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Abstract: The paper deals with the development of a model-based current-signature algorithm for
the detection and isolation of power switch faults in three-phase Permanent Magnet Synchronous
Motors (PMSMs). The algorithm, by elaborating the motor currents feedbacks, reconstructs the
current phasor trajectories in the Clarke plane through elliptical fittings, up to detecting and isolating
the fault depending on the characteristics of the signature deviation from the nominal one. As
a rough approximation, as typically proposed in the literature, the fault of one out of six power
switches implies that, at constant speed operation, the phasor trajectory deviates from the nominal
circular path up to a semi-circular “D-shape” signature, the inclination of which depends on the
failed converter leg. However, this evolution can significantly deviate in practical cases, due to the
dynamics related to the transition of motor phase connections from failed to active switches. The
study demonstrates that an online ellipse fitting of the current signature can be effective for diagnosis,
through correlating the ellipse centre to the location of the failed switch. The performances of the
proposed monitoring technique are here assessed via the nonlinear simulation of a PMSM employed
for the propulsion of a lightweight fixed-wing Unmanned Aerial Vehicle (UAV), by quantifying the
fault latencies and the related transients.

Keywords: electric machines; current signature; elliptical fitting; fault diagnosis; MOSFET faults;
modelling; simulation; UAV; electric propulsion

1. Introduction

One of the most challenging goals in the design of airborne vehicles, in aligning with
the worldwide initiatives for transports decarbonisation, is the electrification of propulsion
systems. Concerning long-endurance UAVs, hybrid-electric and Full-Electric Propulsion
System (FEPS) concepts are gaining wide investments in order to progressively replace
Internal Combustion Engines (ICEs). Electrification aims to reduce (and even eliminate in
the case of FEPSs) CO2 emissions, abating thermal signatures, mitigating noise emissions,
and enhancing thrust efficiency [1–3]. However, flight endurance and reliability still remain
open issues. Endurance is currently limited by the capability of the energy storage devices,
which is much lower than ICEs (the capacity of Li-Ion batteries is typically about 0.3 MJ/kg,
approximately 100 times lower than gasoline [1]). In addition, due to the novelty of this
application, the reliability and safety are still questionable. The failure rate of three-phase
Permanent Magnet Synchronous Motors (PMSMs) with conventional three-leg converters is
typically around 200 per million flight hours [4,5], which is far from the required levels for
airworthiness certification [6]. Specifically, a relevant amount (from 50% to 70%) of PMSMs
fault modes originate from motor phases (open-phase [5], inter-turn [7], phase-to-phase [8]
and phase-to-ground [9]) and power converters. Among the latter ones, faults of the supply
voltage stabilizing capacitor and faults of the power switches are predominant [10,11].

The main fault modes in converter capacitors are the short circuit and the dielectric
breakdown. Commonly, the effects of these faults are covered by capacitor redundancy with
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series-parallel topologies, preventing the faults’ extension to other elements (short-circuit)
as well as the complete loss of functionality (dielectric breakdown) [12,13].

Power switch faults can be open-circuit- or short-circuit-related. The latter, charac-
terised by fast transients with the generation of relevant current peaks, require immediate
detection and isolation; modern converters are equipped with hardware protection, such
as fast fuses, permitting the transformation of the effects of a short-circuit into those of
an open-circuit [14]. Though the open-circuit of a power switch avoids current inrush
phenomena, they result in current distortions, torque ripple and overheating, such that, if
undetected, they can lead to anomalous operation or secondary faults.

A common approach to enhancing reliability involves the implementation of hardware
redundancies (e.g., redundant motors or drives), but this solution is often unfeasible in UAV
applications, due to stringent weight and envelope requirements. As a consequence, the
application of hardware redundancy is typically limited to motor phases (using multiple
stator modules or multiple phases [9,15]) and/or to converter legs (using unconventional
converters [16]).

A relevant example of an unconventional converter is given by the four-leg topol-
ogy [5,17,18] shown in Figure 1. In this architecture, a stand-by leg with two switches is
integrated alongside the three-leg bridge, so that, in the case of a fault in one out of the six
main switches, the redundant leg can be connected to a phase terminal, permitting fault
accommodation. The development of accurate and rapid Fault-Detection and Isolation
(FDI) algorithms is clearly crucial to leverage any fault-tolerant capability, especially for
PMSMs operating at high speeds, in which the FDI algorithms must work at very high
sampling rates [19].
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Figure 1. Four-leg converter driving a three-phase PMSM with access to the central point.

