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Abstract

This research report presents a fault detection model with fault tolerant control, that
allow the system to continue operation in the presence of faults, for a stator inter-turn fault
in DTC induction motor drives. The behaviour of a DTC drive in the presence of inter-turn
short circuits is evaluated, which makes it possible to offer this technique for the detection
of this type of fault. The fault detection is obtained by calculating a new fault indicator based
on state and fault parameter estimation of the machine using an extended Kalman filter.
Direct Torque Control (DTC) uses the stator resistance of the machine for the estimation of
stator flux. The variation of stator resistance, due to stator winding turn fault, creates an
error in the estimated stator flux and estimated electromagnetic torque. The fault tolerant
control is obtained by estimating the stator resistance using the fault severity factor,
estimated with the designed extended Kalman filter, to make the drive more robust and
precise. The proposed model is simulated in Matlab/Simulink. The obtained simulation
results show the effectiveness of the proposed technique.
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1 Introduction

Stator inter-turn faults in three-phase induction machines (IM) account for about 40% of
machine failures in industrial applications [1]. Significant research has been conducted for
this type of defect, when the IM is connected directly online (DOL) to the grid [2]-[6].
However, it has been recognized that the techniques usually used for the diagnosis of faults
in line-fed motors and in open-loop drives cannot be used straightforward when the motor
is part of a more complex control structure, like the one found in modern closed-loop drives,
based on Direct Torque Control (DTC) or Field Oriented Control (FOC) [7]. A lot of recent
research, conducted in the field of fault diagnosis, has been focused on the diagnosis of inter
turn faults in closed-loop induction motor drives [8]-[15].

In addition, within the category of closed-loop drives, it was also shown that systems
based on Direct Torque Control and Field Oriented Control, under the presence of faults,
exhibit different behaviours [7]. Indeed, the components present in these drives have a
major impact on the way how the effects of the fault will appear in the motor drive variables
[16]. In this context, there is a need to study more deeply the impact of the control system in
the variables and quantities which may be used for diagnostic purposes. Among all the IM
vector controllers, Direct Torque Control (DTC) is widely in use, nevertheless, it has been less
researched than Field Oriented Control (FOC) for inter-turn fault. The extensive use of direct
torque control (DTC) induction motor drives nowadays motivates the study of the
occurrence of stator faults in this type of system as well.

On the other hand, fault-tolerant control (FTC) has attracted increasing attention in the
last two decades in applications, where keeping the continuation of operation is the
paramount requirement [17]. For safety-critical applications, such as electric vehicles,
industrial applications, maintaining minimum machine operation after failure is much better
and safer than immediate machine shutdown. It is known that the occurrence of a fault can
degrade the control performances and in some cases lead to the instability of the system.
Consequently, many strategy for fault-tolerant control (FTC) are introduced to tolerate the
fault effect and maintain system stability [18]. In literature, we find two approaches for the
design of fault-tolerant control: passive fault-tolerant control (PFTC) and active fault-tolerant
control (AFTC). In the first approach, a priori information about the fault that can affect the
system is required. This fault is considered as uncertainties or disturbance which are taken
into account in the design of the control law [18]. In contrast, the second approach has the
ability to compensate all possible fault on-line. It has the possibility to change structure or to
reconfigure the drive according to the information provided by the fault detection block
[18].

In this paper, we propose a fault detection and tolerance model which can be seen as an
active fault tolerant control model applied to a direct torque control induction motor drive
affected by a stator inter turn fault.

The main contributions of this paper are:

1. A new model-based detection technique for DTC induction motor drives under
stator inter turn fault.

2. A new fault indicator for stator inter turn fault detection based on state and fault
parameters of the machine.



3. Animprovement of the DTC drive performance by updating the parameter of the
drive (i.e. the stator resistance).

This paper is organized as follows. In Section II, the architecture of a DTC induction
motor drive is introduced including the structure of the DTC drive, and the mathematical
model of an induction motor under faulty mode is shown. In Section lll, the impact of the
stator inter turn fault on the behaviour of the DTC drive is introduced. In section IV, Based
on this behaviour, a fault detection module is synthesized and a fault tolerant control is
designed to reconfigure the DTC drive. The extended Kalman filter (EKF) is chosen as the
state and parameter estimation technique for the proposed fault detection and tolerance
model. In Section V, the simulation results are shown. Finally, a conclusion closes this paper.

2 DTC induction motor drives

The DTC induction motor drive is gaining ample of interest among the researchers
because of its simplicity and fast dynamical response to the change in the operating
conditions. The scheme involves minimum computations and requires less Pl controllers in
comparison to the other control schemes of IM drive's operation. Moreover, DTC-based
drives can be tuned with comfort and implemented with ease. Fig. 1 shows a representative
block diagram of the DTC scheme for IM drive used for the present investigation of fault
detection, and compensation.
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Fig. 1. Structure of a DTC induction motor drive with speed sensor.

