltage
sensors have been employed at certain key points of the
VSI architecture in order to detect and isolate faults, as in
[9, 10]. However, some of these techniques assume the
availability of the neutral connection in the stator, which in
some applications is not feasible. In addition, by including
new hardware into the FDI scheme, the cost is increased
and the reliability is reduced by these new components.

A survey paper of FDI techniques in power inverters can be
found in [11]. In fact, the most recent works address two main
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Fig. 1  Configuration of the VSI post-fault operation [17]

obstacles: (i) closed-loop operation [12-14] and (ii)
concurrent faults [13, 15, 16]. For example in [12], a
machine learning technique is presented, which requires
both stator currents and voltages to detect and isolate open
and short-circuit fault conditions under closed-loop
field-oriented control FOC). In [13], a diagnostic algorithm
for multiple open-circuit faults based on the reference
current errors have been proposed for a vector controlled
permanent magnet synchronous motor drive. Meanwhile in
[14], a diagnostic method is suggested by using the
switching function model, which minimises fault detection
time and is available for open-loop and closed-loop control
strategies. For concurrent faults in [15], an FDI algorithm
based on non-linear observers has been proposed, which
relies on the information of stator currents and mechanical
velocity. Finally, Sleszynski et al. [16] describes an
algorithm based on the dg-trajectory of the stator currents.
In this case, a normalised dc-components method is
evaluated for FDI purposes.

In this context, the proposed FDI scheme addresses one
important open issue in the literature: open-circuits faults
under closed-loop operation. At this stage, only single faults
are addressed and simultaneous faults will be investigated
in a subsequent study. The FOC algorithm is considered as
case study, and the residual signals are synthesised by using
the closed-loop FOC resulting dynamics. Note that, by
considering the FOC strategy, two asymptotically decoupled
and linear subsystems are obtained in closed-loop, which
are the key information used for fault isolation [18, 19] and
employed to obtain a robust FDI scheme insensible to load
torque variations. Last, the main advantages of this FDI
scheme are: (i) the FDI scheme is independent of the load
torque and operating conditions (as for example low speed),
(ii) the residual computation requires the information of two
stator currents and mechanical positions, which are
available under FOC closed-loop operation, (iii) the
methodology has low-complexity and can be implemented
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in real-time and (iv) the FDI algorithm is capable of
providing fast detection and isolation times in closed-loop
operation. Concurrently, a possible disadvantage is the need
of the IM parameters. However, this inconvenience can be
compensated by introducing robustness to the residual
generators through variable structure observers design.

Ultimately, the FDI scheme proposed in this work was
briefly presented for the first time in [20], as a conference
paper. However, only simulation results were considered in
this first version. Now in this extended work, experimental
results on a test bench of 3/4HP IM are reported in Section
5, a new residual definition is proposed (Section 3.1), as
well as, an update of the state of the art in the field (Section
1). We also suggest a more recent fault reconfiguration
strategy to the one presented in the previous version.
Finally, with respect to FOC implementation, the rotor flux
estimation was modified.

2 Induction motor modelling

In this section, the dynamic model of IMs is briefly reviewed.
The reference frame suggested for FDI purposes is
well-known as synchronous reference frame, and it is
obtained by using a two-phase motor representation direct
and quadrature axes (d° — ¢° coordinates) [21], where dg°®
axes are rotating to synchronism velocity @,. The IM
physical parameters are stator and rotor self-inductances (L,
L,), mutual inductance L, stator and rotor equivalent
resistances (R, R;), moment of inertia J, mechanical friction
J, number of pole pairs n, and 7; denotes the load torque.
Let a=R/L, b=Lyn/oLL, c=(LR/oLL])+
(RS/O'LS), m=3n,Ly/2JL,, d=1/0Ls, k=1/J, o= 1—
(Ly/L(L,) be a parametrisation of the IM model, where a,

, ¢, m, d, k and o are known parameters and take

b m
T . . .
(vz, vg) as the input vector in the system. In this way, the
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resulting dynamic system showed in (1) is the mathematical
model of the IM in the synchronous reference frame [21],
which is fonned by two stator currents (ig, i), two rotor
fluxes (Ag,, Ay,) and the mechanical velocity @,

X = —exg + wxg + nybxyxs + abxy + d(vi + 1)

jcf] = —cxf] —wx;— nybxsxs + abxy +d ("Z + f;)

X3 = —axy; +al x5+ (ws - npxs)x4 (1)

S e
Xy = —axy +alyx, — (wA — npxs)xs

X5 = —kfxs + m<x2x3 — x2x4) — kT,

where the state vector is given by

T T
e e -€ -€ e :

(xd, Xg» X3, X4, x5) = (lds, s> Agps Agr» @ m) . The available

and common measurements in a real scenario are given by

stator currents y, = iy, v, = iy, and mechanical velocity

y3=wm,. Note that, in (1) actuator faults ( 1 fqe) are

modelled by using an additive structure according to
Campos-Delgado and Espinoza-Trejo [15].

