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Abstract

In this paper, a novel and non-invasive stator inter-turn short circuit (ITSC) online detection method is presented for an
induction machine (IM), driven by a two-level voltage source inverter (2L-VSI) via finite control set model predictive control
(FCS-MPC). The main idea of the proposed method is to utilize the controller itself as an observer: under the presence of a
fault, the distribution of inverter switching states significantly deviates from the original balanced case. Therefore, by inspecting
the inverter switching vectors, which are the outcomes of the FCS-MPC routine’s online optimization procedure, a stator fault
can be detected efficiently. It is observed that both the zero-vector allocation over the complex plane and the allocation among
the active vectors are influenced by the presence of a stator short-circuit fault. The proposed fault detection strategy introduces
little to no extra burden for processor and memory. Experimental results verify the proposed method, and inter-turn short

circuits of two and three turns are confidently detected and located for a 500 W, two-pole IM.



IMPORTANT NOTE: THIS PAPER IS THE ACCEPTED (NON-EDITED) VERSION OF THE ORIGINAL STUDY TO APPEAR IN IEEE 1
TRANSACTIONS ON ENERGY CONVERSION, DOI: 10.1109/TEC.2020.3048071. INTENDED FOR FAIR USE. CONTENT MAY CHANGE IN
THE PUBLISHED PAPER. COPYRIGHTS BELONG TO IEEE. https://ieeexplore.ieee.org/document/9310277

Model Predictive Controller Utilized as an
Observer for Inter-Turn Short Circuit Detection
in Induction Motors — Preprint Version

Ilker Sahin, Student Member, IEEE, Ozan Keysan, Member, IEEE
https://ieeexplore.ieee.org/document/9310277

Abstract-- In this paper, a novel and non-invasive stator inter-
turn short circuit (ITSC) online detection method is presented for
an induction machine (IM), driven by a two-level voltage source
inverter (2L-VSI) via finite control set model predictive control
(FCS-MPC). The main idea of the proposed method is to utilize the
controller itself as an observer: under the presence of a fault, the
distribution of inverter switching states significantly deviates from
the original balanced case. Therefore, by inspecting the inverter
switching vectors, which are the outcomes of the FCS-MPC
routine's online optimization procedure, a stator fault can be
detected efficiently. It is observed that both the zero-vector
allocation over the complex plane and the allocation among the
active vectors are influenced by the presence of a stator short-
circuit fault. The proposed fault detection strategy introduces little
to no extra burden for processor and memory. Experimental
results verify the proposed method, and inter-turn short circuits
of two and three turns are confidently detected and located for a
500 W, two-pole IM.

Index Terms-- Fault diagnosis, condition monitoring, finite
control set model predictive control (FCS-MPC), inter-turn short
circuit (ITSC), inverter statistics.

I. INTRODUCTION

AULT diagnosis and condition monitoring of electrical

machines are vital for industrial applications. Early
detection of an incipient fault can significantly reduce both the
repair cost and the downtime of the process under
consideration. In mission-critical applications such as electric
transportation, early fault detection abilities become even more
important for increased passenger safety and system reliability.
Consequently, fault diagnosis has been a significant focus of
research [1]-[4].

While most of the early works in fault diagnosis research
concentrate on the fault signatures of line-fed motors, recent
studies consider fault detection of inverter-fed, closed-loop
controlled machines [5]-[16]. Condition monitoring for closed-
loop controlled drive systems becomes especially interesting
because the controller inherently tries to create a balanced set
of phase currents even in the case of a faulted machine, covering
the fault traces to a large extent [5]-[7]. Therefore, for a closed-
loop motor drive system, any fault detection algorithm should
be assessed in conjunction with the main motor control

technique. Among the previous studies mentioned as examples
of fault detection with closed-loop control, field-oriented
control (FOC) is considered in [5]-[13], direct torque control
(DTC) in [14], [15], and model predictive control (MPC) in
[16].

MPC has emerged as a promising alternative for FOC and
DTC, which are today's industry standards for variable speed
drives. It has drawn significant attention from the research
community due to its merits, such as fast dynamic response,
intuitive algorithm, and flexible structure that allows the
straightforward inclusion of system constraints and converter
nonlinearities [17]-[21]. MPC is the chosen motor drive
technique in this study since its intrinsically fast and flexible
control structure lends itself to be suitable for the proposed fault
detection algorithm.

Induction machine (IM) faults can be classified into three
groups; stator, rotor, and bearing faults. Stator faults, which
account for 21% of the total faults [22], [23], usually start as
inter-turn short circuits (ITSCs), which arise from the loss of
insulation in the stator winding and quickly evolve into
complete phase to phase or phase to ground faults. Therefore, a
fast and reliable determination of an incipient short circuit in
the stator winding is necessary.