2.1 Structure of a DTC drive

The control system of a DTC induction motor drive basically comprises a two-level
hysteresis controller, for flux control, and a three-level hysteresis controller for torque



control. These controllers, in conjunction with a switching table, generate the output signals
to the gates of the power switches of the inverter (Fig. 1). The role of the flux controller is to
maintain the flux level within a narrow hysteresis band around the reference value. On the
other hand, the torque controller receives the information obtained from the torque
estimator and compares this value with a reference value that can be specified by the user
or be the output of a speed controller (in a system with a speed loop). Two current sensors
measure the motor supply currents while a voltage sensor measures the dc-link voltage that,
in conjunction with the knowledge of the switching status of the six controlled power
switches of the inverter, is used to compute the stator voltages of the motor.

The stator flux linkage components, in dq axes, are usually estimated by the equations:

Yas = f(vds — Ry)dt €Y

l'bqs = f(vqs - Rs)dt (2)

Where R; is the stator resistance and subscripts ds and gs stand for the d-axis and g-axis
components of the voltages and currents of the stator windings of the motor.

The electromagnetic torque developed by the motor is estimated by

~

3
T, = Z P(Wasias — lpqsiqs) 3)

Where P is the number of poles.

2.2 qd MODEL OF AN INDUCTION MACHINE UNDER STATOR WINDING
INTER-TURN SHORT CIRCUIT FAULT

2.2.1 Description of Stator Winding Inter-Turn Short Circuit Fault and Fault
Parameters

B
Fig. 2. Stator winding under inter-turn short circuit fault in phase a.

Fig. 2 shows the stator winding of a star-connected three phase induction machine
under inter-turn fault in phase a. The fault is represented by the fraction of shorted turn y,



the fault loop current ir and the fault loop resistance 7¢. The fraction of shorted is described
as:

p=— (4)

2.2.2 IM Faulty model

In order to design and evaluate the diagnosis strategies, a motor model that allows
the inclusion of the fault effects is needed. A dynamic IM model including inter-turn short
circuits in the phase a winding, as shown in Fig. 2 is proposed in [19]. The set of equations,
adopted from [19] describing the faulty machine is as follows:

. dqa . [2 T
Vgdas = Rslqu + % - uRslf [§ 0] (5)
: dqq 0 -1
0= erqdr + % — Wy [1 0 ]lpqdr (6)
2 T
Yqas = Lsiqas + Lmiqar — WLsif [5 0] (7)
2 T
Ygar = Lrigar + Linigas — Wlmif [g 0] (8)
. . . dyy
Tl = URs(igs — if) + ar 9)
, . , 2
lpf = H(leqs - Lmlqr) - p-lf(Lls + § |J-Lm) (10)
P p -
Te = 4 Lm(lqsldr - ldslqr) ) Wemiriar (11)
dw, P
g~z e TimBor) (12)
diy .
LfE = —Rflf + WVqs (13)
2
Ly =l = 3wl (14)
2
Ry =u(1—§u>Rs+ Ty (15)

In the equations above, vgqs = [Vas  Vas]" , igas = [lgs  las]” , Pqas =[Yas  WYas],
Yaar =[Var Varl", vgas =[Vas  Vas]". vgs, vy, are the g-axis and d-axis components of
stator voltage. Y45, Y45 are the g-axis and d-axis components of stator flux linkages. g,
Y4, are the g-axis and d-axis components of rotor flux linkages. iy, iz are the g-axis and d-
axis components of stator current. iy, i4- are the g-axis and d-axis components of rotor
current. P is the flux linkage of the faulty winding portion. if is the fault loop current, 75 is
the insulation resistance of the fault loop current, L is the magnetizing inductance of the
faulty winding portion, T, is the electromagnetic torque. w, is the rotor speed. R, R, are



the stator resistance and rotor resistance, respectively. L, L;s, L., L,, are the stator
inductance, stator leakage inductance, rotor inductance, and magnetizing inductance,
respectively. P is the number of poles. T; is the load torque and B is the friction coefficient.

3 Impact of inter turn fault on the behaviour of the DTC drive

The impact of inter turn fault have been studied by the authors [20] and [21]. This paper
show a brief description of these studies for the purpose to develop the fault detection and
tolerance model. For more details refer to these references.