3 Fault diagnosis scheme

In this section, the model-based FDI scheme proposed in this
paper is detailed. This strategy is derived according to the
resulting closed-loop system shown in the Appendix section
by following a FOC methodology. Note that two decoupled
and linear subsystems are obtained after non-linear
feedback. These subsystems are called in this paper as 2, 18
and 3 10 where actuator faults f; and fqe originally
introduced in (1) still maintain the additive structure in the
closed-loop dynamics after the feedback law in (14) (see
Appendix)

X = —cx + (vgi + dfy)
Efde: Xy = —ax; +al,x;
Ya = Xq
(o[ )
fqe. .
Yg =%

Also, note that both subsystems E_f: and 3, s are decoupled

from operating conditions, and they are only sensitive to a
specific fault f7 or f. In this way, by constructing an
output observer for each one of these subsystems, a bank of
residual generators could be achieved, which will allow to
isolate simultaneously the fault set (f, fqe). Nevertheless,
note that this neat decoupled structure is based on a
feedback law that achieves a decoupling condition in the
resulting rotor flux components (see Appendix), and it will
not be preserved when an open-circuit fault occurs at the
VSI. However, by assuming that the VSI dynamics are
much faster than electrical and mechanical time constants of

the IM, if the fault vector f7, = [ fisty ] can be estimated

fast enough and a proper reconfiguration strategy is applied
for the VSI, then the closed-loop dynamics in (18) will not
be drastically altered, and as a consequence, the mechanical
velocity will not be affected. Next in order to obtain a
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robust model-based FDI scheme, variable structure
observers [22] are suggested for this purpose, as described
in the following proposition.

Proposition 1: The dynamical structure of the proposed
output observer for 3, s subsystem Vj € {d, g} is conformed

by a copy of the subsystem plus linear and non-linear
correction terms given by

A€ ~e pi N Vi
X ==k + v L0 =) + Ses

N @)
Yi=4
where X ¢ is the estimate of xj, , 1s a constant gain
KJ'(yj _yj> i >
: — =3l >
Sows =1 =3l S

|J’j _)A}j| =g

(yj‘ - j’]) if
£;>0 is a predefined threshold, and the residual signal is
”f =) — j}j (3)

In the absence of the fault f = 0, the error convergence can
be guaranteed by selecting the observer gains as

L;>0
K =0 O

The proof of this proposition is detailed in the Appendix
section. At this point, it is important to remark that the rate
of error convergence in both observers can be adjusted by
the selection of gains L; and K. Consequently, these values
must be chosen to have a much faster response compared
with the electrical and mechanical dynamics of the IM.
In addition, note that the observer in (2) is of first order
Vje€ {d, q}. As a result, their real time implementation does
not require extra complexity. Finally, note that there is not
parameter dependency in the selection of observer gains.

3.1 Fault detection scheme

First, note that when |y; — J;| < &; is reached, then, according
to (24) in the Appendix, the residual rf dynamical equation is
given by

i =—pri+dff 4)

where p=c+L;+1. Thus, the next transfer function is
obtained

S \p/(A/p)s+1
where 7} (s) and f (s) denote the Laplace transforms of the

time 51gnals 7 and f Hence, two new residual signals are
proposed, which are deﬁned by rN forje{d, q} as

N _ P e _ 1 e
7= () O = e ©

where ‘N’ denotes new residual signals. As a result, the
residuals er j=1{d, q} achieve a low-pass estimation of the
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actuator fault signals f°, where the cut-off frequency in the
filters can be adjusted by the observer gains L;. In this way,
fault detection can be carried out by a direct evaluation of

T
. N

the residual vector r,, = [Il]r,, where r;, = [rd, rq]

denotes the residual vector in the stator reference frame

Thus,

note that ryq is built starting from residual signal (6) for
je€{d, q}, and applying the following time-varying
transformation, which relates dg and dg” coordinates

