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Diagnostics of Interturn Short Circuits in PMSMs
With Online Fault Indicators Estimation

Lukas Zezula

Abstraci—This article presents novel model-based di-
agnostics of interturn short circuits in permanent magnet
synchronous machines that enable estimating fault loca-
tion and its severity, even during transients. The proposed
method utilizes recursive parametric estimation and model
comparison approaches cast in a decision-making frame-
work to track motor parameters and fault indicators from a
machine’s discrete-time model. The discrete-time prototype
is derived from an advanced motor model that reflects the
stator winding arrangement in a motor’s case. The fault
detection is then performed by tracking the changes in the
estimated probability density function of the electrical pa-
rameters, using the Kullback-Leibler divergence. The fault
location is subsequently evaluated by performing a recur-
sive comparison of the predefined fault models in the dif-
ferent phases, utilizing a growing-window approach. Ulti-
mately, a parametric estimation algorithm applied to the
fault current model allows identifying the fault severity.
The diagnostic algorithm has been validated via laboratory
experiments, and its capabilities are compared with other
approaches enabling severity estimation.

Index Terms—Discrete-time systems, fault detection,
fault diagnosis, fault location, parameter estimation, perma-
nent magnet motors, recursive estimation.

|. INTRODUCTION

ERMANENT magnet synchronous machines (PMSMs)
are commonly used in robotics, industrial drives, and ve-
hicular propulsions, where they must endure factors, such as
vibration, moisture, and high temperatures. These effects con-
stitute potential fault sources; thus, for example, a short circuit
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in the stator winding can be attributed to thermal degradation
between the coil turns. Due to a low short-circuit impedance and
anincreased voltage amplified by coupled flux linkages, a signif-
icant fault current flows through the interturn short circuit (ISC),
raising the current in the entire stator phase, generating heat, and
further contributing to insulation material degradation [1], [2].
The resulting self-heating can ultimately lead to the machine’s
breakdown and eventual fire, producing a demand for responsive
and dependable fault diagnostics and compensation.

Fault diagnostics recognize two main areas [3], [4]: signal
analysis-based principles, which rely on expert knowledge [5],
[6] or artificial intelligence [7], [8], and model-based diagnos-
tics, which utilize different types of models and observers [9],
[10]. Competing with established diagnostics requires novel
algorithms to confront critical challenges as highlighted in [4].
These criteria suggest that novel diagnostics must be compu-
tationally efficient, capable of real-time operation, exclusively
based on control structure signals, functionable even during
transient states, and capable of extracting fault indicators in
each feasible operating point, all without additional hardware
extensions. Attaining such demands with a single diagnostic
algorithm enables the advanced fault mitigation methods [11],
[12], [13], [14] to function, thus enhancing the fault-tolerant
control capabilities.

Currently, most ISC diagnostic algorithms, which aim to ex-
tract fault indicators, such as severity and location, do not adhere
to the abovementioned requirements, as they do not operate
during transients [15], [16], [17], [18], [19] and need additional
hardware [20]. The neural network-based algorithm [21] comes
closest to meeting the specified criteria; yet, as the algorithm
was not implemented into an embedded device, its efficiency
and hardware requirements remain unknown. This article aims
to design an efficient parametric estimation-based diagnostic
algorithm that facilitates rapid detection of ISCs, along with
precise extraction of their locations and severity, even during
transients and different operating conditions; thus, the critical
requirements of modern diagnostics are addressed. Unlike the
existing parametric estimation-based diagnostic methods [22],
[23], our solution exploits a discrete-time model and employs
techniques cast in a decision-making framework [24], [25],
[26], [27].

The Bayesian approach offers several advantages over the
traditional parametric estimation methods (such as the predic-
tion error ones [28]); for instance, the approach mitigates the
problems associated with the estimator efficiency, unbiasedness,
and credibility interval. In addition, the Bayes-based algorithms
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naturally incorporate regularization effects, helping to prevent
overfitting and to enhance the model generalization. Further-
more, by providing uncertainty estimates through posterior dis-
tribution, the framework allows data-informed decision-making
applicable to fault diagnostics.

The rest of this article is organized as follows. Section II
focuses on the discrete-time modeling of a PMSM with an ISC.
Section III discusses the algorithm design and its applicability.
The diagnostic algorithm is then validated in Section IV via
laboratory experiments. Finally, Section V concludes this article.