Comprehensive reviews of diagnostic methods for PMSM drives are presented by
Orlowsca-Kowalska et al. in [13] and by Liang et al. in [20], who show that the diagnosis of
power switch open-circuits can be categorised into current-based [21–37] and voltage-based
methods [38–41]. Both methods are further classified into three categories (Table 1):

1. Model-based methods;
2. Signal-based methods;
3. Data-driven methods.
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Table 1. Comparison of methods for the diagnosis of power switch open-circuits.

Method Approach Advantages Drawbacks

Model-based Accurate modelling of system with faults
starting from physical first-principles

Detailed information on
condition monitoring Model uncertainties

Signal-based
Characterisation of behaviour with faults to

identify measurements representing
fault symptoms

Detailed modelling is
not required

Uncertainties regarding fault
symptoms, disturbances

in measurements

Data-driven
Collection of experimental databases related

to behaviour with faults and faults
identification via artificial intelligence

No explicit modelling is
required

Dependence on training
database, testing costs

Voltage-based methods, though characterised by faster fault detection and reduced
false alarms, typically require the addition of dedicated components into the control elec-
tronics, such as voltage sensors and analogue-to-digital converters, increasing the system
cost and complexity. An interesting exception has been recently presented in [41], where
an open-circuit diagnosis is obtained from voltage residual analysis without additional
sensors, thanks to the analysis of DC and second-harmonic components of the residuals
between the estimated and reference voltages.

Conversely, current-based methods are more convenient since they use measurements
that are already available in conventional control units. Several current-based methods
have been proposed in the literature. A Kalman-filter-based method is proposed in [21] to
estimate the three-phase currents of the motor; residual signals are defined as the difference
between the measured and estimated stator currents and the averaged normalised residuals
are used as fault symptoms for the open-switch fault. A model-based observer is used in [22]
to design a sliding-mode estimator of phase currents; the model measures the similarity
between the estimated currents and the real ones using cross-correlation factors, which
are used as fault symptoms. A fault diagnosis based on differential observer residuals,
combined with detection thresholds to strengthen the method against model errors, is
studied in [23]. Kiselev et al. [24] propose finite-control-set model predictive control to
identify and compensate for the open-switch fault; the predicted variables are used as fault
symptoms and, in the case of a fault, the system is accommodated for with prediction
updates thanks to a four-leg converter. Similarly, in [25], the variation in the cost function
generated by a model predictive control strategy is used as a fault symptom; the polarities
of the average values of the currents in the Clarke-plane, combined with the phase angles
of residual currents phasors, are used to locate the failed switch. A different approach is
proposed in [26], where diagnosis is based on the application of Fourier series analysis; the
fault symptom is here the ratio of the amplitudes of positive and negative sequence currents,
and the fault isolation is obtained by evaluating the polarities of the DC components of
currents in the stator reference frame. In [27], the FDI combines the use of normalised
average values of the phase currents with three variables corresponding to the normalised
average values of the product of two currents from different phases. Another observer-
based method analysing the residuals between the reference and predicted currents is
proposed in [28]; for each phase, two fault symptoms are defined to diagnose single or
multiple open-circuits, and a fuzzy logic technique is applied for fault isolation. A more
recent approach based on the so-called grey prediction theory is then presented in [29],
in which the difference between the predicted and the actual current of a motor phase
is used as a fault symptom. In another recent work [30], Zhang proposed detecting and
isolating the open-circuit switch by evaluating the trends (i.e., constant, rising or falling) of
the derivative of phase currents over a sliding time window; excluding dead-zone time,
the fault is detected when a constant trend is obtained. In terms of FDI performances, this
method is one of the fastest ones (the fault latency is about a 1/8 electric cycle), but the
technique’s effectiveness is not demonstrated for high-speed applications.
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Among the current-based methods, a special mention should be given to those using
the so-called current-signature technique, based on the reconstruction and analysis of
the current phasor trajectory (i.e., the signature) in the Clarke plane. A finite-control-set
model for predictive control, applying the current-signature, is proposed in [31], where
the fault symptom is the deviation of an average cost function derived from the current
signature. Im et al. [32] propose a comparison between Park’s vector [33] and normalised
DC current methods [34] for detecting power switch open-circuits; both methods are based
on the average value of currents in one cycle, but the normalised DC current method is
demonstrated to be more robust against load variations. A different approach is presented
in [35], leveraging the fact that the currents running in two phases are in normal conditions
associated by an elliptical relationship, while the trajectory deviates in the case of power
switch faults. Trabelsi et al. [36] propose an algorithm that enables diagnosis by elaborating
the slope of the current phasor trajectory (indicating the failed leg) together with signals
from a Schmitt trigger (indicating the phase current polarity). More recently, Sun et al. [37]
proposed a diagnosis in which the fault symptoms are extracted from the calculation of
trend lines of the current signature in the Clark plane; in particular, the fault is detected
when the difference in the slopes related to two consecutive trend lines is constant.