In this paper, we suggest a new algorithm to detect stator
ITSC faults, including the fault location, for an IM driven by
finite control set model predictive control (FCS-MPC). The
algorithm works as simple extensions to the standard FCS-MPC
routine. The fundamental principle of the proposed algorithm
for fault detection is straightforward: an IM without any fault is
a balanced system. Therefore, considering a closed-loop speed
controller, the voltage vectors that are commanded by the
controller are expected to exhibit a balanced distribution. An
ITSC acts as a disturbance to this balanced system; hence, any
unexpected allocation of the voltage vectors would indicate the
presence of an ITSC. While the proposed approach for fault
detection can be generalized for other closed-loop control
strategies, its implementation alongside MPC is intuitive. Just
by observing the outcomes of the optimization routine of the
predictive control algorithm, the relative distribution of the
voltage vectors can be easily examined, and any unexpected
deviation can be detected. As there is no perfectly balanced
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machine and also considering the influence of noise on the
controller action, an ideal balance condition cannot be observed
for practical systems. However, variations among the voltage
vectors for a healthy IM are significantly less than those of an
IM with an ITSC, which is verified by the experimental results.

A methodology for fault detection, which relies on
examining the inverter switching statistics for any abnormal
distribution, is previously proposed in [9]. Although the
underlying principle adopted for fault detection is similar, there
exist several differences regarding both the motor control
strategy and the figures that indicate fault existence. An
additional predictive current control (PCC) routine is
implemented alongside FOC in [9], without any detailed
description of the control scheme. The method to interpret the
switching vector distribution is also different. Furthermore, the
influence of FCS-MPC related parameters, such as the
weighting factor (A) and the sampling frequency, on the fault
detection performance is presented in this study.

The remainder of this paper is organized as follows. In
section 11, the mathematical model of an IM with an ITSC fault
is constructed. In section I11, the control routine of the FCS-
MPC is presented. The influence of an ITSC on the current
waveforms is examined in section 1V, for both the open-loop
and closed-loop operations. The proposed fault detection
algorithm is described in section V, and the experimental results
are provided to prove its effectiveness. A series of discussions
and a comparison of the proposed method with respect to the
previous studies are also provided in section V. Finally, the
paper concludes with section VI.

Il. INDUCTION MACHINE MODEL WITH A STATOR SHORT-
CIRCUIT FAULT

An IM with an inter-turn short circuit (ITSC) is shown in
Fig. 1, where the fault is arbitrarily assumed in phase A. The
ratio of the number of shorted turns to the total number of turns
in one phase (N¢/N) is defined as u. ITSC is modeled as the
fault current I flowing over the fault resistance R;. Among
various modeling studies reported so far [24]-[27], the
formulation presented in [24] is adopted with the assumption of
the linear distribution of the leakage inductance L, such that
the leakage inductance of the shorted turns is equal to uL.
With the complex vector notation from the stationary reference
frame (f,z = fo +Jjfp), state-space model of an IM with an
ITSC can be described by

dv, 2
V. = Ry, + d—ts — 3 HIfRs (1)
V, = R, + —— — jw, ¥, 2

dt

2
W, = L, + LI — 3 plpLg ©)]

2
Y. =Lyl + LI — 3 plgLyy, (4)

3 3

T, = Eme(IsﬁIra - Isalr[f) - E:uLmIfIra (5)

dw,,
]7 =T,—T, (6)

where V, I, and W represent voltage, current, and flux linkage
complex vectors, R and L,, represent the series resistance and
the magnetizing inductance, respectively. Subscripts s and r
indicate stator and rotor quantities. The inductances L, and L,
compose of leakage and magnetizing terms, such that Lg =
Li+L, and L, =L, + L, where L and L, represent
leakage inductances. T, and T, are electromagnetic and load
torque, w,, is rotor angular speed, w, is rotor angular
frequency, and p is the number of pole pairs.

Fig. 1. The three-phase stator winding of an IM with an ITSC fault on its phase
A

Voltage equations for the shorted turns can be expressed by
(7)-(8), where V; is the voltage and ¥, is the flux linkage across
the shorted turns.

¥,
Vp = Rely = uR(lsa = I) +—= (7
2
¥y = .ULls(Isa - If) + ULy, (Isa + Lo — §#If) @)
2
Wrm = ULm (Isa + L — §H1f) 9)

Zero sequence components, which would arise in the
presence of an ITSC, are not included here with the assumption
of floating neutral operation. It should be noted that a precise
and complete characterization of an ITSC fault requires detailed
modeling of the winding and slot geometry, including the
magnetic properties of the core material. However, the
presented model is favorable when the main motivation is to
explain the fault's influence for the purpose of fault diagnostics.
The equivalent circuits for an IM with ITSC and the faulty turns
are drawn in Fig. 2. Wy, is defined as (9).