_ | cosf, —sinf,
= |: sin @,  cos 6, ] )

T
(dg-coordinates) associated with r{,}; = [rg , rflv ]

where 6,=ws. Hence the residual evaluation can be
performed by using a windowed-norm as

t

1741207 = j 74, (D11 dt (8)
-T

t

where ||| denotes the Euclidean norm. In fact, ||ry,ll2.7# 0
even for a fault free scenario because of measurement noise
and model uncertainty. Hence a threshold Jy, is selected
such that

Jin = max [lrg,ll,, 7 ©)
£5=0

and a fault is detected if ||r,||>. 7> J,»- Note that, the window
length 7 has to be selected to balance the tradeoff between
robustness and fault sensitivity.

Now, since the residual signals are directly obtained
departing from stator currents and their estimates, then, the
magnitudes of the residual signals are dependent on the
load torque. Therefore in order to correct their scaling for
different load torque levels, the residual vector ry, is
normalised as shown in (10)

if ||, || > T,
o= LT 74l > T},
J q

0 if gl =T,

(10)

where 7, denotes a threshold which is used to avoid
singularities in this evaluation, ‘#’ denotes normalised

values, ||| denotes the Euclidean norm, and the resulting
T

vector is 1y, = [rZ, rZ] In this way, the normalised

residual signals 7;; and r; will be used in the isolation stage

as describe in the following section.

3.2 Fault isolation scheme

A method to isolate the six faults that can take place in the
VSI is suggested in this section. The fault isolation stage is
carried out by using the normalised residual vector rzq,
which has been projected from synchronous reference frame
into stator reference frame. Note that, this step is necessary
because the real actuator faults appear in the abc-frame (see
Fig. 1). Furthermore, in the abc-frame, there are six
possible faults related to each one of the power switches,

but only two residuals are generated (rZ,, rZ) departing

from (r, r)). Therefore it is argued that residuals (1, r;) in
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general have inherited six possible directions, which are
associated with each fault, see [15, 23]. Hence, fault
isolation could be carried out by analysing the residual
phase-portrait after faults. By simplicity the residual vector
r;, 1s represented in polar coordinates as

vy = e, 120y, (11)

In this way, to take a fault isolation decision, it is only
necessary to identify the angle ©, of the vector rf,q
according to Table 1 by following the previous result in
[20]. For a clear perspective, the isolation regions in the
dg-plane are illustrated in Fig. 2.

4 Fault compensation strategy

In this section, a fault compensation strategy is suggested by
using the information of the model-based FDI stage. This
fault compensation strategy has been reported recently in
[5], and it is composed of a four-leg inverter in which the
fourth inverter leg is used as a hardware redundance (see
Fig. 1). Once the faulty leg has been isolated, fault
re-configuration is obtained by triggering the appropriate
bidirectional switches IS; and TH, for all /={a, b, c}. In
this way, the motor phase is connected to the back-up
fourth-leg for its continuous operation. The most important
characteristics about this fault compensation scheme are

e only one faulty-leg can be compensated,

e there is no need for reconfiguration of the control
algorithm, and

e two back-to-back thyristors are needed (by leg) to replace
the faulty-leg.

5 Experimental evaluation

To validate the ideas presented in this work, an experimental
evaluation is carried in a test-bench of 3/4 HP IM.
The nominal line voltage and frequency are 230 V rms and
60 Hz, respectively. The IM parameters were identified
experimentally according to the algorithm described in [24],

Table 1 Associated angle to each one of the inverter faults

Leg Switch Angle
leg-a S1, S 240 <©yq <300 or 60 <Oq4q< 120
Ieg-b S3, SG 0<@dq<60 or 180<@dq<240
leg-c Ss, So 120 <B4q < 180 or 300 < O4q < 360
.
A1
1207 60"

1807

2407 300°

Fig. 2 Isolation regions in the dq-plane [20]
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and they are listed in Table 2. The PWM inverter is running at
a switching frequency of 1kHz, and the control and
diagnostic algorithms are implemented in a DS1103 dSpace
board at a sampling frequency of 8 kHz. The switching
frequency is limited because of the dSpace 1103 board’s
characteristics and complexity of the real-time application.
It can be considered low for the IM being studied in the
laboratory tests. However, for large machines where the
implementation of fault tolerant strategies is more
important, the switching frequency is not too high for
example 2.5 KHz.