The main limitations of these methods are that their effectiveness is demonstrated for
low-speed motors only, and that, in most cases, they are valid in detecting the open-circuits
of power switches only. Applications for UAV propulsion are instead characterised by
high-speed operations, with electrical frequencies exceeding 500 Hz, and the weight and
envelope constraints implicitly require limiting the computational efforts related to FDI
algorithms, the fault coverage of which must be as extensive as possible.

In this paper, an innovative current-based method applying the current-signature
technique is proposed for the FDI of open-circuits in converter power switches, achieving
the following main contributions:

• The developed method relies on online ellipse fittings of the current phasor trajectory in
the Clarke plane during constant speed operations of the motor, using the geometrical
characteristics of the reconstructed ellipse as fault symptoms. The FDI algorithm
elaborates the minimum number of measurements that permits the detection and
isolation of the fault within a fraction of the electric period;

• The algorithm, formerly adopted in a previous work by the authors, for the FDI of
inter-turn short-circuits of PMSM phases [42] is here extended to power switch faults;

• As a relevant case study, the FDI performances are assessed by simulating the failure
transients related to power switch faults in a high-speed PMSM employed for the
propulsion of a modern lightweight fixed-wing UAV.

The paper is structured as follows: the initial section presents the dynamic model
of the PMSM; the FDI algorithm is then presented, emphasizing its basic design criteria;
and, finally, a summary of the simulation results is presented and discussed, with specific
attention to failure transient characterisation.

2. Materials and Methods
2.1. PMSM Electrical Modelling

The three-phase current dynamics of a PMSM with surface-mounted magnets can be
modelled in vectorised form by using the following equations [15,16]:

vabc = Riabc + L
diabc

dt
+ eabc, (1)

eabc = km
.
θmkabc, (2)

in which vabc = [va − vn, vb − vn, vc − vn]
T is the applied voltages vector, iabc = [ia, ib, ic]

T

is the stator currents vector, eabc is the Back Electromotive Force (BEMF) vector, R and L
are the resistance and inductance of the phases,

.
θm is the mechanical speed, km is the motor
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speed constant and kabc = [ka, kb, kc]
T is the BEMF waveforms vector, the components of

which for sinusoidal magnetic couplings are as follows:

ka = sin(ndθm), kb = sin
(

ndθm − 2
3

π

)
, kc = sin

(
ndθm +

2
3

π

)
(3)

where nd is the number of pole pairs.
The analysis of three-phase PMSMs is conventionally carried out by calculating mag-

netic and electrical quantities in the rotating reference frame, by applying the Clarke–Park
transformations [16]. Actually, after defining a stator-referenced vector xabc and the elec-
trical angle θe (θe = ndθm), we can insert it into the Clarke plane (xαβγ) via Equation (4)
and into the Clarke-Park rotating frame (xdqz) via Equation (5), using the transformation
matrices TC and TPC, respectively.

xαβγ = TCxabc =

√
2
3

 1 −1/2 −1/2
0

√
3/2 −

√
3/2√

2/2
√

2/2
√

2/2

xabc, (4)

xdqz = TPxαβγ =

 cos θe sin θe 0
−sin θe cos θe 0

0 0 1

xαβγ = TPTCxabc = TPCxabc. (5)

2.2. Current Signature in Clarke Plane in Case of Open-Circuit Power Switches
2.2.1. Behaviour with Open-Circuit of a Motor Phase

In normal conditions, when the motor rotates at a constant speed, the current pha-
sor in the Clarke plane tracks a circular trajectory centred in the origin, as described in
Equation (6):

i2α + i2β =
3
2

I2 (6)

in which I is the phase current amplitude, iα and iβ are the components of the current phasor
in the Clarke plane and

√
3/2I is the radius of the circular trajectory of the current phasor.