[I. DISCRETE-TIME MODEL

The mathematical modeling of PMSMs under an ISC was
previously described by Zezula [29]. Considering a motor with
close rotor reference frame inductances Ly = L, = Ly, the
mathematical model reads

o | 1010 [ ) ) ‘ }T
= io ) Tof 1
ig] [0 1 0 q] Lt AR el TR
(la)
d [ian] _ R [ian 1 fua] |, wedpm [ sin(6)
dt |ig, Ls |ign Ls |ug Ly | —cos(6.)
(1b)
d [i, | R% |4 22
o oS =—L—f teed |y 22 o | (1c)
tlip.f | foligs]  msLy o |ug

where ., ig and u,, ug are the stator reference frame currents
and voltages, respectively, iy 5, 8,5 and i, s, ig,; denote the
contributions by the healthy model (1b) and the short-circuit
current components (1c) to the stator reference frame (o — )
currents, respectively, and w,, 6. stand for the electrical angular
velocity and angle, respectively. The parameters R, L, and
Apm represent the equivalent stator resistance, inductance, and
permanent magnet flux linkage. In (lc), the parameters R’
and Ly are set as in

2

* Ty Ty
Ry = (1= 3np) Ry +3n, R L +3R; - (2)
z2n,(ng — 1
L= QMLS (2b)

n3
where the constants n,, and n, are related to the stator winding
connection and distribution inside the motor’s case, respectively.
Generally, n,, describes the number of parallel-connected stator
winding branches, and n4 stands for the number of coils in series
in each stator branch. The described stator winding connection
that contains an ISC is shown in Fig. I.

The fault-related parameters [?; and x; then stand for the
short-circuit resistance and fault severity, respectively, quanti-
fying the proportion of shorted turns to total turns within the coil
segment.

The short circuits in the different stator phases are then
distinguished in (1c) by the matrix ®, described as in

1+ cos(¢p) —sin(e)
P = 3
—sin(¢) 1 —cos(¢) ©)

a1,n,

a2 n,

1

a
a/ni Mg ani ,2 ani ,1

Fig. 1. Phase a winding under an ISC fault.

where ¢ = {0, 27/3, —2m/3}, if the ISC is in phase {a, b, c}.
The relationship between the fault current 7, and its contribu-
tions i, ¢ and ig, ¢ to the o — 3 currents reads

. 2z o\ . . _ 2;yp o\ .
Zo"fSnSCOS<2>Zf i8,f = 3nssm 5 1y, (4

As the parametric estimation methods mainly rely on discrete-
time models [28], the continuous-time equations (1b) and (1c)
must be discretized, necessitating analysis of the input signals
between the sampling intervals. Voltage control in the stator vari-
ables (abc) is achieved through inverter switching, also reflected
in o — B due to the linear Clarke’s transformation. However,
adjusted current sampling allows suppressing the pulsewidth
modulation distortion, enabling description with constant volt-
ages over the sampling period. We have

U (t) = uq(k —1)
us(t) = uglk — 1)

where ¢ represents the time, 7T denotes the sampling period, and
k stands for the current step of the discrete-time equivalent. In
scenarios involving PMSMs, the angle is sampled concurrently
with the stator currents. The frequency at which the angle is
sampled is essential, as it controls its availability in the rotor
reference frame transformation. Therefore, the sampling rate
tailored to the dynamics of the current loop is excessively high
for a slower mechanical subsystem, and only minimal veloc-
ity variations occur during one sampling period, enabling the
following velocity w,(t) = @, approximation:

_ we(k) +we(k—1)
° 2

The approximation assumes that w,(t) is constant over the
sampling period, leading to the linear angle. Thus, by approxi-
mating the inputs (5) and (6), the discrete-time equivalent of the
shorted motor’s model formulated as the linear time-invariant
system (la)—(1c) reads (7a)—(8¢c), where 0 = {«, 8}, (7a), and
(7b) describe the motor’s behavior before the short circuit, and
(8a)—(8c) express the distortion in the stator reference frame
currents that results from an ISC.

(k—1)Ts <t < kT
(k— V)T <t <kTy (5

(k— DT, <t<kT,. (6)

[ll. DIAGNOSTIC ALGORITHM

The diagnostic algorithm covers the following three parts.
1) Tracking the healthy machine behavior: To estimate the
series resistance, inductance, and permanent magnet flux
linkage (motor parameters).
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2) Fault detection: Determining whether and when a fault
has occurred.

3) Estimating the fault indicators: Such as the fault severity
and location (which phase is shorted).

A. Tracking the Healthy Machine Behavior

Typically, vector control is implemented in driving alternate
current machines, employing several closed control loops to reg-
ulate the angular velocity and electromagnetic torque effectively.
Due to the closed-loop control, the model’s inputs have limited
persistence. For example, in the steady state, the stator reference
frame voltages are harmonic signals whose frequency corre-
sponds to the electrical angular velocity, enabling estimation of
not more than two parameters in the model [28]. Therefore, it is
desirable to identify the electrical parameters of the motor out
of (7a) and (7b) before a fault occurs. Once a short circuit has
been detected, the estimated parameters become usable as fixed
values instead of retracking, resulting in reduced persistence
requirements for the input signals.