For the implemented observers (2), it is only needed two
measurements (i, i) since there is no neutral connection in
the stator, that is, i.= —(i,+i5), and the PI control signals
(v5', vP') (see Appendix). The gains involved in the FOC
algorlthqm and observers with (j€{d, ¢}) and the fault
detection parameters are shown in Table 3. In all
experiments, the time window used in (8) was 7'=16 ms.
The power inverter in the test bench (see Fig. 1) is built
by using Powerex dual IGBT modules 150 A/1200 V
CM150DY-24A with Mitsubishi gate drives M57962 L.
The stator currents are measured through LEM transducers
LA 55-P. In order to provide a load of the system, a Baldor
permanent magnet DC motor 180 V/0.75 HP is coupled to

Table 2 Induction motors parameters

Parameter Value

R, 8.3861 Q

R, 8.3501 Q

L 1.0453 H

L, 1.0453 H

Ly 0.9589 H

J 0.0084 kgm?

F 1.3x 10~ *N.m/(rad/s)

Table 3 FOC algorithm and observer gains

Gain Value Gain Value
kg 10 k? 40
kS 4000 kS 1200
K; 250 L 100
Jin 0.4 Th 2

PC and DS1103 dSpace Board

on Board

Power Inverter
dnd Measurements

Induction Motor and
Coupled DC Motor

Fig. 3 Test-bench for experimental validation
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the shaft of the IM that works like a generator. The
resulting test bench is illustrated in Fig. 3.

First, an evaluation to load torque variations is carried out
in order to show that the residual signals are insensitive to this
disturbance. The velocity reference is set to 800 rpm and the
flux reference to 0.7 Wb for the FOC system. In this case, it is
initially considered 25% of the rated load torque of the IM,
and at  =2.0s there is a step change of 50% rated load
torque, see Figs. 4 and 5. Next, it is programmed at 7=5.0's
a fault in the upper switch of leg-b (S; in Fig. 1).
Consequently, the mechanical velocity w,, presents a small
drop because of the input asymmetry, and both residuals 7/
and rZ are activated as illustrated in Fig. 5. Furthermore, the
stator currents are distorted after the fault and the estimated
rotor flux describes an oscillatory pattern because of the
asymmetry in the input voltage (top and middle plots in
Fig. 4). The results for the fault detection scheme are
showed in Fig. 5. It can be observed in this figure, that fast
fault detection could be achieved since it takes only
40.0 ms in order to make a decision. Take into account that

~ Faull T
Condition:

_1 =
25% of
=2 Rated :
Load :-4—50 % of Rated Load Ton'que ;
—3} Torque,y...........i... s s i S
1 2 3 4 5 6 7
time (s)
1 v + -
. 4 !
1 ] Faul ]
i 1 Fault
0‘3-i ......................... -, i .
; :
! _ '
0.6-' R R SRR EREE: s l
= i Flux Reference : 2
= ! : ' :
0.4F 1 1 '
1 ]
2R5°f 3f l-(—so % of Rated Load Torq?e :
ated . : 3 = !
1 i ;
02 Gag | i :
Torque | . |
0 1 i i 1 1
1 2 3 4 5 6 7
time (s)
o Lt R Fe . [ T
1600 1 ; 5 1 1
1 : : 1 1
; : ; ondition
1200 s dnaesalim e o = :
5 Speed Measurement 8 .
= 1000_l ...... ] 7, N
& : Speed Reference\
&% 800 e e e - s
il 4 : ] 1
500‘25%01" A R A 1, A
T_ﬂle: _:-(—50 % of Rated Load To]'que :
oad
L B i e st e, N
400 ‘Torque . : 1 1
1 : 1
200 k o
1 2 3 5 6 7

4
time (s)

Fig. 4 Top: stator currents, middle: estimated rotor flux and
bottom: mechanical velocity during experimental evaluation of a

Sault in S; switch
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w
'g 0 Load Torqud
a ) : ~ Fault Detection—— :
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(IJ;)

Upper Switch
Leg-b

1o

270

Fig. 5 Top: detection and residuals signals during experimental
evaluation of a_fault in S; switch, bottom: residual vector in
dg-frame ) during experimental evaluation of a fault in S;
switch

d’ q

the fundamental period at this set-point (800 rpm) is 37.5 ms.
Now in Fig. 5 (bottom), it is shown the residual vector r};, in a
phasor representation after fault detection, which is consistent
with the description in Table 1 and Fig. 2 for a fault in the
upper switch in leg-b of the VSI (S;). Finally, at 1=6.0 s
the power inverter is compensated, and the stator currents,
estimated rotor flux, and mechanical velocity return to their
original steady-state values after some transient time, as
shown in Fig. 4. In addition, the automatic FDI scheme
does no longer detect a fault in the system (see Fig. 5).
Consequently, the proposed scheme is capable of improving
the reliability of the closed-loop IM drive, since a fault in
the actuator can be effectively detected, isolated and
compensated according to the strategy presented in Section 4.