On the other hand, if a motor open-phase occurs, rectilinear trajectories are nominally
tracked, as (through Equation (4)) given by Equations (7)–(9) (see Figure 2a):

iβ =
√

2ib¸ iα = 0 i f ia = 0 (7)

iβ =
1√
3

iα i f ib = 0 (8)

iβ = − 1√
3

iα i f ic = 0 (9)

2.2.2. Behaviour with Open-Circuit of a Power Switch

When an open-circuit occurs in one of the six power switches of the converter, the
corresponding phase current can be either positive or negative, depending on the failed
MOSFET. Thus, the phasor trajectory in the Clarke plane nominally collapses into a piece-
wise “D-shaped” track, given by the combination of a rectilinear part (due to the absence of
conduction in the failed MOSFET, Section 2.2.1) and a semi-circular part (when the failed
MOSFET is not required to conduct) (see Figure 2b,c).

The trajectory equations related to each MOSFET fault are reported in Table 2.
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Figure 2. Current phasor trajectory in the Clarke plane in normal conditions and with open-circuit
faults: (a) phase fault; (b) low-side power switch fault; (c) high-side power switch fault.

Table 2. Phasor trajectory equations due to open-circuit of power switches.

Failed MOSFET (Fault Effect) Trajectory Equation with Respect to Command

AH (ia ≤ 0) or AL (ia ≥ 0)
{

Equation (7) if On
Equation (6) if Off

BH (ib ≤ 0) or BL (ib ≥ 0)
{

Equation (8) if On
Equation (6) if Off

CH (ic ≤ 0) or CL (ic ≥ 0)
{

Equation (9) if On
Equation (6) if Off

XS: MOSFET on S-side connected to X phase, where X = A, B, C and S = L (low), H (high).

2.3. Fault Diagnosis

The basic idea underlying the proposed FDI algorithm is that a piecewise “D-shaped”
track in the Clarke plane can be fitted by a decentred ellipse (see Figure 3a). The fault
symptoms of the algorithm are, thus, the geometric characteristics of the current phasor
trajectory, as schematically reported in the flow chart in Figure 3b, such that
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Figure 3. Fault diagnosis conceptualisation: (a) ellipse fitting for the current phasor trajectory in the
Clarke plane in case of open-circuit fault on MOSFET BH; (b) flow chart of the FDI logic.
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The difference between the lengths of major and minor axes of the ellipse (sM and sm,
respectively) provides a symptom of a fault detection;

The coordinates of the ellipse centre (iα0 and iβ0, respectively) univocally identify the
failed switch.

Since the strategy is based on the identification of geometrical properties of an ellipse,
one of the main problems deals with the determination of the minimum number of phasor
points (each one related to three measurements of currents (Equation (4)) required for an
adequate fitting. Although six phasor points theoretically permit the reconstruction of an
ellipse, an over-sampling is necessary to compensate for noise, resolution and transient
dynamics, so that the fitting problem becomes over-determined. The solution of these
problems, usually obtained via iterative nonlinear methods, is here solved via a partitioning
direct least-square-based technique, as proposed by Fitzgibbon [43] and then improved by
Halir et al. [44], to obtain a more robust and computationally effective algorithm.

Once given the conic definition of an ellipse,{
Aα2 + Bαβ + Cβ2 + Dα + Eβ + F = 0

B2 − 4AC < 0
, (10)

where α and β are, here, the coordinates of the ellipse points in the Clarke plane and
[A, B, C, D, E, F]T = γ is the ellipse coefficients vector; the over-determined problem of
fitting an ellipse to a set of coordinate points αi and βi (where i = 1, . . . , n, and n is greater
than the number of ellipse coefficients, i.e., n > 6) can be solved by the eigenvalues problem
in Equations (11)–(16) [42,44]: 

Mγ1 = λγ1

γT
1C1γ1 = 1

γ2 = −S−1
3 ST

2 γ1

γ = (γ1γ2)
T

, (11)

M = C−1
1

(
S1 − S2S−1

3 ST
2

)
, (12)

S1 = DT
1D1, S2 = DT

1D2, S3 = DT
2D2, , (13)

D1 =


α2

1 α1β1 β2
1

...
...