3.1 Problem of the torque estimation
When there is no fault (1 = 0), the estimated electromagnetic torque is the true value:

. 3P
T, = T (Wastas — l/)qsiqs) (3)

However, on the fault onset, if the degree of fault is small and the short circuit is not bold
(r7>0), the DTC continues its apparent normal operation. In this situation the estimated
electromagnetic torque can only be evaluated as the IM is healthy and no information is
provided about the faulty quantities. In this situation the torque estimation would be
erroneous and it will differ from the actual value. The only correct information gathered by
the DTC is the stator currents and voltages, however, it has been proven and found in
literature that the controller keeps its normal operation under certain range of severity fault.

The electromagnetic torque developed by the motor with an inter-turn short circuit in
winding is given by:

P . o P .
T, = 4 Lm(lqsldr - ldslqr) ) Wl lrigy (11)
Equation (11) can be rewritten as given in [20] by:
3P . . P . P .
Te = (T (lpdslds - lpqslqs)) + (E uLmlflqr + E ULmlflqs (Lm + uLls)) (16)
=L,

The first term of (16) is the one characteristic of a healthy motor. When the motor has no
faults, (11) and (16) are equivalent. In this case, the torque estimator of the drive gives an
accurate estimation of the “true” value of the electromagnetic torque developed by the
motor. On the other hand, when short circuits arise, the first term of (16) is the only one that
can be evaluated by the torque estimator of the drive because no information is provided
about the quantities present in the other terms. Hence, the error arising from the wrong
estimation of the electromagnetic torque is given by:

P o .
Terror = E uLmlf(lqs + lqr) (17)

Reference [20] demonstrates that, neglecting the high order space harmonics in a line-
connected motor under the presence of stator inter-turn short circuits, the currents involved
in (17) can be expressed as:

if(t) = Ircos(wt + By) (18)
Igs(t) +igr(t) = Acos(wt + f55) (19)

10



Where w is the angular supply frequency, I is the amplitude of the short circuit current and
Ais a constant. Hence, considering (17), (18), and (19), the torque error will be given by:

Terror(8) = B + Ccos(2wt + B5) (20)

staticeror  Tgy,,=dynamic error

Where B and C do not depend on the variable time. This equation clearly demonstrates that
under the presence of the fault, there is a static error, which is constant, and a dynamic
error that corresponds to an oscillating torque component at the double supply frequency.

3.2 Reaction to the control system

Let us assume that the motor is running smoothly, with a constant load. When the
stator fault arises, its first effects are the appearance of a negative-sequence component,
and the introduction of an additional quantity in the positive-sequence component of the
motor supply currents. According to this, the space phasor of the stator currents can be
expressed as:

is(t) = I eU@tt® 4 [-e(U0t+d) (21)

Where Ifand I stand for the amplitude of the positive and negative sequence components
of the stator currents, respectively. Neglecting the stator resistance, the flux controller has
no reason to react to this new condition, at least for now, and will continue to impose a
sinusoidal flux at the fundamental supply frequency. Thus, before the reaction of the control
system to the presence of the fault, the space phasor of the stator flux linkage can be given

by:
Ys(t) = lprefe(jwt) (22)

Where . is reference flux of the DTC drive. The torque, as estimated by the control
system, is given by (3) or equivalently by:

. 3P

T, = Im{¥ii} (23)

Taking into account (21)—(23), the estimated torque is equal to:

. 3P 3P

T, = Twreflj sin(a) — szrefls" sin(2wt + ¢) (24)
T1

The previous expression shows that the torque, as calculated by the control system, contains
a constant term and an alternating component T; at twice the fundamental supply
frequency.

On the other hand, it is known that the torque controller forces the estimated torque to lie
within a narrow hysteresis band around a reference value. This means that the estimated
torque has to follow the reference value, no matter the condition of the motor, and the
controllers have to cancel a torque component with a frequency of 2f and an amplitude of

3P - -
szrefls which mean that the control system has to introduce a torque component equal
to:

Tad =‘T1 .

11



By the analysis of (23), it is possible to conclude that there are two immediate possibilities to
achieve this:

1. The introduction of a negative-sequence component in the stator flux (and,
consequently, in the motor supply voltages), which will try to compensate the motor
asymmetry and

2. The introduction of a positive-sequence component in the stator flux linkage, at a
frequency of 3f;. The interaction of each one of these components with the positive-
sequence component of the supply currents at the frequency f; may produce a
component in the electromagnetic torque at a frequency of 2f; with a phase
opposite to that of the torque component which it is intended to cancel.

It is concluded that there is not too much room for introducing a negative sequence
voltage, as this is limited by the flux narrow hysteresis band. The second possibility
(preferred by the authors of [20]) is the introduction of third harmonic component in the flux
and by consequence in the stator currents and voltages by the torque hysteresis controller
to compensate the double frequency torque component.

3.3 Amplification of the torque oscillations
Line-fed DTC induction
motor motor drive

(a) (b)

Fig. 3. lllustration of the process of amplification of the torque oscillations caused by
the control system of a DTC induction motor drive with a stator fault.