The shorted turns cause the fault current Ir, which may be
much higher than the rated current, depending on the value of
fault resistance Ry. This high current can quickly cause a hot-
spot in the winding and may develop into permanent damage if
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left unattended. For the case of a line-fed IM, the faulty phase
tends to draw a larger current, yielding an unbalanced set of
phase currents, which is a fundamental indicator for the
existence of an ITSC. The interaction of I, with the rotor flux
manifests itself as a second harmonic torque component, as
shown in (5), which is another primary fault signature. As the
shorted turns can be assumed resistive, (R + uRs » uX;;), the
I, vector lags the stator flux linkage (W) vector by nearly 90°,
since I opposes the derivative of the stator flux linkage.
Explanations regarding the influence of ITSC on machine
dynamics will be continued in chapter IV with experimental
verifications.

uLys d¥;

lsw /N dt
&

Fig. 2. Equivalent circuits for an IM with ITSC and the faulty turns.

I1l. FINITE CONTROL-SET MODEL PREDICTIVE CONTROL

This section provides the definitions of the general structure
of FCS-MPC as applied to the predictive torque control of an
IM. The equations that describe the control action (16)-(21) are
adopted from [28],[29]. As the applied control strategy is a
model-based one, the state-space model of the squirrel-cage IM
should be addressed first. This is readily available from (1)-(4)
by letting R — oo, hence I — 0, and can be expressed as:

Y
Vo= Rols +—= (10)
avy.
0 =Rl + — — jwe'Yr (11)
dt
W = Lls + Ly, (12)
Wy = Ll + Ly 1, (13)

The flowchart of the FCS-MPC routine is depicted in Fig. 3.
It is mainly composed of three steps: estimation, prediction, and
optimization. First, the rotor and the stator fluxes are estimated
by using the current measurement and the machine parameters.
A suitable way for this is to use the rotor current model of the
IM (14)-(15). Discrete versions of the rotor and the stator flux
estimations can be obtained by Euler approximation as in (16)-
17,

deT—RILm (R’ j )w 14
dt - ris LT LT JWe r ( )

Ly,
Wy =W, =+ oLl (15)

T

Ly,
W.(k) = W, (k — 1) + At. (ers(k) =
R " (16)
(L—T —jwe(k)) W, (k = 1)>

L,

Y (k) = _lpr(k) + oLl (k) (17)

L

where 0 = 1 — 12, /LL, is the leakage factor and At is the
control period.

Measure Is, om, Vbc

|

Estimate ¥,(k) and
Wy(K) (16),(17)

i=0 v
Predict Is(k+1) and
> W(k+1) for V; (18),(19)
i Compute g(Vi) (21)
Store gmin and Vgmin

| !

YES Vopr (k+1)
= ngin

Fig. 3. Asimplified flowchart diagram for the FCS-MPC routine.

NO

Having estimated the values of W,(k) and W, (k), the next
step in the FCS-MPC routine is to predict the values of stator
flux (18), current (19) and torque (20) at the next control cycle,
under the influence of a specific voltage vector V;(k). The
superscript p is used to indicate predicted variables.

WP(k + 1) = Ws(k) + At. V; (k) — AtR I (k)
’ At
Plk+1) = (1 ——) 1,(k) +
To

(18)

At + 1,
i | (19)
R_g (; - kr]we(k)) W,.(k) + Vi (k)

TP (k + 1) = 1.5pIm{Wl" (k + DIF (k + 1)} (20)
where, k. = L,, /L, is the rotor coupling factor, R, = R; +
k2R, is the stator referred equivalent resistance, 7, = oL¢/R,,
is the stator transient time constant and z,, = oL, /R, is the rotor
time constant.

After the predictions for a voltage vector is obtained, the
outcomes in terms of stator flux magnitude and torque can be
evaluated with a cost function. This action is repeated for each
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admissible voltage vector, as shown in Fig. 3. While different
forms for the cost function can be proposed, the conventionally
used type is given in (21). A weighting factor A is included to
adjust the relative importance of torque and flux error terms
hence to tune the cost function. It is also good practice to
include a penalty factor such that an infinite cost is assigned to
a voltage vector if the current prediction of (19) foresees an
overcurrent under the influence of that particular vector.

9 =120 = T2 (k + 1) @1
+ A |1wgles = WP (k + 1)
The voltage vector, for which the cost function of (21) yields

the minimum value, is selected as the optimum and applied at
the next switching instant.

