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In this paper the Fault Tolerant (FT) vector controlled induction motor drive system is described and tested in
various drive conditions. The influence of the rotor speed sensor faults on the properties of the analyzed drive
are tested. Faults detection algorithms, based on different algorithms are developed and described. The results
of the simulation carried out using the MATLAB/SimPowerSystem software are verified in experimental tests
in MicroLabBox DS1202, in a wide range of motor speed changes. The proposed detection algorithms can be
successfully applied in the Fault Tolerant Drive Systems (FTDS).
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Struktura upravljanja indukcijskog motora otporna na kvarove. U ovom radu opisan je sustav za vektorsko
upravljanje indukcijskim motorom otporno na kvarove. Sustav je testiran u razliCitim uvjetima rada. Testiran je
utjecaj kvarova rotorskog senzora brzine na svojstva analiziranog sustava. Razvijeni su i opisani razli¢iti algoritmi
za detekciju kvarova. Simulacijski rezultati u MATLAB/SimPowerSystem provjereni su eksperimentalno u Mi-
croLabBox DS1202 za §iroki raspon promjena brzine motora. PredloZeni algoritam se moZe uspjesno primjeniti u

sustavima upravljanja otpornima na kvarove.

Kljucne rijeci: detekcija kvara, upravljanje otporno na kvarove, estimacija brzine, kvarovi senzora brzine

1 INTRODUCTION

To achieve the proper work of the modern vector con-
trolled induction motor drive system the mechanical and
electrical variables sensors are necessary [1]. Some sig-
nals, used in the internal control structure of the drive sys-
tem, (like stator and/or rotor flux, electromagnetic torque,
rotor speed) can be estimated by different simulators,
observers, Kalman Filters [1-4] or neural networks [1].
Those estimation systems and control algorithms cannot
work stably when the sensors are broken [5]. Elements
which can be broken in an electrical drive system are pre-
sented in Fig. 1.

In various articles, problems connected with the faulted
operation of the system with mechanical faults of the drive
are presented and described. The main problem in this sys-
tem is rotor and stator fault identification and compensa-
tion [1, 3,6,7]. Another problem reported in the literature
is associated with a damage of the semiconductor compo-
nents of the AC and DC system [8,9]. Different techniques
and methodologies of identification of these faults are pre-
sented. Some are based on redundancy of the power elec-
tronics, others are based on the adaptation of the drive sys-
tem to the current drive conditions [4,9].
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In the electrical drive system current and voltage sen-
sors are necessary for the proper work of vector control al-
gorithms [10, 11]. These sensors are very sensitive and can
be broken [5, 12, 13]. A drive system and estimation tech-
niques can work stably without information from a stator
voltage sensor, but cannot work properly without signals
from stator current sensors [5, 14, 15]. Those signals are
used for state variable reconstruction [11, 16].

One of the most important signals used in the electrical
drive system is the rotor speed. Mechanical sensors can be
used to measure this variable [5]. Those elements are very
sensitive to the current drive and weather conditions [15]
and they can be destroyed. Some types of the drive can
work stably without information about this signal [16] but
others cannot be stable. The topology of the drive must be
changed if the speed sensor is broken [5, 15].

The advanced control structures of Induction Motor
(IM) drives should be equipped with diagnostic features
to prevent damages and sudden switch-offs of complex in-
dustrial installations [5,9, 17]. Thus the incipient fault de-
tection has recently become one of the basic requirements
for modern IM drive systems [4,5,12,13,17,18].
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Fig. 1: The faulted conditions in VSD [10]

During the last few years, fault tolerant control sys-
tems (FTCS) became a very active field for many research
groups [4,5,18]. The FTC aims to ensure the continuous
system functionality, even after fault occurrence. There-
fore, FTC should be able to detect and identify faults and
to cancel their effects or to attenuate them to an accept-
able level [13, 18]. FTC systems possess the ability to de-
tect component failures automatically. They are capable
of maintaining overall system stability and acceptable per-
formance in the event of such failures. In other words, a
closed-loop control system, which can tolerate component
malfunctions while maintaining desirable performance and
stability properties, is said to be a fault tolerant control
system. The general scheme of the FTC system is pre-

User
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Reference | + Supervision

Signal "

Fig. 2: The scheme of FTCS with supervision subsystem

Fault Fault Fault
“

sented in Fig. 2. The FDI (Fault Detection and Isolation)
unit is responsible for providing the supervision system
with information about the location and severity of any
faults [19,20]. Based on the system inputs, outputs and
information from the FDI unit, the supervision system will
reconfigure the sensor set and/or actuators to isolate faults,
and tune or adapt the controller to accommodate the fault
effects.