Several facts have to be considered when selecting an esti-
mation algorithm. First, in the steady state, the inputs possess
a persistence to estimate only two parameters; however, the
healthy model has three parameters. The information obtained
during the transients must therefore be used to identify the
parameters correctly. Consequently, an estimation strategy with
fixed exponential forgetting would result in inaccurate parameter
assessment in the steady state. In contrast, the electrical param-
eters of a motor are generally time varying; for instance, the in-
ductance decreases with increasing current due to the occurrence
of magnetic saturation. Exponential forgetting thus accelerates
the parameter adjustment. The parametric estimation algorithm
with variable exponential forgetting described by Dokoupil and
Vaclavek [24] fulfills the contradictory requirements of expo-
nential forgetting. Moreover, the constraints presented in [24]
make the estimator robust to poor system excitation.

As shown in (7a) and (7b), the estimation uses a pseudolin-
ear model, where v, (k, k — 1) and vg(k, k — 1) are calculated
based on the previously identified ©y, o and ©j, g. As a motor
may exhibit an asymmetry in the stator windings, updating
Vo (k,k — 1) and vg(k, k — 1) with the corresponding param-
eters Oy, and Oy g is crucial; importantly, the parameters

Algorithm 1: Estimating the Electrical Parameters.

1: Initialization:
2:  Set up the constrained terms =, tuning factor
¢ € (0,1), and lower bound of the forgetting factor
a € (0, 1). The applied initialization: = = 0.7 I3*3,
(=042, =0.95.
init_done < false
ifw!(k —1) # wi(k) and 0, == 0 then
/* Start if the velocity is zero and its setpoint w has
changed (use transients for the initial guess) */
init_done < true
end if
Electrical parameter estimation:
while |@.| > 0 and init_done do
Calculate v, (k, k — 1) and vg(k, k — 1) as in (7b),
using the current w, (6) and parameters estimated in
the previous step O, o(k — 1) and ©y, g(k — 1).
11: Execute the step of two independently running
algorithms [24] to obtain the current estimations of
the electrical parameters Oy, ., (k) and O}, (k) out
of the @ — 3 currents model (7a).
12: end while .

gk w

YRR

are estimated independently. A similar statement holds also for
evaluating transformations (8b) and (8c). In conventional prac-
tice, ensuring the stability of a pseudolinear estimator involves
establishing a dependable initial parameter guess. However,
if we — 0, the signals v, (k,k —1) and vg(k,k — 1) have a
negligible impact on i, (k) and igp (k). Consequently, the
initial parameters can be arbitrarily chosen if the parametric
estimation initiates in the operating point close to w, = 0. The
parameter tracking algorithm reads Algorithm 1.

B. Fault Detection

The algorithm presented by Dokoupil and Véclavek [24] esti-
mates the statistics of the identified parameter’s Normal-Wishart
(MW) probability distribution function (PDF) f(©,d) =
N(©,V-1/d)W(Z, v), where © stands for the vector of iden-
tified parameters, V is the information matrix—inverse of a co-
variance matrix normalized by the noise precision d, 3 denotes

Rs T

ion(k) = [ion(k=1) uolh—1) vo(kk—1)] [ BT 12" du] = b] 04, (Ta)
lfua(k, k— 1)_ _ e <ef’§Ts [cos(@e(k - 1)) - sin(&e(k - 1))] B [COS(@e(k)) — sin(@dk))]) [wel (7b)

vg(k, k—1)] %g + @2 sin(fc(k—1))  cos(fe(k —1)) sin(e(k))  cos(0e(k)) Iz—
o)) _ e i - 1) 231 2T (k= 1) )
[iﬁ(k)_ B [Eﬁ(k — 1)] n2 R} ® ap(k — 1)] (3a)
T (k) = ig (k) — [i,,(k ) ugk—1) vk k— 1)} Ono (8b)
i (k) = uo (k) — e s Toug (k — 1) (8¢)
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the least square reminder, and v represents the number of the de-
grees of freedom. After an ISC occurs, the stator reference frame
currents are distorted by the short-circuit current contributions,
asin (8a)—(8c). The rapid change in the measured currents is then
reflected in the Normal-Wishart statistics updated in each step,
and the PDF does not fit its previous estimate. The difference
between PDFs is typically assessed via the Kullback-Leibler
divergence. As mentioned by Dokoupil and Vaclavek [24], the
divergence between the two Normal-Wishart PDFs f1 (O, d) and
f2(0,d) reads

DxL (fl(G,d)HfQ(@, d)) = %h’l (:z;:) + %tr (VQVIl)