...
α2

n αnβn β2
n

,D2 =


α1 β1 1
...

...
...

αn βn 1

, (14)

C1 =

0 0 2
0 −1 0
2 0 0

, (15)

γ = [γ1 γ2]
T, (16)

where M is the reduced scatter matrix and the ellipse coefficient vector γ is segmented into

γ1 =
[

A B C
]T

and γ2 =
[

D E F
]T

.
After obtaining the solution of Equation (14), corresponding to the eigenvector γ

yielding a minimal non-negative eigenvalue λ, the ellipse parameters are derived by the
following [45]:

sM,m =

√
2[AE2 + CD2 − BDE + (B2 − 4AC)F]

[
A + C ±

√
(A − C)2 + B2

]
4AC − B2 , (17)

iα0 =
2CD − BE
B2 − 4AC

, iβ0 =
2AE − BD
B2 − 4AC

. (18)
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2.4. Application to a PMSM for Lightweight Fixed-Wing UAV Propulsion

The reference propulsion system, designed for the full-electric propulsion of a modern
lightweight UAV, is composed of the following:

• An electronic control section, including the following (Figure 4):

◦ A control/monitoring electronic box, for the implementation of the closed-loop
control and health-monitoring functions;

◦ A four-leg converter;
◦ Three current sensors, one per motor phase;
◦ An angular position sensor, measuring the motor angle;
◦ A power supply unit;
◦ Two connectors for the data and power supply interfaces, related to the UAV

flight control computer and the UAV electrical power system, respectively.

• An aero-mechanical section, with the following:

◦ A twin-blade fixed-pitch propeller [46];
◦ A mechanical joint coupling the PMSM with the propeller.

Actuators 2024, 13, x FOR PEER REVIEW 8 of 19 
 

 

𝜸 = [𝜸𝟏 𝜸𝟐]
T, (16) 

where 𝕄 is the reduced scatter matrix and the ellipse coefficient vector 𝜸 is segmented 

into 𝜸𝟏 = [   ]T and 𝜸𝟐 = [   ]T. 

After obtaining the solution of Equation (14), corresponding to the eigenvector 𝜸 

yielding a minimal non-negative eigenvalue 𝜆, the ellipse parameters are derived by the 

following [45]: 

𝑠𝑀,𝑚 =
√2[            (   4  ) ] [   ± √(   )    ]

4     
, 

(17) 

 𝛼0 =
2     

   4  
 ,  𝛽0 =

2     

   4  
. (18) 

2.4. Application to a PMSM for Lightweight Fixed-Wing UAV Propulsion 

The reference propulsion system, designed for the full-electric propulsion of a mod-

ern lightweight UAV, is composed of the following: 

• An electronic control section, including the following (Figure 4): 

o A control/monitoring electronic box, for the implementation of the closed-loop 

control and health-monitoring functions; 

o A four-leg converter; 

o Three current sensors, one per motor phase; 

o An angular position sensor, measuring the motor angle; 

o A power supply unit; 

o Two connectors for the data and power supply interfaces, related to the UAV 

flight control computer and the UAV electrical power system, respectively. 

• An aero-mechanical section, with the following: 

o A twin-blade fixed-pitch propeller [46]; 

o A mechanical joint coupling the PMSM with the propeller. 

 

Figure 4. Architecture of the electronic control unit of the reference FEPS (FCC: Flight Control Com-

puter; EPGDS: Electrical Power Generation and Distribution System; CBCS FDI: Current-

Based/Current-Signature FDI). 

CBCS
FDI

MON module

4
-L

e
g

C
o

n
ve

rt
e

r

P
M

SM

FCC

 𝟏

 𝟐

  

  

  

  

  

  

  

EPGDS

   

SV
P

W
M

  

  
  

  

  

  
 

 ̇ 
   

 
   
 

  
 

   
 

  
 

  
 

  
 

  
 

CON module

  

  

  

  

   
− 

D
ec

o
u

p
lin

gSpeed 
regulator

q- current 
regulator

d- current 
regulator

-1

   ⁄

  

Figure 4. Architecture of the electronic control unit of the reference FEPS (FCC: Flight Control
Computer; EPGDS: Electrical Power Generation and Distribution System; CBCS FDI: Current-
Based/Current-Signature FDI).