12



Another interesting aspect related to the behaviour of this type of drive in the
presence of stator faults explained by the authors of [20] is that, although the reference
torque is constant and the action of the controllers of the drive force the estimated torque
to lie within the limits of the torque hysteresis band around the reference value, the
inspection of (17) and (3) shows that the “true” torque developed by the motor is equal to
the reference value, plus the torque error given by (17). Two reasons contribute for making
this torque error quite significant: the fact that the short-circuit current is usually very high
and the fact that, although for a symmetrical machine the sum of the current components is
usually small, when the machine develops stator faults this sum will contain an appreciable
alternating component, with special emphasis on the component at the fundamental supply
frequency. Consequently, the predominant components of the torque actually developed by
the motor are the dc component, imposed by the load of the motor, and the alternating
component at the double supply frequency. This alternating component reinforces the one
that would exist based solely on the effects of the stator fault. This aspect can be easily
explained with the aid of a graphical illustration (Fig. 5). Let us consider a motor directly
connected to the grid, with a given stator fault. In these conditions, the “true” torque
developed by the motor is equal to:

3P . ] P . .
T, = T(lpdslds - 11l’qslqs) + > uLmlf(lqs + lqr) (25)

This torque has a constant term and an oscillating component at a frequency of 2f;.
This last component is equal to the sum of two oscillating components, originated by the
two terms of the second member of (18). Thus, the total oscillating torque component is
equal to:

Tosc =T1 + Tdyn (26)

Where T; and Tg,,, were previously defined in (21) and (17), respectively. Hence, if
this motor is connected to the grid, it will exhibit a total torque oscillation as illustrated in
Fig. 5(a).

When the motor is part of a DTC drive, running at the same load level and with the
same fault, the torque controller will introduce an additional torque component T,;=-T};.
From the torque controller point of view, the motor is operating with no torque oscillations
as:

Tosc=T1 +Tgq=T1—T; =0 (27)
But in reality the motor is operating with an oscillating torque component given by:
Tosc =Th + Tgq + Tdyn =T —-T, + Tdyn = Tdyn (28)

This fact is illustrated in Fig. 5(b). Comparing T, in Fig. 5(a) and (b), it is evident that
the torque oscillations are much higher in the case of the DTC drive. In this case, the drive
will operate with a constant torque error, which may not be noticed if the drive is operating
with a speed loop because in this case the output of the speed controller will correct the
reference value given to the torque controller, and with a significant oscillating torque
component at the double supply frequency, much higher than the one that would exist if the
motor was directly connected to the grid. In this sense, it can be stated that the control
system of the DTC drive acts as an amplifier of the torque oscillations primarily caused by the
stator fault. This may be a potential problem when the DTC drive runs without a speed loop

13



(torque reference mode), besides the additional mechanical stresses imposed to the shaft of
the motor.

In conclusion it has been found that the first reaction of the DTC controller to the inter
turn fault is the increase in the 3™ order harmonic component of, to counter balance the
oscillatory component in the developed torque. That’s the reason why in [20] Motor Current
Signature Analysis (MCSA) was used and the 3™ order harmonic component was adopted for
fault diagnosis. As the inter turn fault will introduce a 2™ order harmonic component in the
developed torque, the developed power will inherit the same signature. Consequently in
[22], the fault detection was based on monitoring of the 2" order harmonic component of
the developed power, for DOL connected IM and DTC driven IM. The fault diagnosis or inter
turn faults in DTC driven IMs based on the off-diagonal components of the symmetrical
components impedance matrix was presented in [23]. Finally, the fault diagnosis of inter
turn faults in DTC driven IMs based on mathematical morphological gradient was presented
in [24].

From the aforementioned literature survey, it is obvious that researches have
investigated fault diagnosis of inter turn faults in DTC driven IMs by monitoring the 3™ order
harmonic in the stator current and the 2" order harmonic in the developed torque either in
frequency domain, or in time domain. None of the aforementioned researches dealt with
the estimation of the quantities which produce the torque oscillations Ty, due to the inter
turn fault.

The contribution of this study to the current state-of-the-art is the development of a
fault detection technique and fault tolerant control based on state and parameter
identification strategies for DTC induction motor drives. The fault detection and tolerance
technique is able to detect inter turn fault at the incipient stage and improve the DTC
performance under inter turn fault, as shown in the next section.

4 Proposed fault detection and tolerance model

DTC controller ( } > JG { ) >
Two level VSI
T Stat
State fipe
R =(1— )R,
ABC
Fault tolerant controller Voltage calculation
afd
F Y
JLI Uy Up
s
i 3 "llu
= L, X +
Fault detector 3 EKF estimator ip
MU <
T Wy,
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Fig. 4. Block diagram of the proposed model-based fault detection tolerant technique for
DTC induction motor drives under stator inter turn fault.