F(”—;) n vy > vy (E1 — 29
i (r(@) 2*2111(22) 2(z>

141 T vy — U2 vy
+ 2, (01 —02)" V5 (0, —02) + 5 v (5) &)

where n stands for the dimension of the square matrix V™*",
and the gamma and digamma functions are replaced by their
asymptotic approximations as in

(5) =t ()7 v () n(3)-

If the motor winding does not contain an ISC, it follows
the healthy model (7a) and (7b), and the estimation of the
parameters’ PDF converges to an exact PDF. The convergence
assumption is described as follows:

e [Dxu (fellfe)] < e[Dxu (fellfp)] an

where £[x] is the expectation of z, f. denotes the exact PDF
of the model’s parameters, f. represents the currently estimated
parameters’ PDF, and f,, is the previously estimated parameters’
PDF. The divergence expectations (11) can be then modeled by
the following convex combinations of admissible realizations:

£ [Dxe (fellfe)] = PDxw (fellfe) + Dk (fpll fe)
0

e [Dkw (fellfp)] = PDxu (fellfp) +p Dxr (fpllfp)
0

(10)

12)

where p = 1 — p expresses the probability that f. is the best
projection of f., and p represents the probability that f, is
the best projection of f.. Suppose the parametric estimation
algorithm defined in Section III-A has been running for a long
time; the PDFs f. and f, then nearly correspond to each other,
and the inequality in (11) can be replaced with equality. The
probability p then writes

_ Dt (fellfy)
DkL (chfp) + Dxki (fp”fc)

Conversely, if a short circuit occurs, the uncertainty of the cur-
rently estimated PDF f. increases compared with the previously
estimated PDF f,. Thus, the inequality (11) does not apply, and
the probability p grows above 0.5 (the previously estimated PDF
fp describes the exact PDF f, more reliably than f.). The fault
presence is then indicated by an excess of p, the probability

~ 0.5.

p (13)

Algorithm 2: Detecting the Fault Occurrence.
1: Initialization:
2:  Set up the length of the time delay (in steps) § and the
uncertainty interval £. The applied initialization:
0 =10,¢ = 0.015.
1S5C « false
Fault detection:
while not(75C') do
/* For both estimated models o = {«, 8}: */
Acquire the statistics Oy, ,(k — ¢), V,(k — 9),
Vo(k — §), and X, (k — ) of the previously
estimated PDF f,, ;.
8:  Acquire the statistics O, ,(k), Vo (k), v, (k), and
Y, (k) of the currently estimated PDF f, .
9: Evaluate Dk 1, (fe.ol|fp.o) a0d D, (fp.ollfe,o) as
in (9) and the probability p,, as in (13).
10: Calculate the joint probability p,ng = papg.
11: if panp > 0.25 + & then
12: ISC < true and Oy, , (k) < Op o (k — )
13: end if
14:  end while .

A A

rising above the defined value greater than 0.5. As the required
statistics are independently estimated for both of the o —
model parts in Algorithm 1, we investigate the surpassing of the
joint probability beyond 0.25. The fault detection Algorithm 2

C. Estimating the Fault Indicators

As seen in (8a), the faults in the different stator phases are
distinguished by the matrix ®, defined in (3). Since ¢ can
achieve only three values (0, 27/3, and —2m/3), identifying
¢ by a parametric estimation algorithm is unnecessary. Instead,
note that the short-circuit current contributions mentioned in
(4) depend on cos(¢/2) and — sin(¢/2). A similar dependence
also holds for the remainders 4, and ig. Then, the following
transformation can be evaluated:

rf(k’ ({5)1 _ CcoS (%) —sin (%) ra(l{)_
io(k, @) sin (%) cos (%) is(k)]
~R() _C:n(?) (k) = f:f(%iﬁ) i) (14)

where qg stands for the guess of the parameter ¢. If é = ¢, then
it (k, ) = if(k)andig(k, ¢) = 0. Hence, the fault location can
be determined by comparing the probabilities of the hypotheses
i0,a(k, ¢a = 0) = 0, 10,p(k, oy = 27/3) = 0, and ig (K, ¢ =
—2m/3) = 0. An algorithm to assign the probabilities of Kalman
filters based on the Bayesian inference was derived by Dokoupil
et al. [25]. As comparing a measured signal with zero value is
an application case of Kalman filtering, the probabilities of the
previously mentioned hypotheses can be assigned as follows:
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Acquire inputs: iy, i, Uq, ug, sin(f.), cos(f.), and we.
Load data from memory.