IV. CLOSED-LOOP AND OPEN-LOOP MODES OF OPERATION
WITH INTER-TURN SHORT CIRCUIT FAULTS

Before introducing the proposed fault detection algorithm, it
would be informative to consider the motoring operation with
ITSC faults. An experimental comparison between open-loop
and closed-loop controlled modes of operation provides
essential conclusions, leading to the development of the
proposed fault detection algorithms.

A. The Experimental Setup

For the development and the experimental verification of the
proposed fault detection algorithm, the laboratory setup
depicted in Fig. 4 is used. MPC is implemented on
TMDXIDDK379D, which is an industrial motor drive

development platform produced by Texas Instruments, [30].
TMDXIDDK379D includes the F28379D microcontroller [31]
and a 2L-VSI with measurement and auxiliary circuits required
for motor drive operation.

Fig. 4. A photo of the Iaborator setup.

The IM on which ITSC detection algorithms have been
implemented is originally designed as a spindle motor for 200
Hz operation. Its stator winding is custom-modified such that
intentional short-circuit faults consisting of two, three, and five
turns can be created. No extra resistor is utilized in ITSC tests.
However, ITSCs are created over a two-meter-long cable that
introduces an extra resistance of 0.35 Q. The DC bus voltage of

TMDXIDDK379D, which was kept at 350 V throughout the
experiments, and the frequency is limited with 75 Hz. The
electrical parameters and the re-defined rated values of the IM
are listed in Table I.

The functional structure of the experimental setup is given
in Fig. 5. The interested reader is referred to [32] for further
details on the experimental implementation.

TMDXIDDK379D

ITSC

Torque
Sensor

| |
[ | (el !
I
111 Tgla|  Power [
<—’ /| Analyzer | Adjustable
—————————— Load
o ([AVIF
Oscilloscope
Fig. 5. The functional structure of the laboratory setup.
TABLE |
IM PARAMETERS
Name Symbol Value
Power P 500 W
Stator voltage Vb 150 vV
Stator current I 35A
Base frequency f 50 Hz
Torque T, 1.2N.m
Number of poles p 2
Number of turns in one phase Ny 104
Stator resistance R; 23Q
Rotor resistance R, 3.1Q
Magnetizing inductance Ly 90 mH
Stator leakage inductance Lis 5mH
Rotor leakage inductance Ly, 1 mH
Stator flux magnitude ref. |w|mef 0.4 Wb

B. The Influence of ITSC Fault on Current Waveforms

A comparison of the current waveform characteristics under
ITSC fault for open-loop (uncontrolled) and closed-loop
(controlled) cases would provide valuable insight. The motor is
both driven via the closed-loop predictive torque control and
run through a fixed AC supply that matches the rated values
(150 V, 50 Hz, 1 N.m load torque). The ITSC fault is created as
the short-circuiting of three-turns at the phase-A winding.
Stator current waveforms for both cases, with the fault current
included, are given in Fig. 6. For the inverter driven cases (Fig.
6. c, d), the acquisition mode of the oscilloscope is set to the
average of four samples. It can be observed that the faulty phase
tends to draw more current, which can lead up to a 10%
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difference in magnitudes (between Chl and Ch3, in Fig. 6 a, b),
resulting in an unbalanced set of three-phase currents. On the
other hand, the stator current waveforms for the MPC driven

Tek Al @ Stop I Pos: 0.000s MEASURE
+

In

CH2
Cye RME
3214

CH3
Cye RMS
a) 3214

CH2 2008
CHY 3004

Il @ Stop
+*

I 2,505
24-Jan-20 1%58
I Pas: 00005

CH3 2004

Tek MEASURE

L

CH2
| Oy M3
3,324
CH3
Cyc RME
c) 3,304
+

CH2 2004
CHY 3004

4 2.50rns
24-Jan-20 1411

CHZ 7 235md

CH3 2004 B16.332Hz

case are almost insensitive to the presence of an ITSC; the
controller tries to create a balanced set of three-phase currents
even under the influence of a fault, as shown in Fig. 6 ¢, d.

Tek i @ Stop M Fos: 0.000s MEASURE
+

o ///A
CH2
Cyic RS
3364
CH3
Cyc B3
b) 5144
i ]
CH2 2004 M 2.50ms
CH3 2004 CHA 30,04 24-Jan-20 13:53
Tek Il @ Stop 1 Pos: 00005 MEASURE
+
4+ /
. CHz2
i Cye AM3S
3334
CH3
! Cyc RME
d) * Tiam
i
CH2 2004 M 2.50ms CHZ 7 1604
CH3 2004 CHA 30,08 24-Jan-20 1413 304, 287Hz

Fig. 6. Stator phase currents (Ch.1-2-3) and the ITSC current (Ch. 4) for the cases; open-loop without fault (a), open-loop with a fault (b), closed-loop without
fault (c), closed-loop with a fault (d), under the operating conditions f, = 50,7, = 1 N.m.