Fig.4. shows the main idea underlying the development of the detection technique and
fault tolerant control presented in this paper. First by estimating the state and fault
parameters of the motor, we can reconstruct the oscillation that would appear in the
developed torque if the DTC induction drive is under a stator inter turn. A fault indicator is
then calculated based on these estimations. Once the fault is detected, the fault tolerant
control block reconfigures the DTC drive by updating one of these parameters. This
parameter is the stator resistance, tuned using the fault severity factor estimated by the
designed estimator.

4.1 New inter-turn fault indicator calculation
The error arising from the wrong estimation of the electromagnetic torque is given by:

P . .
Terror = Pl HLmlf(lqs + lqr) 17)

Let’s try to rewrite this expression by a further mathematical manipulations. The expressions
of the stator flux linkages under inter turn fault are:

: .2
Ygs = Lsigs + Liniqr — 3 WLsif (29)
Yas = Lslas + Liplar (30)
From these equations we get these two equations:
.2
m qr 1/)qs leqs + § |J-lef (31)
Linigr = Yas — Lsias (32)

The developed torque under inter turn fault is:

3P o .. P .
T, = T Lm(lqsldr - ldslqr) - E “Lmlfldr (11)

By replacing (31) and (32) in (11) we get a new expression of the developed torque:

p
T (lpdsids lpqs qs) Wflpds (33)

The electromagnetic torque estimated by the DTC drive is:

p . .

T (wdslds - lpqslqs) (3)
Hence, the new expression of the error arising from the wrong estimation of the
electromagnetic torque is given by:

— P
Terror =Te = Te = E Wfl/)ds (34)
This expression depends on the d-axis stator flux, fault severity factor and fault Ioop current.

By rewriting as function of the d-axis stator flux and the complete fault S|gnal ulf, this
expression becomes:
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3P 2
Terror = T §ulf¢ds (35)

This expression is easy to estimate by choosing a proper estimator.

Its normalized modulus is used in this paper as a severity factor:

Severity = M (36)
factor \/Elnomlpref

Where I, is the nameplate rms value of the motor current, and ¥, the reference flux.

As it can be seen, the new fault indicator is proportional to the fault current and the number
of short circuited turns, which makes it a reliable fault detector. By using this component for
fault detection, it is possible to detect incipient faults, either due to the increase of the fault
current or the number of short-circuited turns. The use of this fault detector also allows us
to avoid false alarms due to parameter errors or load and speed variations.

4.2 Fault compensation method

The resistance of a coil is directly proportional to the number of turns in the coil, hence
the resistance of the short-circuited stator and the un-short circuited part of phase a are
given by:
Tr = WUR; (37)
Rs_unshorted =(1—-WRy (38)

Equation (38) shows that stator winding turn fault causes reduction in the turns of winding
resistance by u%.

When there is no fault (4 = 0), the estimated stator flux-linkage is given by:

Pas = f (vas — Ry)dt ©

qu = j(vqs - Rs)dt (2)

In the presence of inter turn fault, the DTC continues its apparent normal operation. In this
situation, the estimated flux-linkage can only be evaluated with (1) and (2) using Rj.
However the true value of the stator resistance inside the motor is given by:

Rs_unshorted = (1 - wR; (38)

As the estimation of the stator flux depends on stator resistance, a wrong value of this stator
resistance will affect the performance of the DTC drive, leading to a wrong estimation of
stator flux and consequently of the electromagnetic torque and the stator flux position.

The fault tolerant control is obtained by estimating the fault severity factor and then,
when the fault is detected by the fault detection block, the true value of the stator
resistance is estimated using the equation

Rs_unshorted = (1 - WwR; (38)

This value is fed to the DTC drive to update the parameter of it control algorithm. A similar
method to improve the performance of the DTC drive was used in [25]. But instead of to
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estimate the fault severity factor using an estimator, the authors used an artificial neural
network.

4.3 Extended Kalman Filter as estimator for state and parameter
identification

In order to design the model, some quantities must be estimated using an estimator.

This paper proposes to use the stator quantity and stator winding fault parameters for the

development of the fault detection and tolerance model of the DTC induction motor drive.
The focused stator quantity is the d-axis stator flux linkage current ;; . The fault

parameters of interest are the complete fault signal guif (product of the fault severity factor

Y, and the fault loop current gif) and the fault severity factor p.

The state and parameter estimation is a key subsystem of the proposed model.

4.3.1 EKF algorithm

The EKF is a mathematical tool which allows to determinate the unmeasurable states
and parameters by using measurable physical quantities. It is one of the widely used
state/parameter estimation techniques in industrial applications. The EKF is a recursive
optimum state estimator for nonlinear systems. It is robust to model inaccuracy, parameter
variations, and measurement noise [26].