The Fault-Tolerant Control Systems - FTCS can be
classified as passive and active systems [5,19,20]. The first
group is designed to provide the optimum performance of
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a faulted drive. It is not necessary to identify the type
of the fault [5]. The adaptive and predictive [21] control
drives [12, 18] belong to this group. The scheme of this
system is presented in Fig. 3. These systems use con-
trol techniques to provide closed loop control system in-
sensitivity to certain failures, the faulty process continues
operation with the same structure and parameters of the
controller. The systems have an advantage over conven-
tional control structures, they improve the efficiency, per-
formance and also they are less complex [5, 19]. Active
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Fig. 4: The scheme of active FTCS

systems use detectors or observers [12] to identify a failure
condition. The main goal is stable operation of the drive,
which can be obtained by additional sensors, estimators,
control loops or redundant elements [4, 12].

The scheme of AFTC system is presented on the Fig. 4.

The main goal of this paper is to demonstrate a simple
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speed sensor fault detection algorithm for the vector con-
trol (DTC-SVM and DFOC) of an induction motor drive
system, based on an active detection system [18]. The pro-
posed systems guarantee stable operation of the drive dur-
ing faulted conditions [4, 12]. Those systems are based on
simple signals from the internal control structure and the
estimated speed and rotor flux. The diagnostic methods are
analyzed and tested in various drive operation conditions.
The MRAS type speed estimator is applied as a redundant
system to the motor speed reconstruction. Simulations and
experimental results of the proposed Fault Tolerant Control
are presented.

2 SPEED SENSOR FAULTS ANALYSIS

Speed sensor faults can be determined by the equation
[5,11,15]:

enc

Wiy © = (1 = 7)wm, (D
where w;'¢ - measured rotor speed, w,, - real rotor speed,
v - constant coefficient.

For different values of the coefficient ~y, the measured
rotor speed can be:
a) intermittent - partial damage of the speed sensor consist-
ing in a partial failure of individual pulses from the encoder
--l<y <
b) intermittent - partial damage of the speed sensor con-
sisting in a cyclic interruption of specific pulses from the
encoder - v = [0, 1];
¢) zero — total failure of the speed sensor - v = 1;
d) with offset - v = const € (—1,1);
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Fig. 5: The scheme of the simplified structure of incremen-
tal encoder

The number of pulses of the sensor can be limited as
a result of blocking holes in sensor’s ring and the periodic
interruptions of the measurement signal occur due to the
damage of the electronics or connecting cables (Fig. 5).

On the basis of reports in the literature it can be ob-
served that the effects of a speed sensor failure in the
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vector-controlled induction motor drives are most visible
in the error between the measured and estimated speed and
in the estimated electromagnetic torque (or stator current
components) [11, 15]. In the vector-controlled IM drives,

1.8 T T
1.6 est
1.4+ (GMN
1.2} real
; 1 / L ®m
o 08 ref i a
¢ 06 / Om Ym 1
3 04+ — 1
3 ! o
0.2 i enc’
0 : O
-83 [ 1 | 1 'ENCODER FAILURE
o 05 1 15 2 25 3 35 4
t[s]
(@
—_ 14
S 15L ; e ] s
a 1 s il | 2t
505 Py T 4
<% ol L 1 " " L " ] g_
0 05 1 15 2 25 3 35 4 ‘—‘20.8
506
T 2 —— o4
S 1l sy N { o
2o\ - 0.2
~7 4 | | |- | | | 0
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
t [s] t[s]
(b) (©

Fig. 6: Transients of the measured and estimated speed,
stator current components, rotor flux vector for a total fail-
ure of the speed sensor in a DFOC structure

the symptoms of the rotor speed sensor faults can be ob-
served in the internal state variables of the motor and con-
trol structure as: stator current components, rotor (or sta-
tor) flux magnitude, control voltages [5]. So monitoring
these signals can be useful from the diagnostic point of
view.
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Fig. 7: Transients of the measured and estimated speed,
stator current components, rotor flux vector for a partial
loss of individual pulses of the speed sensor in a DFOC
structure
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Fig. 8: Transients of the measured and estimated speed,
stator current components, rotor flux vector for a cyclic
interruption of specific pulses from the encoder in a DFOC
structure

In Fig. 6 — Fig. 8 the influence of the incremental en-
coder faults on the properties of the DFOC structure are
presented, they were obtained by modeling different speed
sensor faults (eq. 1). It was assumed that the damage is a
complete interruption of the feedback loop from the speed
sensor (Fig. 6), a loss of individual pulses (Fig. 7) or a
cyclic loss of these pulses (Fig. 8). The drive is started
from zero to the nominal speed (at r = Is drive is loaded
my,=0.5myy).
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Fig. 9: Transients of the measured and estimated speed,
electromagnetic torque, stator flux vector for a total failure
of the speed sensor in a DTC-SVM structure