In the frequency domain analysis of the current waveforms,
no fault-related harmonic components are observed. Similarly,
the machine torque waveform does not exhibit the second
harmonic pulsation. From the waveform analyzer connected to
IM terminals, as shown in Fig. 5, it is observed that the line to
neutral voltage of the faulty phase turns out to be approximately
1V smaller than the other phases' voltages for the closed-loop
controlled case. This is the fundamental reason for the faulty
phase current not increasing, contrary to the open-loop
operation. We draw two important conclusions from the
preceding analysis, as follows:

e Closed-loop control of a motor significantly covers the
fault signatures, making waveform analysis based fault
detection techniques less viable.

e For the healthy operation, the controller applies a balanced
set of inverter switching vectors, which then create a
balanced set of stator currents. However, for an IM with an
ITSC fault on one phase, motor phases are no more
identical. Therefore, under an ITSC, it is intuitive to
suggest that the controller applies an unbalanced set of
inverter switching vectors to yield a balanced set of stator
currents.

Given the two conclusions stated above, the main idea
adopted for fault detection in this paper is to investigate the

controller outputs against any abnormal distribution.
Evaluation of inverter switching statistics as a means for fault
detection is previously proposed in [9], where the motor is
driven via FOC that is accompanied by a predictive current
controller. In the spatial distribution of the weighted mean
values of the inverter switching vectors, two distinctive minima
at 60° and 240° are reported as an indicator of an ITSC. In the
experimental verification of the proposed ITSC detection
algorithm, which is described in the following section, in
addition to the decrease reported in [9], an increase in the
switching vectors that correspond to the faulty phase (e.g., v1
and v4 for a fault in phase-A) is observed. However, having in
mind that a lower value for the faulty phase voltage is created
to obtain a balanced set of currents, the increase in the vectors
that point into the faulty phase looks like a contradiction unless
the utilization of zero-vectors is also considered.

To further investigate the influence of an ITSC on the
selection of optimal switching vectors, the controller outputs
are averaged and recorded for ten electrical periods, for the
rated operating conditions. Adopting the classical DTC
approach [33], the switching vectors are also grouped under
sectors, as defined in Fig. 7, for which the stator flux vector, ¥
occupies. It is observed that, under an ITSC fault, the utilization
of switching vectors that correspond to the faulty phase increase
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(v, during sector 3 and v; during sector 6) along with the
utilization of zero-vectors also increasing. Therefore, the
utilization of other vectors decreases and the magnitude of the
applied voltage to the faulty phase is not increased due to the
increase in zero-vectors. To evaluate the change in active vector
allocations due to the occurrence of an ITSC fault, (22) is
proposed.

Av. = Ux — Vavg Ux — Vapg (22)
* Vav, Vav
9 faulty g healthy

By using (22), the approximated percent changes in active
vectors upon fault occurrence were observed as follows:
(Avy + Avy) = 12%, (Av, + Avs) = —9%, (Avz + Avg) = —3%.

Based on the observations discussed so far, we propose two
approaches as potential ITSC fault detection methods through
inverter switching statistics:

e Examination of the unbalance in the allocation of active
vectors.

e Examination of the unbalance in the zero-vector allocation
across the sectors of the complex plane.

ITSC fault detection has been experimentally verified for
both of the methods proposed above. However, fault detection
through the examination of unbalance in the active vectors was
found to yield more sustainable results compared to fault
detection via zero-vector allocation. Therefore, the proposed
fault detection strategy, which is described and discussed in full
detail in the following section, is based on active vector
allocation.

S3_ -7 €=l 82

v \Y
7\ K
! \
! \
S41 < > 1 S1
v Ve Vi
\ /
N v
R A
N\ /'

N Va
N, -

S5 -7 56

Tms e

Fig. 7. Voltage vectors of a 2L-VSI and the sectors depicted on the complex
plane.

V. THE PROPOSED ALGORITHM FOR ITSC FAULT DETECTION

Having identified the unexpected distribution of switching
vectors as an indicator of fault's existence, the proposed method
to utilize this unbalance for fault diagnosis is described in this
section. Then, a series of practical issues regarding the
presented fault detection strategy is discussed. Finally, a short
review of the existing fault diagnosis approaches is presented,
and a comparison is provided.