Consider the following general expression of a nonlinear system:
{X(t) = f(X@®),A),U®) + W(t)
Y() = h(X(@®),2(D), U(1)) + V(t)

Where f and h correspond to the state and output equations of the nonlinear model,
respectively. W (t) and V(t) are the state and measurement noises vectors with covariance
matrices Q and R, respectively.

(39)

In order to estimate one or several parameters A in the model, additional state variables
are added to (39), resulting in the following extended nonlinear system:

o = [FO] 2 [f(xe,u®)] , [Wx®
Xe(t) I i (t)l [ 0 ] + [W/1 o 40)
Y(t) = he(Xe (), U(R)) + V(t)

Where X, is the extended state vector. The additional equation A(t)= W;(t) reflects that
the dynamic response of the estimated parameters is assumed unknown.

For the EKF algorithm application, this nonlinear model must be discretized and
linearized around the current state (using Jacobian matrices).

The steps of the estimation procedure of an extended Kalman filter are given by:

e The prediction of the extended state vector:

X(k +1/k) = f (X G/, u(k)) (41)
e The prediction of the covariance matrix:
P(k+ 1/k) = A(k) P(k/K)AT (k) + Q (42)
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Where:
A(k) = %(X(k)u(k)
x = x(k/k)
e Computation of Kalman gain:
K(k+1)=Pk+1/k)CT(k)((C(K)P(k + 1/k)CT (k) + R) )1 (43)
e State update:
Xk+1/k+1)=X(k+1/k) + Kk + D[y(k+1) — C(X(k + 1/k))] (44)
e Estimation covariance computation:
P(k+1/k) = (I — K(k + 1)C(k))P(k + 1/K) (45)
4.3.2 State-space model of a faulty induction motor
The state-space model of a faulty model can be derived from its qd model.

. . . 2 .
Let’s define x; =igg, X3=lgs, X3=Pgs, X4=Wgs , X5 = S Mir and the state vector

x =[x, x, x3 x4 x5]7, then the state equations are:

dx
EzA(a)r)x+Bu (46)
y =Cx
Where:
—a — Wy b Cw, Wy
(-7)
w, —a cw, b |a—-—
Ly
Alw,) = 00 (47)
_Rs 0 0 0 Rs
0 —R; 0 Rf
0 -z
0 0 0 L
c 0
2 u?
0 (C+§E)
B=|1 0 (48)
0 1
0 22
3Ls
Vas
w =[] (49)
1 0 0 0 O
C_[O 1 0 0 O] 0

18



a= (RS + RTLS) (51)

Ly LyLg
R
bh=—- (52)
L,Lgy
1
c=— (53)
Ly
Ly =Lso (54)
_ LsLy — Lm2
o= (55)

In order to estimate fault parameter p, a system augmentation technique can be
utilized by considering this parameter as additional state variable. The resultant system
becomes six-order system.

This system is more complex to estimate the states Y, guif and the parameter p.
Therefore to simplify the model, if defining new state variable:

1
Xe = — (56)
1-— § o8
We can use an equality constraint on fault parameter define by [27]:
1
f
ke =L (57)
f p2
Where
|7
k= |22 (58)
~ Vi
A, =1, —— (59)
n sn Zn
w?l?
Iy = (Rs +jwsLs) + R = (60)

Z =) tioskr

Where Vg, Vg, are positive and negative components of stator voltage, I, is negative
components of stator current, w; is electrical frequency, and s is motor slip.

The estimation of p is deduced from (56) by:

X6
W=—5— (61)
1 + §x6
Ry 2p2 .
The terms I, and s n matrices A and B can be expressed as:
f f

R R k

f s f
ok A B (62)
Ly Lis L °
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2u? 2

3L, 3L ° (63)
With:
2
Ly =n(1= 31l (19
2
R =u<1—§u)Rs+ Ty (15)
The new state vector becomes:
Xn = [xT xs]T (64‘)
Its associated state equations are:
[—a —w, b cw, w 0
Rs kf 2
a——+—x P
Wy —a —CWy b ( LlS LlS 6) 3Ll$ vqs
_[~Rs 0O 0 0 0 0
An((l)r; vqs) - 0 _RS 0 0 Rs 0 (65)
0000 Rk 2,
—(—+——x
0 0 0 0 Lls Lls ¥ 3Lls 1
0 0
c 0
]
0
B, = Ig 1| (66)
0 o]
0 O
Vs
u= [vqs] (67)
1 0 0 0 0 O
C‘[o 100 0 o] (68)

4.3.3 The choice of the covariance matrix Q and R

It is through these matrixes that pass the different states measured, predicted and
estimated. Their main is to minimize the errors related to the modelling approximation and
the presence of noise on the measurements. The matrix Q, related to noise content in the
state, adjusts the quality of our estimated model and its sampling. A greater value of Q gives
a higher value of gain “K”, reducing the importance of the modelling and dynamic of the
filter. The measure has then a relative weight greater. A high value of Q can create however
the instability of the estimator. The matrix R adjusts the weight measurements. A high value
indicates a large uncertainty of the measure. A low value gives significant weight to the
measure. However, it’s being careful for the risk of instability at low values of R.