(Fig. 9 — Fig. 11).
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Fig. 10: Transients of the measured and estimated speed,
electromagnetic torque, stator flux vector for a partial loss
of individual pulses of the speed sensor in a DTC-SVM
structure

The speed sensor fault occurred at t = 2s. It is visible
that after the speed sensor faults in the DFOC algorithm
(the total failure of the encoder Fig. 6), the partial failure
of individual pulses of the encoder Fig. 7) or a cyclic inter-
ruption of specific pulses from the encoder Fig. 8)), abnor-
mal behaviors of the system are observed. In this control
algorithm reference signals are limited (current iy, limit is
setto 2 in [p. u.]).
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Fig. 11: Transients of the measured and estimated speed,

electromagnetic torque, stator flux vector for a cyclic inter-
ruption of specific pulses from the encoder in a DTC-SVM

Similar tests are presented for the DTC-SVM algorithm
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In the total failure of the speed sensor, the real and esti-
mated speed of the drive increase (Fig. 6 and Fig. 9). The
interruption of the speed loop caused also the increase in
the electromagnetic torque.

In a partial loss of individual pulses (Fig. 7 and Fig.
10) and a cyclic interruption of specific pulses of the speed
sensor (Fig. 8 and Fig. 11) speed oscillation is visible.
In both cases drives are stable. After speed sensor faults,
the stator current component iy, is not constant. Oscilla-
tions on this variable are visible, the amplitude depends
on the fault type. The worst behaviour is observed for a
cyclic interruption of specific pulses. A similar situation
is observed on the electromagnetic torque in a DTC-SVM
control system (Fig. 11).

3 SPEED SENSOR FAULT DETECTION

In this chapter selected methods of the speed sensor
faults detection, for DFOC and DTC-SVM algorithms,
based on the algorithmic method and neural networks, are
presented. These methods are based on the signal taken
from the internal control loop.

For the Direct Field Oriented Control structure the sta-
tor current components (i, and i;;f ), and the rotor speed
(measured and estimated), for the DTC-SVM electromag-
netic torque and an estimated stator flux are used.

In both cases, the estimated rotor speed must be used
in the diagnostic process. For rotor speed estimation the
MRASCC estimator is used. This system was presented in
detail in [11]. This estimator is based on two well-known
simulators (a voltage model and current model of the rotor
flux) transformed to the stator current estimator and to the
rotor flux estimator based on a current model.

In the basis control structure the rotor flux can be cal-
culated from the equation in [p. u.] system [11]:
d . T ) 1
— P = | Z(z,,is — P W W | — 2
dt T T, (:C 1 r) + Jw T TN ( )

The current estimator used in MRASCC is obtained us-
ing the equation:

2 2
d.. TrTp +TTs ., T T o
at® T oTwza? ° ' oTywer? T
t ol'nxsx; ol'nzgxs 3)
1 T .
. e m 1
Y T ——
oz oTNTsTy

where wy,, - estimated rotor angular speed, rg, 7y, Ts,
T,, Ty, - stator and rotor resistances, stator and rotor leak-
age reactances, mutual reactance, us, if, \Ili - stator volt-
age, the estimated stator current and rotor flux vectors, o -
1— 22 /wsx,, Ty = 1/27 fsn tespectively.
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Both the stator current model (3) and the rotor flux
model (2) are adjusted by the estimated rotor speed [11]:
an = KP(ei,m\IJ;{[j‘ — € \I/i )+

sB T ra

) ) @)
+K /(eisa\:[lj"ﬂ — Cigg \Ilz“a)dt
where €;_, , = isa,8 — i5, g - €ITOr between the estimated
and measured stator current.

The detection algorithms for DFOC and for DTC —
SVM consist of four stages (Fig. 12 - 13). At the first
stage the measured and estimated (or reference and esti-
mated) signals are compared and checked. At the second
stage signals are compared with the limits.