Calculate v, and vg as in (7b). ‘

)

false true

Update the electrical
parameters estimates indicators estimates
as in Algorithm 1. as in Algorithm 3.
v v
Execute the fault Store the propagated
detection as in NW statistics (and

Update the fault

Algorithm 2. 15C') in memory.
Fig. 2. One step in the fault diagnostic procedure.
pi(k+1) =
1 io,j (k+1,6;)2 S
Z](k)7§ (1 + = Ej(k’}) ! ) p](k')
R , ~v(k)+1 15)
1 G0, (k41,0 2
ety Di(R)H (14 200 ) )
where ¥ (k + 1) and v(k + 1) are updated as in
Sk +1) = 5;(k) +i0,;(k + 1, ;)
vik+1)=v(k)+ 1. (16)

The information on the fault location can then be utilized to
form a difference equation describing ¢ y. We have

if(k) = cos <§) i (k) — sin (i) ig(k) (17a)
Uy (k) = cos <(§) Ue (k) — sin <(§) up(k) (17b)

g

~ ~ e *f :
i) = i -1) a-1] | | a7

2’7?7; lfeR}f

—_——
Of

Note that, according to (2a) and (2b), by using the estimated
Oy, the parameters 2y and Ry cannot be distinguished from
each other. In this article, the fault severity is therefore estimated
assuming a zero ISC resistance z s (R = 02). Furthermore, as
the computation of =y depends on I2, separately estimated for
both of the & — 8 components, we are transforming Ry from
« — f to abc and utilizing the output linked to the fault location
¢. The fault indicators are estimated by the following algorithm.

Fig. 2 then depicts one step of the diagnostic algorithm
executed in each sampling period.

D. Applicability of the Diagnostic Algorithm

The designed diagnostics are primarily dedicated to PMSMs
with concentrated windings and close rotor reference frame in-
ductances (surface-mounted PMSMs). By reflecting a universal

Algorithm 3: Estimating the Fault Indicators.

1: Initialization:

2:  Set up the initial probabilities p, = 1/3, p, = 1/3, and
pe = 1/3, least square reminders ¥, = X, = 3. =1,
and number of the degrees of freedom v = 1.

3: Initialize the parametric estimation algorithm [24]
similarly to Algorithm 1. The applied initialization:

E =122, =0.05a=0.95.
4: Fault indicator estimation:
5:  while |o.| > 0 do
6: Calculate %0,(1(1@ ®a), %o,b(k% op), and %070(/4, o) as
in (14) and update the probabilities p,, Py, pc as in
(15).

7 Choose é = ¢ correspondingly to the fault location,
which is determined by the highest probability
max (pa (k), po (), pe(k)).

8: Evaluate the transformations in (8b) and (8c)

followed by (17a) and (17b).

9: Execute a step of the algorithm [24] to get the current

estimation of © ¢(k). Compute (R = 0€2) from
Oy, using (2a), and the known n, and n,.
10: end while .

winding architecture with n,, parallel branches and 7, coils in
series, as detailed in Section II, the algorithm can accommo-
date various concentrated motor configurations. Furthermore,
the proposed algorithm applies even to motors with distributed
windings. However, the values of the constants n, and ng
cannot be determined through the visual examination of the
stator winding, requiring estimation. The identification proce-
dure is executable in an experiment featuring the known fault
severity x; and short-circuit resistance Ry. In this experiment,
Algorithm 3 is modified to compute n,, and s in Step 9 instead
of calculating the recognized fault indicators.

Although the diagnostic method is formulated using the sim-
plified model where Ly = L, = L, it remains applicable to
motors with differing d — ¢ inductances, provided the differ-
ence is not excessively large (Lg < 1.2L,). In this case, the
identified L, value corresponds to the average of the d — g
inductances, and the fault indicators estimator associates the
higher odd harmonics of the fault current with the system noise.
In the opposing scenario, the notable difference in the d — ¢
inductances introduces a bias into the estimates of the electrical
parameters and fault indicators, which can be resolved only by
employing more sophisticated discrete-time models recognizing
Lq # L, [30]. However, relying on these models also mandates
enhancement in the inputs’ excitation.

By formulating the mathematical model of a shorted PMSM
with a distinct healthy machine description and fault equation
related to the ISC-containing phase, as presented in Section II,
the diagnostic approach effortlessly adapts even to multiphase
motors. In addition, due to the use of more phase currents in
forming the o« — 8 components, suppressing the system noise,
particularly that from the current sensors, is more effective than
in a three-phase motor. The improved noise mitigation allows
for a more aggressive tuning of the parameter estimators in
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Experimental |
configurable
motor

& Power Source

acquisition

Fig. 3. Diagnostic algorithm testing setup: The 200 W motor.

Algorithm 1 (higher values of the constrained terms = and
tuning factor (), ultimately ensuring superior sensitivity in fault
detection. Conversely, the fault location identification, realized
through the transformation in (14) and the probability assess-
ment in (15), demands more phase shifts, leading to elevated
computational requirements and a decelerated convergence of
the probabilities p;.