Also, a new experimental evaluation was carried out in
order to prove that the proposed FDI scheme is robust
under transient operating conditions, as illustrated in Fig. 6.
In this case, again it is initially considered 25% of rated
load torque for the IM and a set-point frequency of
600 rpm, but next a step change of 75% rated load torque is
programmed at t=2s up to t=3.0s. After the disturbance,
an open-circuit fault is triggered in the upper switch of
leg-a Sy at t=2.2's. It can be observed in Fig. 6 that, the
fault condition appears during a transient regime because of
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Fig. 6 Top: mechanical velocity during experimental evaluation of
a fault in S; switch, bottom: detection and residual signals during
experimental evaluation of a fault in S; switch

the disturbance. Nevertheless, departing from Fig. 6, fault
detection scheme is not affected by this unfavourable
operating condition. Again, the fault detection task takes
only 40 ms in order to make a decision. Take into account
that the fundamental period at this set-point (600 rpm) is
50.0 ms.

Fig. 7 illustrates the experimental evaluation of all fault
directions for each one of the six switches in the VSI (§,—
Se) at four different reference velocities (400, 600, 800 and
1000 rpm) and by considering a 30% of rated load torque.
In these cases, it is observed separability in the resulting
residual trajectories in the dg-plane, as expected in Fig. 2.
Consequently, by the proposed methodology, each fault
could be correctly isolated since the residual is independent
of the operating condition. Fig. 7 also shows small
angle displacements at the different set-point velocities for

the residual trajectories (r;’,, rZ), which are because of the

low-pass filtering property of the residuals in (6).

Finally, two experimental evaluations are carried out in
order to test parameter uncertainty in the rotor time constant
and observer gains variations. Thus, a deviation of 10 and
25% of the rated rotor resistance parameter was simulated
during the expenments For this, the rated rotor resistance
was declared in the algorithm as Rdev =R.(1+ A) with A=
0.1 and A=0.25, respectively. Consequently, the real rotor
resistance is lower in 10 and 25% to the value used in the
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Fig. 8 Experimental evaluations to test parameter uncertainty in the rotor time constant and observer gains variations

a Residual vector in dg-frame in a phasor representation 7/ against rZ during experimental evaluation for a deviation of 10 and 25% of the nominal value of the
rotor resistance

b Magnitude of the residual vector ||r,|| and the residual signals (r;, r,';) during experimental evaluation for a deviation of 10 and 25% of the nominal value of the
rotor resistance

c Residual vector in dg-frame in a phasor representation r; against ; during experimental evaluation for a deviation of +25 and —25% of the original values of the
observer gains

d Magnitude of the residual vector ||r,|| and the residual signals (rf}, rz) during experimental evaluation for a deviation of of +25 and —25% of the original
values of the observer gains
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FDI scheme. Next, a deviation of +25 and -25% of the
original observer gains reported in Table 3 was simulated in
the experiments. As a consequence, the observer gains were
declared as (K;=312, L;=125) and (K;=187, L;=75),
respectively. In both cases, it has been employed a set-point
frequency of 600 rpm, and a 50% of the rated load torque.
Also, it is programmed at t=2.0s a fault in the upper
switch of leg-b (S5 in Fig. 1). As illustrated in Fig. 8, once
more the fault can be properly isolated since the
directionality of the residuals in the dg-plane presents
robustness to these scenarios.