STAGE 1

STAGE 11 STAGE 111 STAGE 1V

COUNTER

LINNQ DID0T

Fig. 12: The block diagram of the speed sensor fault detec-
tor for the DFOC algorithm

STAGE 1 STAGE II STAGE 111 STAGE 1V

LINQ DIDO0T

Fig. 13: The block diagram of the speed sensor fault detec-
tor for the DTC-SVM algorithm

If the differences between those signals are bigger than
the assumed limit (chosen arbitrarily), a simple logic algo-
rithm (stage 3) detects the speed sensor fault in the follow-
ing way:

For the DFOC algorithm:

{(wm—wm

[(igg! — isy)

= €
= wg, ELSE wp, 5)
Z €2

for the DTC-SVM algorithm:

_ € 2
(m =wi)l 2 e we, ELSE wy,  (6)
|(mZef —me)| > €4
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where €1, €3 = 0,02 + 0,1 - |w'®f| - maximum speed
error, ¢4 = C - |my/| - |wr¢f|, ¢ > 2 - maximum torque
error, €5 = 2,0 - |w"®f| - maximum current error.

The limit e depends on the current value of the refer-
ence speed. This solution provides stable operation of the
detector during induction motor parameter variations and
wrong speed and/or flux estimation. The final stage (stage
4) of the detector consists in the isolation of the fault by
switching to the speed estimator (MRAS®® [11]) when a
failure has been confirmed. When the failure is eliminated,
the detector can switch the control back to the sensor mode
if it is necessary.

The main problem in these algorithms, is the correct
choice of the maximum speed error and the maximum sta-
tor current (or torque) error. It is well known that all rotor
speed observers are more or less sensitive to the induc-
tion motor parameter variations. In the case of incorrect
identification of those parameters, the rotor speed can be
estimated with a steady state error. The first part of the
detector (based on the speed error) cannot properly detect
speed sensor faults. The second part of this detector (based
on the stator current error) guarantees proper operation for
this situation.
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O\ dnearons
200
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OUTPUT LAYER
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0"’,’"’

Fig. 14: The block diagram of the speed sensor fault detec-
tor based on a neural network for the DFOC algorithm
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Fig. 15: The block diagram of the speed sensor fault detec-
tor based on a neural network for the DTC-SVM algorith

Artificial intelligence can be used for rotor speed sensor
faults [22,23]. The detectors presented in Fig. 14 and Fig.

AUTOMATIKA 57(2016) 3, 638-647

15 are based on an artificial neural network with three hid-
den layers in the configuration 5-11-4-2-1 (for the DFOC
algorithm) and 3-7-4-2-1 (for the DTC-SVM algorithm).
In the proposed systems neurons with nonlinear activation
functions were used. The hidden layers consist of 17 (for
the DFOC algorithm) or 13 (for the DTC-SVM algorithm)
neurons, and the output layer of 1 neuron.

On the output of the NN detector there is the signal con-
nected with the failures. Designed neural networks were
trained by the Levenberg-Marquardt algorithm, which is
one of the most effective ways of teaching one-way neural
networks [2]. It combines the convergence of the Gauss-
Newton algorithm near minimum and the method of gradi-
ent descent for a distance greater than the minimum.

The Levenberg-Marquardt (L-M) algorithm performs
a compromise learning strategy between the linear model
and gradient method approach in each iteration. Mov-
ing the point of seeking the optimum weight is accept-
able only if it leads to a reduction of the error [24]. The
Levenberg-Marquardt algorithm is a modification of the
Gauss-Newton algorithm, where the minimization error
p(W (k)) is obtained using the equation [24]:

p(W(k)) = —[V’E(W(K))] "' VE(W(K) ()

In the L-M method, the exact value of Hessian is re-
placed by the approximated value, determined on the basis
of the information contained in the gradient with emphasis
on the adjusting coefficient [24]. Thus, the gradient vec-
tor and the approximated Hessian matrix corresponding to
objective function are defined as [24]:

VE(W(k)) = J"(W(k))e(W(k)) (8)
VPE(W (k) = I (W (k))J (W (k) +S(W (k) ©)

where: J (W (k)) is the Jacobian - the matrix of first
partial derivatives of the error of each sample in individual
neurons of the last layer with respect to all the weights
in the network, and €(W (k)) is the error vector for each
sample in each neuron in the last layer of the network. In
the Gauss-Newton method the value of the S(W (k)) in
the formula (7) is assumed to be close to zero. In the L-M
algorithm it is presented as follows [24]:

S(W(k)) ~ uI (10)

where: p is the adjusting coefficient. After a modifica-
tion of the equation (8) the correction of the weights in the
Levenberg-Marquardt algorithm takes the form [24]:

W(k+1) = W(k)+

. 11
—[IT(W(k)I(W(k)) + pI] " VE(W(k)) (v
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The effectiveness of this algorithm determines the ap-
propriate selection of the coefficient p [24]. The large ini-
tial value of this factor can be reduced in the process of
optimization and reach zero value in solution close to op-
timum. During the learning process the reference speed
value was changed in the vector controlled systems. At
first, the drive runs at rated speed which was reduced at
appropriate time points. During the drive operation the to-
tal interruption of the speed sensor loop occurred.