IV. VALIDATING THE DIAGNOSTIC ALGORITHM

The functioning of the diagnostic algorithm was validated
by using a vector-controlled 200 W experimental motor with
windings connected according to n, = 1, n, = 3, and 25 turns
in one coil segment (75 turns in the whole winding). The diag-
nostic algorithm was implemented into an AURIX Application
Kit TC277, controlling an NXP three-phase low-voltage power
stage and operating with a sampling frequency of 10 kHz. An
image of the testbed is displayed in Fig. 3.

The microcontroller TC277 has three independent 32-bit
TriCore CPUs. Each core works at a frequency of 200 MHz
and has its own floating-point unit supporting single precision
operations. Microcontrollers with similar computing powers are
now commonly available (for instance, the SPC5, STM32H7,
TMS320F2837xD, and RH850/E2x) and can be used in motor
applications. The control algorithm is integrated into the first
core of the microcontroller. Triggered by an interrupt from the
A/D converters, the control algorithm utilizes the measured abc
currents and rotor position as the inputs and provides the updated
duty cycles and internal variables (i, i3, Uq, ug, sin(fe),
cos(f.), and @,), required by the diagnostic algorithm, as the
outputs.

The second core, reserved for the diagnostic procedure, re-
ceives an interrupt emitted by the first core after the control
algorithm step has been executed. The first core continues with
duty-cycle updating, while the second one copies the input
variables into the local ones and starts the fault diagnostic
procedure. The diagnostic function was prepared to be calculated
in single precision. During the implementation, we carefully
analyzed the crucial calculation segments involving the addition

TABLE |
COMPUTATIONAL TIME OF THE IMPLEMENTED ALGORITHMS IN us

Motor |Measured | Motor | Data | Algorithm | Algorithm | Algorithm
(MCU) | Time |control|preproc. 1 2 3
Min 126 |10 28.6 51.0 53.2
(%OCOZ% Average [144 |12 (298 527 543
Max 162 |15 30.4 54.5 60.1
Min 21.5 1.5 22.7 344 39.4
(%%gg) Average [220 [15 (230 349 318
Max 22.4 1.7 25.1 354 46.0

or subtraction of numbers with varying orders of magnitude,
leading to a loss in the computational accuracy. Notably, an
accurate evaluation of the logarithms and reciprocal values of
the numbers in close proximity to one is especially critical; thus,
we decided to approximate these problematic functions by their
Taylor series of the fourth order close to point 1, effectively
resolving the abovementioned problem. The presented modi-
fications allowed the diagnostic algorithm to be implemented
in the target microcontroller using only one core. Regarding
the computational time, the combination of Algorithms 1 and 2
uses one microcontroller core at 83%—88%. Subsequently, the
average microcontroller load decreases to 55%—62% after fault
detection, as only Algorithm 3 is computed. Table I lists the com-
putational times achieved through the algorithm implementation
on the TC277 and TC397 microcontrollers.

The third core facilitates communication and data acquisition.
The essential data from the microcontroller are transferred via
Ethernet; simultaneously, Ethernet serves as the conduit for
sending the control commands to the system. The AURIX sends
a UDP packet with 400 data bytes every sampling period;
considering the necessary headers, this represents a data flow of
4.64 MB/s. Such communication allows real-time monitoring of
100 distinct numerical values.

AnISCisemulated using a fault insertion unit (see Fig. 3) with
an antiseries arrangement of two PSMNR90-50SLH MOSFET
power transistors and an ACS709 current sensor to measure
the fault current. Assuming the characteristics of the utilized
components, an ISC is emulated with a short-circuit resistance
of 2.5 mf). However, the resulting short-circuit current is also
affected by the inductance of the wires linking the motor and
fault insertion unit, which is not negligible compared with
the inductance of one or two turns in the experimental motor
winding.

In the initial part of the validation experiments, we as-
sessed the functionality of our method (including the estima-
tion of the electrical parameters) under both the steady and
the transient state conditions. The outcomes are depicted in
Fig. 4 above. The experimental motor was driven to the an-
gular velocity setpoint, and the ISCs were emulated in phase
a with the fault severity of 4/25 using the fault insertion unit.
Simultaneously, the dynamometer exerted a torque load con-
sistent at 0.5 Nm (steady state and velocity transient) or grad-
ually rising from 0.25 to 0.75 Nm, with a 2 Nm/s rate (load
transient).