A. Method to Evaluate the Unbalances in the MPC Output

A flowchart diagram for the proposed fault detection
algorithm is given in Fig. 8. As a simple add on to the standard

FCS-MPC structure, a counter algorithm records how many
times each active vector has been chosen as the optimum by the
controller. This counting routine continues for the preset
number of full electrical periods (as long as 'Counter Flag' in
Fig. 8 is true), which can be determined by the full rotations of
the W, vector. Once the counting process is complete, the
average value of the active vector switching numbers and the
percent deviation of each vector with respect to the average are
calculated. Considering the influence of system non-idealities
and noise on the controller action, deviations are then low-pass
filtered.

Detect ¥s(k)
Zero-crossing

: [

Rev.Counter < Nmax

>

YES NO
A\ 4 Y

Rev.Counter = 0
CounterFlag =0

v

| avg = (cvit+cva+ = +cve) / 6 |

Rev.Counter ++
CounterFlag=1

A

evi =100 (cvi - avg) / avg
Find errors for :

each vector eve = 100 (cve - avg) / avg

v

| cvi=cvz="" =cve=0 |

v

Counter
reset

Pass th ev1PI = Kr.eviPI + Kp.evy
ass the errors )
through LPF )
evePI = Ki.evePI + Kp.evs
R h ev1PIC = eviPI - vioffset
emove the .
offsets )
evePIC = evePI - veoffset
Fault FIS = (ev1PIC+ev4PIC)? +
Indicating
Score (evzPIC+evsPIC)2 + (ev3PIC+evsPIC)?

Fig. 8. Flowchart diagram of the proposed fault detection algorithm.

Since a perfect symmetry cannot be expected from a
practical machine, there may be deviations in the numbers of
utilization for the active vectors even under the healthy case.
Although this inherent unbalance is small compared to the
deviations that stem from an ITSC, the deviations in the healthy
case are recorded as offset values and subtracted from the low-
pass filter outputs for better fault detection performance.
Finally, the filtered values of deviations are evaluated on a
phase-basis, and the combined result is regarded as "the fault
indicating score”, abbreviated as "FIS," which can be utilized
for the ultimate fault/no-fault decision. The proposed
algorithm's fault detection performance is given in Fig. 9 for
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several operating values for an ITSC of two turns. The “fault
indicating score” (FIS) waveform (green) exhibits a decisive
increase after the ITSC is created, the instant of which is marked
with a red arrow in Fig. 9. Based on the FIS, fault/no-fault
decision is made (purple, high means fault). Both the FIS and
the fault decision parameters are observed over the DAC pins
of TMDXIDDK379D. Considering that FIS takes different
values depending on the operating condition, different
multipliers are utilized for better DAC visualization. The
numerical value that the unit height of the oscilloscope screen
corresponds is marked on the respective graphs in Fig. 9. The
FIS value can be evaluated by comparison with respect to the
unit height value. The results prove the effectiveness of the
proposed algorithm over the entire operating range of the
motor. Since the higher numbers of shorted turns produce
higher FIS values; hence they are easier to diagnose, results are

provided only for the two turns short-circuit case. The same
fault threshold is utilized for the operating conditions in Fig. 9.

More decisive results can be obtained by utilizing a higher
number of electrical periods that the vector counting routine is
done (Nnq, in Fig. 8). However, this can prolong the fault
detection time. A similar trade-off exists in the design of low-
pass filter parameters; fluctuations in the fault-related
parameters can be avoided by low-pass filtering at the expense
of delayed detection time. These parameters should be
optimized for any given practical application of the proposed
algorithm. For the fault detection figures depicted in Fig. 9,
Npax = 5 15 set. The proposed fault detection method (i.e., the
flowchart of Fig. 8), is run inside a 10-kHz interrupt routine,
and the computation time is measured to be 11.4 ps, for
Rev.Counter > Ny, Case, i.e., for the complete execution of
the flowchart depicted in Fig. 8.
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+ + +
] ] .
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Fig. 9. The fault detection performance of the proposed algorithm, for a short-circuit of two turns, under several different operating conditions. Fault indicating
score (green) and the fault/no-fault decision (purple). Fault initiation time is marked with the red arrow.

B. Discussions on the Proposed Fault Detection Method

In the following, several issues regarding the development
and application of the proposed algorithm are discussed. The
foremost issue worth mentioning is the generalizability of the
proposed algorithm. The proposed algorithm's underlying
principle is to observe for the controller outputs' unbalances as
a reaction to the loss of symmetry in the machine due to the
inflicting fault. Thus, other motor drive schemes, such as FOC
and DTC, can also be equipped with a similar fault detection
strategy. Nonetheless, model-based control techniques are more
sensitive to model mismatches (which is guaranteed when
driving a faulty motor); hence, they can be considered as better
candidates for utilizing the proposed fault detection scheme.