Covariance matrixes are selected by trial-and-errors for achieving a desired
estimation performance, as below:

Q = diag[7.107® 7.107¢ 7.107® 7.107°% 1071° 10719] (69)
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R = diag [107* 107%] (70)

4.4 Proposed fault detection and tolerance algorithm for DTC induction
motor drives

Step 2 — Estimator module

| |
| = — |
| | Estimate states y,, %uirand |
| parameter |

Compute fault indicator

5pl .
‘T Tl ‘
27 .

Severity =

Step 4 = Fault tolerant control

Estimate stator resistance

R.'..'_i‘ = (]_JLI}RE

T l 1

Update parameter of the DTC
drive (i.e. stator resistance)

Fig. 5. Proposed model-based fault detection and tolerance algorithm for DTC induction
motor drives under stator inter turn fault algorithm.

Fig. 5 shows the flowchart of the proposed fault detection and tolerance algorithm
for the DTC induction drive. The proposed algorithm has four steps. The first step acquires
the stator currents, stator voltages and mechanical speed. The stator currents are acquired
from sensor, while voltages are calculated from the dc voltage and switching states. The
speed is acquired from sensor but can be also estimated using an estimator. The second step
estimates the states and the parameter used for calculating the fault indicator, using an EKF
estimator. In this module, the equality constraint on fault parameters is also calculated using
positive and negative components of stator voltage, negative component of stator current
and motor slip. The negative and positive components of stator voltage and stator current
are determined using the acquired stator currents and voltages. The third step detects the
inter turn fault. The severity factor is calculated using the states and parameter estimated in
the second step. If its normalized modulus is greater than the threshold value else the fourth
step will be executed. The threshold values in the algorithm can be determined in offline

21



analysis of the magnitude of identified fault signature under various operating conditions
such as healthy, various degrees of inter turn fault, and load unbalance. The fourth step of
the algorithm estimates the true value of the stator resistance under inter turn fault using
the severity factor estimated in the second step. Once the true value of the stator resistance
is estimated, this value is fed to the DTC drive to update the parameter of it control
algorithm.

5 Simulation results

The technique presented in the previous sections, has been implemented in the
MATLAB/Simulink environment. The simulation is conducted for a low-voltage DTC induction
motor drive whose parameters are as in Table I.

5.1 DTC induction motor drive simulation

Stator current in phase a
I I I I I I I I I

isa [A)

| | | | | | | | |
1] 1 2 3 k! 5 -] 7 8 9 10
Time (seconds)

Fig. 6. Simulated stator current in phase a.
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Electromagnetic torgue
T T T T T T

Te (Nm)

Time (seconds)

Fig. 7. Developed torque.

The tolerance bands 6T and 84 for the torque and flux comparators are adjusted such
that the average switching frequency f;, of the switching devices is around 800 Hz. The
stator flux reference Y, is set to its rated value of 0.56 Wb.

The entire time for the simulation is 10 sec. The simulation integration step time is
10~ %sec. The motor operates at the rated speed under no-load conditions. The start-up is
from stand-still until reaching the maximum speed with 300 V;.. The load torque T; is
suddenly increased to its rated value of 2 Nm at t = 4s and then decreased to 0.5 Nm att =
7s.

Fig. 6 and 7 show the waveforms of the developed torque and the stator current in the
phase a, for a healthy DTC induction motor drive. The generated torque T, responds quickly.
The torque ripple is set by the torque tolerance band §T. The stator current i, varies with T,
accordingly.

5.2 The fault detection and tolerance demonstration.
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Fig. 8. Fault parameters development for Case 1.
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Fig. 9. Fault parameters development for Case 2.

It is assumed that the interturn fault degradation process is a monotonic trend then,
becomes faster when fault severity is higher. Two cases of fault degradation process are
studied in this paper: Case 1 the fault severity factor is set to the value of u = 4% and 7
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decreases to lower values. Case 2 the fault severity factor is set to the value of p=7% and 7¢
decreases to lower values. Fig. 8 and Fig. 9 illustrate the former and later cases, respectively.

In both cases, the fault is commenced with 77 =50 Q.