6 Final remarks

In this paper, it has been showed that decoupled and linear
subsystems for FDI purposes can be achieved starting from
the closed-loop resulting dynamics by the FOC algorithm.
In this case, a bank of variable structure observers was
suggested to obtain a robust model-based FDI scheme. In
spite of the IM drive running under a closed-loop control
action, features of the actuator faults are maintained, so that
a qualitative method based on a phasor representation of the
residual vector rj, has been suggested for fault isolation
purposes. The proposed FDI scheme was evaluated for
single faults and load torque changes at different reference
velocities, under transient regimes, and parameter
uncertainty on the rotor time constant. Also, it has been
demonstrated that fault directionality is preserved for every
studied scenario. Finally, it is highlighted that at least one
fundamental period of the reference velocity is required for
fault detection in our evaluations, as previous approaches in
the literature [14]. At this point, the proposed strategy could
not be directly extended to address simultaneous faults in
the VSI; since in some cases, the induced asymmetry in the
stator voltages is so large that the directionality of the
residuals is distorted. However, for this purpose, additional
information could be incorporated for fault isolation, as
estimated rotor fluxes. Therefore as a future work,
simultaneous faults in the VSI will be studied in detail.
Lastly, note that the necessity of a mechanical sensor is
required only in two of the system’s stages. The former is
associated to rotor flux estimation, which is related to the
FOC controller. In this case, the velocity information is
considered necessary. On the other hand, the second stage
is related to the residual evaluation process, in which the
electrical rotor position is employed by the matrix
transformation that relates the synchronous reference frame
to the stator reference frame. Thus, note that the mechanical
sensor’s information could be replaced for example by a
virtual sensor so that a sensorless application could be
adapted for the FDI proposed in this paper.
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8 Appendix

In this paper, a vector control FOCis employed for the IM
drive in order to satisfy high-performance speed control. As
a consequence, the FDI stage is formulated by using the
resulting closed-loop dynamics obtained after applying the
FOC algorithm. This control strategy has been widely
studied previously in the literature [25, 26]. The basic
principle of this technique consists in holdlng the
magnitude of the rotor flux at a constant value AX;. In this
way, a linear relationship is obtained between the control
variables and velocity. Once the rotor flux has been
regulated, then the rotor wvelocity is asymptotically
decoupled from the magnetic flux. Hence, the FOC
algorithm has the following three control objectives

Iim J() — @y = 0 (12)
pm@@—@Wﬂ)mdﬁm%@:O (13)

where o}, denotes the frequency set-point, and )\r:f the rotor
flux reference. These control objectives can be satisfied by
using the next control feedback, as showed in [26]

e 2
e pi
Ve 1 p qs Wy, dr + Vi
d | _ = d: (14)
N d i i
q Lgst qs pi
n,bAg®,, +n g, +al, ‘ +v,
r

where the input control vf;i is given by

= k(N = ) + jo( = N(m)dr (1)

Meanwhile the input control vé’ " is expressed as

t
Vé’i — kg (w; — wm) + quj (w; - a)m(T)) dr  (16)
0
By applying (14), and assuming that
Ay =0 and A7 = Ag, (17)

the following closed-loop system is obtained

. €

i = —axs+ (v +d fy)
Xy = —oxg + (vé’i + df;)

Xy = —axy + al,x
X5 = —kfis + mxpx; — kT,

(18)

Note that the system shown in (18) has a simple dynamic
structure: the flux amplitude dynamics are linear and can be
independently controlled by v/, and the stator currents
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present a first-order l1near description. When the rotor flux
x5 reaches its reference A, then the dynamics of the speed
X5 are now linear, and gcan be independently controlled by
vp’ Lastly, gains k k¢, k4, k?, must be tuned in order to
guarantee stability and tracﬁmg performance.

8.1 Rotor flux estimation

The difficulty in direct field oriented control is that the rotor
fluxes (A4, A,) are not directly measurable quantities.
However, the rotor flux vector A4,=[A4, A4] can be
estimated departing from the stator phase currents (iyq, i),
and the mechanical velocity ®,,, as shown in equations
(19)-22)

. R R
/\dr = _L_rr)\dr npwm/\qr + Lerlds (19)
) R, R, .

Ap=— L—r,\q, + 1,0, A + L—erzqs (20)
1A= /A% + A, @D

Ay
6, = arctan| - (22)

’ )‘dr

8.2 Proof of proposition 1

Select a simple Lyapunov function given by

e jE{d.q} (23)

NI*—‘

Vite) =

where e; = x; — %7 denotes the estimation error. Then,

g = —(c+Lje — obs(e )+d ff (24)
As a result, by a direct substitution, if the observer gains are
selected such that

L>0, K;>0 (25)

then, when j;e = 0 it is satisfied the asymptotic convergence
condition

KeSj

Vi=—(c+L)e bs(€) <0 (26)
since the non-linear correction function S’

ons(€) fulfills the
following conditions,

S (0) =0, ¢,8

obs

() >0, Ve, # 0, ¢; € (—00, 00) (27)
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