We adopted FCS-MPC as the preferred motor drive
technique to apply the proposed fault detection algorithm

because it is intrinsically fast and flexible. Its predictive
structure does not require an error term to be created and
accumulated. Therefore, the disturbance in current waveforms,
in which the influence of the ITSC is manifested, can be
handled more effectively by the controller. On the other hand,
the FOC is based on classical Pl type error compensators, which
have low-pass filter characteristics. The influence of the ITSC
would appear as an additional AC term on the dg-quantities [6],
[8], [11], which is expected to be low-pass filtered, making
FOC less viable for the presented fault detection strategy.
Furthermore, with FCS-MPC, it is easier to record and evaluate
inverter statistics because the optimization routine outputs are
discrete space-vectors in contrast to the continuous voltage
references that are to be modulated, as in the case of FOC. With
MPC, one has to simply count and record the cost function
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outputs to evaluate any unbalance at the inverter outputs,
whereas this convenience is not present in FOC.

In FCS-MPC, the weighting factor (1) is a fundamental
parameter that tunes the controller response. The increased
value of A puts more emphasis on the flux magnitude error term,
and implicitly improves the phase current waveform quality.
Several different A values, ranging from 30 to 100, have been
tested. Phase current THD is near minimal for 2 = 50 (1.3%)
and increasing A further provides little to no decrease in THD.
For 1<30, the current waveforms become perceptibly
distorted. The effect of A on the fault detection performance is
also similar; although the proposed method still detects faults,
smaller values of 2 makes FIS smaller. Furthermore,
oscillations in FIS and discrepancies, such as different amounts
of deviations for the same group of vectors (e.g., Av, # Av,) are
observed for 2 < 30. The results depicted in Fig. 9 are provided
for 2 = 50.

A similar relation exists between fault detection
performance and the sampling frequency. Due to the powerful
microprocessor utilized in the experimental setup, the
computation time for the whole FCS-MPC routine is merely 12
us hence a rather-high sampling frequency of 40 kHz could be
implemented. Experiments repeated with a sampling frequency
of 25 kHz still provides fault detection with decreased FIS.

It can be observed from Fig. 9 that there is an inverse
relationship between motor output power and FIS. The total
number of utilized zero-vectors is lower as the speed increases.
Combined with a higher load torque demand that allows less
margin for the change in the utilization of switching vectors, a
smaller percentage of deviation occurs for high speed — high
torque region.

In this paper, only the stator ITSC fault type is considered,
and other fault types such as broken rotor and shaft
misalignment/bearing damage lay beyond the scope. Hence, no
experiments have been conducted with the proposed algorithm
to detect or distinguish these types of faults. Nonetheless, these
faults can be distinguished from ITSCs by their nature of
occurrence. The influence of a broken rotor fault would be
experienced equally by each stator phase. A bearing fault is a
mechanical issue, and its rate of progression is expected to be
slower than that of an ITSC. In any case, even for a wrong
identification of an inflicting fault, it is beneficial to address and
evaluate any unexpected operation.

The fault detection ability of the proposed algorithm under
dynamic operating conditions is verified by the application of a
triangular wave speed command as shown in Fig. 10.

v _ _ w=3750rpm

[

Unit Height = 155$

>
0.5 sec

Fig. 10. The fault detection performance of the proposed algorithm under
dynamic operation. Purple: motor speed in rpm. Green: fault indicating score.

For the two turns ITSC fault under rated operating
conditions, the FIS waveform that is produced based on the
low-pass filtered deviations of switching vectors, as illustrated
in Fig. 8, is shown in Fig. 11. On the same figure, another FIS
waveform, which is calculated without the low-pass filtering
stage, is also shown. Although the response to the inflicting
ITSC fault is much faster in the unfiltered case, the large
fluctuations in the unfiltered FIS waveform can cause false
triggers.

I Unit Height = 124

Fig. 11. The FIS waveforms; calculated from the low-pass filtered deviations
(green) and the unfiltered version (purple).

As further analysis of the proposed fault detection
algorithm's performance, several different FIS waveforms, five
for the healthy operation at rated values case and another five
for the two turns ITSC case, are depicted on the same graph, in
Fig. 12. It can be seen from the figure that the algorithm is
reliable as the healthy case produces FIS close to zero.
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Fig. 12. Several different FIS waveforms; for both the healthy case and the two
turns ITSC case under rated operating conditions.
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C. A Review on ITSC Fault Detection Schemes with Closed-
Loop Control and a Comparison for the Proposed Algorithm

An exact benchmarking between any two fault diagnosis
methods requires experimentation with the same machine, fault,
and operating conditions; hence it is hard to realize.
Nonetheless, the complete assessment of the proposed fault
detection method should consider the previously suggested
fault detection strategies. Therefore, several selected ITSC fault
detection schemes developed for closed-loop controlled
machines are compared in Table 11 with the proposed algorithm.