5.2.1 States, parameter estimation and fault indicator

Estimated fault severity factor

_,_,_.—-—-'—"""‘—-—--"--—..________'

mu (%)
4+

0 1 2 3 4

L

Fault severity factor

i 7

4.5

mu (o)
=

3.5

0 1 2 3 4

Fig. 10. Fault severity factor for Case 1.

5

Time (seconds)

& 7

10
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Estimated fault severity factor
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Fig. 11. Fault severity factor for Case 2.

In order to test the fault detection technique, the simulated states and parameter are
compared with their estimated value through as shown in Fig. 10-15, for Case 1 and Case 2,
respectively.

Fig. 10 and Fig. 11 show the simulation results of the estimation of the fault severity
factor u. The simulations results are accurate. The highest error is about 1.5%, but it is
acceptable because this fault parameter value are corresponding to very low fault severity
level. In addition the EKF estimator take account the disturbances of measured voltage and
current in the estimation algorithm which is more practical in real scenario.

Fig. 12 and Fig. 13 show the simulated and estimated complete fault signal %uif for

Case 1 and for Case 2 respectively. The estimated complete fault signal closely matches with
the simulated values. In addition we can see that the value of the complete fault current
increases when the fault resistance decreases, and when the fault severity factor becomes
severe.

Fig. 14 and Fig. 15 show the simulated and estimated ;5 for Case 1 and for Case 2
respectively. The estimated d-axis flux closely matches with the simulated values. Also, it can
be observed that the inter turn fault has not an effect on the d-axis flux. Hence the fault
indicator depends only of the fault parameters of the motor.
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Fig. 12. Complete fault signal for Case 1.
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Fig. 13. Complete fault signal for Case 2.
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Fig. 14. D-axis flux for Case 2.
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Fig. 15. D-axis flux for Case 2.
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Hence, from Figs. 10 to 15, it can be concluded that the developed EKF state estimation
technique is able to estimate the states and fault parameter of the motor accurately.

Fig. 16 and Fig. 17 show the evolution of the fault indicator for Case 1 and Case 2
respectively. In healthy case (when fault resistance is higher), the indicator remains close to
0, reflecting a good estimation of the theoretical electrical parameters. As the fault loop
current increase when the fault resistance decrease, the fault indicator follows the trend of
the complete fault signal. When the fault becomes severe (e.g. the fault severity factor is
higher), the indicator increases with the number of short-circuited turns, which confirms
that the fault detection is trickiest for a low number of short-circuited turns.

This study confirms that a threshold on this indicator can be used to make a quick and
robust (against transient operation) fault decision.

Fault_indicator

Fault.ndicator (%)

Time (seconds)

Fig. 16. Fault indicator for Case 2.
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Fault_indicator

Fault.ndicator (%)
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Fig. 17. Fault indicator for Case 2.

5.2.2 Fault compensation

As can be seen from the previous section, the fault detection block calculates the fault
indicator, compares it to a defined threshold, and gives the decision to estimate the stator
resistance using the fault severity factor. Once the stator is estimated, this value is fed to the
DTC drive to update the parameter of it control algorithm.

Fig. 18 and 19 depict the simulation results describing the working of the fault tolerant
control of DTC induction motor drive under stator inter turn fault with a fault severity factor
L = 7%. We can see that when the fault becomes severe, the stator current becomes
unbalanced caused by the fault loop current. In addition, the value of the torque increase
with an amplification of the torque oscillation. The amplification of the torque oscillation is
caused by the control system of the DTC induction motor drive as seen in the section 3.3.
Hence, the control system of the DTC drive acts as an amplifier of the torque oscillations
primarily caused by the stator fault.

The fault tolerant control shows that the drive performance is affected by stator
resistance variation and, estimate the true value of stator resistance is necessary to preserve
and maintain the drive control performance.
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Fig. 18. Developed torque under faulty condition.
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Fig. 19. Stator current under faulty condition.
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6 Conclusion

This paper deals with fault detection and fault tolerant control for stator inter turn fault
in DTC induction motor drives. For detecting the fault, a new fault detection technique was
employed. By estimating the parameters which produce the torque oscillation due to a
stator inter turn fault, a new fault indicator was calculated and the fault detection system
can detect inter turn fault at incipient stage. In the moment of fault, the fault tolerant
system is automatically activated, and estimate the true value of the stator resistance. This
value is then fed to the DTC drive to update it parameter that allow to continue the drive
uninterrupted system. The model is presented is the paper and the simulation results ensure
the satisfactory operation of the proposed fault detection and tolerance system.
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Table I: Parameters and nameplate of the induction motor [21]

Value

Rating Value [Rating  Value

321107%*H
37.01073 H

0.895 H

0.053 Kgm?

746 W PF 0.8
460 V [Pole pair 2
1.47 A4 n, 1730 rpm
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