4 FAULT TOLERANT CONTROL SYSTEM
ANALYSIS

In this part of the paper, the selected experimental re-
sults of the Fault Tolerant induction motor drive system are
presented.
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A general scheme of the drive systems controlled by
the DFOC and DTC-SVM algorithms are presented in Fig.
16 and Fig. 17, respectively. Experimental tests were con-
ducted using a laboratory set-up consisting of 1.1 kW IM,
SVM voltage inverter, an incremental encoder to measure
the angular velocity (5000 imp./r). The control, detection
and speed estimation algorithms were implemented using
the Micro Lab Box DS1202 card. The Fault Tolerant Con-
trol (FT-DFOC and FT-DTC-SVM) drives were tested for
different speeds. Two types of detectors were tested.

| ESTIMATION |
i T
. o08f L d real 1
E} | I Oy
3 e
_E 04} !
3 .2+  —. ! 4
ENCODER FAILURE
| H |
5 6 7 8 9 10
t[s]
(@)
;13 S = S
= S o8} - ref 1e
=00l v ool I A%
3704 x 0.4F
~_02 Bl
) — — J % 0 — —
0 1 2 3 4 5 6 7 8 9 10 ~ 0 1 2 3 4 5 6 7 8 9 10
; 12r - — EIRPr - —— )
(=X me 3 - ref \ H
T 0.4 O 04} ) |
E 0 & 0 {
©.0.4 S - .04 . L
g 0 1 2 3 4 5 6 7 8 9 10 =2 0 1 2 3 4 5 6 7 8 9 10
t [s] t [s]
(b) (©

Fig. 18: Faulted operations of the DFOC drive system:
measured, estimated and reference speeds (a), electromag-
netic torque, rotor flux vector (b), stator currents (c) for the
failure of the encoder (experimental results) m,=0.5m,y
(algorithmic detector)

In Fig. 18 the DFOC algorithm analysis during the
faulted operation is presented. The drive is started from
zero speed to the 70% of the nominal value. After =2.5s
the drive is loaded (m,=0.5m,y). At t=4s the rotor speed
sensor is broken. After this time the detection algorithm
is activated and the systems are changed to the full speed
sensorless mode with the MRAS®C estimator. During the
topology changes (after sensor fault detection) a small
overshoot on the state variables is visible.

In Fig. 19 the experimental results of the vector con-
trolled drive system (DFOC) with a neural network based
detector are presented. The test was performed for the
same conditions as the algorithmic detection system.

During topology changes the overshoot is smaller for
the system with neural network based detector than for the
system with the algorithmic detector (Fig. 21 and Fig. 22).
System based on NN detect sensor faults faster than sim-
ple algorithmic method. In all the tested situations, the

AUTOMATIKA 57(2016) 3, 638—647
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Fig. 20: Detection time and current and speed errors for
system with algorithmic (D1) and the neural network (D2)
based detector

fault was detected after approximately r=0.001s, therefore,
the reaction of drive system to a damage was practically
negligible. After the speed sensor fault detection, the drive
system is switched to the full sensorless topology.

For the estimated speed, small oscillations, typical to
the estimated signal, are visible (overshoot for system with
neural network detector is smaller than for the algorithmic
system).

5 CONCLUSION

In the paper the speed sensor fault detection algorithms
for a vector controlled induction motor drive system was
tested. Algorithmic and neural network based detectors
were tested in the DFOC and DTC-SVM algorithms. Both
systems can detect all types of the speed sensor fault. The
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Fig. 22: Faulted operations of the DTC-SVM drive sys-
tem during topology changes (simulation results) m, =
0, 5m, N (algorithmic detector (a, c), neural network based
detector (b, d)) for 70% (a, b) and 5% (c, d) of the nominal
speed

neural network detector is much faster than the classical
solution based on simple equations. For both control struc-
tures (DFOC and DTC-SVM) the speed sensor fault is de-
tected very fast, the systems are stable during topology
changes. The main advantage of the analyzed system is
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the fact that the algorithm can work in wide speed refer-
ence changes

APPENDIX A (MOTOR DATA)

Py=1,1 [kW]; Ux=230/380 [V]; Iy=5,0/2,9 [A];
ny=1380 [r/min]; f4=50 [Hz]; pp=2; Ty=0.188 [s]

R R, X X, X Units

5,9 4,56 | 131,1 | 131,1 123,3 Q]
0,0776 | 0,06 | 1,725 | 1,725 | 1,6232 | [p.u.]
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