A fundamental parameter that can be utilized for
benchmarking in fault diagnosis methods would be the severity
factor (1), which was defined as the ratio of the shorted turns to
the total number of turns in the phase (u = N¢/N,p). With the
proposed method, two shorted turns (out of 104 turns in a phase)
is detected (u=1.9%), which can be considered quite
satisfactory among the other methods presented in Table II. It
should be noted that the severity ratios may differ in some of
the papers cited in Table II, due to the adoption of different
definitions for the severity ratio, as in [11] and [14].
Furthermore, additional fault resistances may or may not be
utilized, and the physical structures of the artificial faults
created for the experiments would differ. Therefore, the
severity factor alone should not be regarded as an ultimate
quality figure. A single-turn fault option was not made available
in the experimental IM; hence this case could not be tested. FIS
waveforms obtained for the two turns fault in Fig. 9 suggest that
a single-turn fault could have been detected too, at least for the
low to medium speed region.

TABLE Il
A REVIEW OF EXISTING FAULT DIAGNOSIS METHODS THAT CONSIDER
CLOSED-LOOP CONTROLLED MACHINES

Motor Type &  Severity (%) .
Ref. Control Method (1 = N, /N,,) Detection Method
[5] PMSM, FOC 9.85 Freq.-Domain Analysis

[6] [IM,FOC 8.33 Freq.-Domain Analysis
[71 IM,FOC 0.93 Freg.-Domain Analysis
[8] IM,FOC 0.32 Freq.-Domain Analysis
[91 IM, FOC+PCC 0.76 Inverter Statistics

[10] PMSM, FOC 3.23 PWM Ripple

[11] PMSM, FOC 1.39 Freg.-Domain Analysis
[12] PMSM, FOC 2.78 Time-Freq. Distribution
[13] IM,FOC 0.30 High Freq. Injection
[14] IM,DTC 1.08 Freg.-Domain Analysis
[15] IM, DTC 2.04 Freq.-Domain Analysis
to DSV sop e Tomomen

It can be concluded from Table Il that; frequency domain
analysis is the favored strategy for fault detection. In most

papers, fault detection has been reduced to addressing
unexpected frequency components that would otherwise
diminish for a healthy machine. This can be addressed as a
major simplification in the respective studies because making
the final decision is whole another algorithm to be implemented
and tuned. A faulty/healthy decision, as shown in Fig. 9 of this
paper, is presented only in [11].

In this paper, the proposed fault detection algorithm is tested
for several different speed and load torque levels where fault
detection performance for a wide torque-speed range was
documented only in a limited number of studies ([5], [7], [8],
[11]) from Table II. Similarly, fault detection performance
under dynamic operating conditions is depicted in Fig. 10 of
this study, where only [12] considers the dynamic case, among
the references of Table II.

Publications on fault diagnostics almost unanimously
express how critical it is to detect a fault as soon as possible to
avoid catastrophic damage. Considering the rate of progression
of an ITSC fault, it is very interesting to see that fault detection
time is explicitly mentioned only in [13]. The elapsed time
between fault's occurrence and detection is reported below two
seconds in [13], which is roughly equal to the detection times
of this paper, which can be observed from Fig. 9.

Among the fault diagnosis algorithms listed in Table I,
details regarding the microcontroller on which the fault
detection algorithm is implemented and the computational
burden brought by its application are virtually non-existent. The
ITSC detection strategy presented in this paper runs on the same
CPU alongside the FCS-MPC routine. The total time spent on
the full execution of the flowchart depicted in Fig. 8 is measured
to be 11.4 us. The algorithm is very intuitive, and it is
straightforward to be implemented as a simple add-on to the
standard FCS-MPC structure. The proposed algorithm is online
and non-evasive. Neither an additional circuit (as in [10]) nor
an external sensor (as in [14]) is required.

VI. CONCLUSION

Fault diagnosis of electric motors becomes more
complicated for the case of inverter-driven, closed-loop
controlled applications because the controller inherently tries to
create a balanced set of current even under the faulty conditions.
In this paper, a novel stator inter-turn short detection algorithm
is developed, which detects and identifies the short-circuit fault
based on the unexpected deviations in the active vector
allocations. The proposed algorithm is intuitive, non-invasive,
and works as a simple extension to the FCS-MPC routine
without any significant computational burden. In the
experimental verification, short-circuits of two turns are
effectively detected and located for a 500 W induction machine,
in both steady-state and dynamic operating conditions.
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