As shown in Fig. 4, even though the persistence of the input
signals diminishes rapidly during the steady state, the parametric
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Fig. 4.

estimation algorithm can preserve the information obtained
during the transients to produce stabilized and smoothened
estimations of the motor’s electrical parameters. Furthermore,
the persistence requirements in the steady state can be effec-
tively lowered by utilizing the previously recognized permanent
magnet flux linkage as a constant. As also visualized in Fig. 4,
the implemented algorithm is capable of tracking changes in the
time-varying electrical parameters of the experimental motor,
including minor increases in the resistance of the stator winding
and MOSFET power transistors due to heating. The emulated
fault, occurring at the time #y, is then detected at the time ¢4
within 3 ms. Generally, a higher amplitude of the currents and
an elevated angular velocity lead to a faster detection. In the load
transient, however, the detection might decelerate compared to
the steady state scenario assuming the same current level; this
is because the detection utilizes the electrical parameters that
are concurrently updated and whose estimates remain unsettled.
The fault indicators are then recognized within 6 ms after the
detection at ¢.

In the subsequent part of the validation experiments, we tested
the diagnostic capabilities of the designed algorithm across the
different operating conditions (steady state without a load, load
transient with a 5 Nm/s rate, and velocity transient without a
load) and emulated fault severities (2/25, 4/25, and 6/25). The
observed outcomes are exposed in Fig. 5 below, where, at the
angular velocity of w, = 1200 rad/s, the diagnostic algorithm
detects even two shorted turns, approximately corresponding
to the converted value z ¢ (Ry = 02) = 0.04, which represents
1.33% of the entire stator winding shorted with a zero resis-
tance. Despite the experimental motor’s potential for a max-
imum electrical angular velocity of 10* rad/s, the validation
experiments were intentionally carried out at a moderated rate

td+5
t [ms]

t +10
d
t[s]

Estimated electrical parameters, fault indicators, and fault detection-related waveforms: The 200 W motor.

because detecting ISCs is especially challenging at lower angu-
lar velocities, attributable to the diminished back-electromotive
force and resulting lower fault current amplitude. The value
we = 1200 rad/s proved to be the minimum velocity at which
the detection algorithm can reliably detect two shorted turns of
the unloaded motor. Detecting two shorted turns at lower rates
would require tuning the electrical parameter estimators more
aggressively (higher values of = and ( in Algorithm 1). However,
as the experimental motor exhibits an asymmetry in the stator
windings (see Fig. 5, where the second harmonic distortion
in the d — ¢ currents is observable even before a short-circuit
occurs), adopting a more aggressive tuning would result in a
false detection of this asymmetry at higher velocity rates and
also in other issues related to the rapid loss of the information
learned about the electrical parameters.

As shown in Fig. 5, applying a higher load to the 200 W
motor yields an increased g-axis current, producing an ele-
vated signal-to-noise ratio and thus a faster detection and es-
timation of the fault indicators; such properties are obtained
despite the faults occurring in the load transient. During the
velocity transient experiments, the ISCs were emulated close
to 1100 rad/s at a change from 800 to 1200 rad/s. Stabilizing
the fault severity and location, as evidenced in Fig. 5, takes
more time: the velocity is lower than in the steady state scenario,
leading to a decreased rate of change in the o — /3 voltages and
currents.

In order to substantiate the functionality and effectiveness
of the proposed diagnostic algorithm across different machine
designs, we applied our method even to another experimental
motor with a rated power of 20 kW and maximum electrical
angular velocity of 1.1 x 10* rad/s. The testbed featuring the
20 kW motor is visualized in Fig. 6.
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Fig. 5. Testing the algorithm’s capabilities under the different operating conditions and fault severities: The 200 W motor.
DC link cables |
from 250 kW
DC/D converter
/t
-300 i i fr
t.-20 t, t+20 t.+40
t [ms]
Fig. 7. Gradually arising fault current in a case with a 10 Nm load.
Although the target microcontroller has six cores operating at
300 MHz, only three were used, as in the previous case. The first
core is dedicated to the control algorithm, which contains many
safety and self-monitoring features, unlike the first implementa-
tion, where only a speed controller and d — g current controllers
Fig. 6. Diagnostic algorithm testing setup: The 20 kW motor. were implemented. The control algorithm also includes a state

The stator windings of the 20 kW motor, driven by an Infineon
HYBRID KIT DRIVE power stage with an AURIX Application
Kit TC397 at a sampling rate of 10 kHz, comprise two parallel
branches, each containing two coil segments arranged in series
(n, = 2and n, = 2); a part contains seven turns. The estimated
electrical parameters are Ry, = 6.05m{2, Ly = 90.2 uH, and
Apm = 11.7mWb.

machine managing the startup sequence and zero calibration
of the current sensors. The proposed diagnostic algorithm runs
in the second core, while the communication is implemented in
the third one. The synchronization between the cores is the same
as in the TC277 implementation. The measured computational
times of the diagnostic algorithm in Table I above reflect the
increased computational power of the microcontroller, although
the execution of the control algorithm runs longer, considering
its increased complexity.
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Unlike the 200 W machine discussed above, the 20 kW
motor operates with higher voltages, currents, and noise levels
of the current sensors. We therefore performed more robust
tuning of the electrical parameter estimators (Z = 0.1I3*3 and
¢ = 0.1 in Algorithm 1) and the fault detector (£ = 0.04 in
Algorithm 2). Furthermore, we implemented adaptive band-pass
filters of i, 48, Ua, Ug, Vo, and vg to suppress the occasionally
occurring outlier values caused by an interference from the
devices surrounding the motor. We have

y(k+1) = b(u(k) — u(k — 1)) +ary(k) + asy(k — 1)
Y
N

a; = 2¢ ¥we(R)Ts cos(we (K)Ts/1 — 1/12)

b=2 e Ywe(R)Ts sin(we (k)Ts\/1 — ¥2)

_ e Rpwe(R)Ts (18)

a9 =

where u(k) and y(k) are the filter input and output, respectively,
and the damping factor ¥ is set to 0.3.

An ISC in the 20 kW motor is emulated using a fault insertion
unit (see Fig. 6) comprising a power relay LEV200A4NAF
connected in parallel to a power module sTT1400N16P55 with
two antiparallel thyristors. A control signal is then simultane-
ously dispatched to the relay and thyristors. However, due to
the mechanical movement, the relay reaction is delayed by 20
+ 5 ms compared with the thyristors’ response, resulting in an
extended relay lifespan. On the other hand, the fault gradually
arises in two steps with a relative shift, attributed to a voltage
drop on the thyristors (0.85-1.39V), which also decreases the

td+ 30
t[ms]

Testing the algorithm’s capabilities under the different operating conditions and fault severities: The 20 kW motor.

fault current at a low-fault severity. The described situation is
shown in Fig. 7, which displays the measured fault currents. The
vertical lines in Figs. 7 and & below are attributed to the time ¢ f,.
when the relay is switched ON.

The second experimental motor was driven to the w, setpoint
of 1000 rad/s, and the ISCs were emulated in phase b with
different fault severities (1/7, 2/7, and 3/7) and loads generated
by the dynamometer (consistent 5 Nm or a gradual rise from 2
to 7 Nm, with a rate of 200 Nm/s). In the velocity transient
experiments, the faults were emulated close to 1100 rad/s
(velocity change from 1000 to 1400 rad/s). The outcomes of the
fault detection and indicator estimation experiments are depicted
in Fig. 8 below, indicating that higher fault severity values are
detected even before the relay activation. Subsequently, the fault
severity estimator follows the value associated with the lower
fault current, and after the relay has been switched ON, the
estimator adapts to the increased value of i. As the velocity
increases in the relevant transient experiments, the ISCs are
detected faster, and the fault location and severity estimations
are accelerated.

V. CONCLUSION

This article proposed model-based fault diagnostics for syn-
chronous motors with permanent magnets under an ISC fault.
The designed algorithm allowed detecting the fault and esti-
mated its location and severity using parametric estimation and
model comparison approaches expanded to include probabilistic
fault detection. In the table below, the essential properties of the
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TABLE I
COMPARING THE FAULT SEVERITY ESTIMATION APPROACHES
Examined property |82 1151 [16] [17] [18] [19] [20] [21]
method
Detecting fault occurrence v v v o x x x v Vv
Estimating fault location v v vV o x x x Vv X
Functioning in transient
v X X X x x ?
states
Adapting to the current Y Vv ox x x v v

operating point
Exclusively based on

- v x v v v v x VY
control structure signals
Computationally efficient v x v v v v ?
Tolerating large difference
X x x x ?

of d — q inductances

designed method were compared with other severity estimation
options.

As shown in Table II, the neural network-based method [21]
also satisfied most of the modern diagnostics requirements.
The technique, however, required collecting the training data
for a number of operating points and fault severities, mean-
ing that the targeted healthy motors must have intentionally
shorted before the abovementioned principle was applied. By
contrast, the designed algorithm recursively learnt the running
motor’s electrical parameters before a short-circuit occurred,
and the fault-related characteristics were recognized throughout
the parametric estimation of the universal fault model after the
fault detection. Furthermore, since the learning procedure ran
long before a fault occurred, the detection was robust to the
system noise and applied even to different types of faults that
were trackable from the electrical signals and to the general
class of models reproducing the Normal-Wishart probability
distribution. In addition, our algorithm allowed identifying the
fault location and was successfully implemented into two motor
control units without additional hardware extensions.

The main drawback lied in the limited applicability, as the
method was usable only in machines with comparable rotor
reference frame inductances. This aspect needed to be revised
to eliminate significant biases in the estimated characteristics.
Our future research will focus on expanding the parametric es-
timation and fault diagnostics to subsume motors with differing
rotor reference frame inductances.
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