2.4.1. Electronic Control Unit

In the reference architecture (Figure 4), the control module operates the closed-loop
control of the PMSM by implementing two nested loops, on propeller speed and motor
currents (via Field-Oriented Control, FOC), respectively. All the regulators implement
proportional/integral actions on the tracking error signals, plus anti-windup functions
with back-calculation algorithms to compensate for command saturation. In addition, a
currents–motion decoupling technique is also applied to direct and quadrature voltage
demands, and the PMSM is driven by a Space-Vector PWM (SVPWM) technique.

The monitoring module executes the FDI algorithms proposed in this work.

2.4.2. Aero-Mechanical Modelling

The dynamics of the aero-mechanical section is schematically depicted in Figure 5 and
modelled by the following [15,16]:
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Jp
..
θp = −Qp − Cgb

( .
θp −

.
θm

)
− Kgb

(
θp − θm

)
+ Qg

Jm
..
θm = Qm + Cgb

( .
θp −

.
θm

)
+ Kgb

(
θp − θm

)
Qp = CQ

( .
θp, AR

)
ρD5

p
.
θ

2
p

Tp = CT

( .
θp, AR

)
ρD4

p
.
θ

2
p

AR = 2πva/Dp
.
θp

Qm =
√

3/2km Iq

, (19)

where θp is the propeller angle, Jp and Jm are the propeller and motor inertias, Qp is the
aerodynamic torque of the propeller, Qg is the gust-induced torque, Qm is the motor torque,
CQ and CT are the nondimensional torque and thrust coefficient of the propeller (Figure 6),
AR is the propeller advance ratio, Dp is the propeller diameter, ρ is the air density, Va is the
UAV forward speed and Kgb and Cgb are the stiffness and the damping of the mechanical
coupling joint. The parameters and data related to the reference propulsion system model
are reported in Appendix A.
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Figure 5. FEPS modelling: (a) aero-mechanical schematics; (b) electrical schematics (nd = 1).
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ratio for the APC 18 × 22E propeller.
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3. Results

The performances of the proposed FDI strategy have been assessed via nonlinear sim-
ulation, integrating the propulsion system model with the model of the control/monitoring
electronics operating at a 20 kHz sampling rate. All models have been developed in the
MATLAB/Simulink/SimScape environment, the numerical solution of which is obtained
via a fourth-order Runge–Kutta method, using a 5 × 10−7 s integration step.

All simulations are carried out as follows:

• Starting (t = 0 s) with the PMSM delivering 1.7 Nm torque at 5800 rpm speed, corre-
sponding to the FEPS operation during the UAV cruise;

• Commanding, when applicable, a motor speed increase (Event 0, E0) up to 6800 rpm,
corresponding to a UAV transition from cruise to climb;

• Injecting an open-circuit fault in the MOSFET CL (Event 1, E1);
• Detecting an open-circuit fault (Event 2, E2), when the difference between the lengths

of major and minor axes of the reconstructed ellipse is greater than 10% of their mean
value (εs = 0.05(sM + sm) in Figure 3b);

• Isolating the open-circuit fault (Event 3, E3), when the coordinates of the reconstructed
ellipse centre satisfy one of the conditions defined in the FDI logic flow chart in
Figure 3b.

The achievement of a fault regime behaviour (Event 4, E4) is finally defined at the time
after which the amplitudes of the demand voltages do not vary more than 10%.

3.1. Simulation in Cruise Conditions

In this simulation, the event E0 is not defined and the event E1 occurs at t = 0.05 s. The
system response is characterised by imposing that the ellipse fitting in the FDI algorithm is
obtained with 40 samples of currents measurements (n = 40, in Section 2.3), with an overlap
of 50% of the sample data to reduce the fault latency and to improve the fitting robustness.

Figure 7 proposes the failure transient (from E1 to E4) in terms of motor speed; the
control system effectively rejects the speed deviation from the command, with very limited
tracking errors (less than 0.1%). On the other hand, the failure transients in terms of
phase currents and demand voltages are more important (see Figure 8). The fault implies
a relevant increase in currents amplitudes, which are amplified up to 40% during the
transient (from E1 to E4) and by 30% at fault regime (after E4) (see Figure 8a). The fault
also impacts on quadrature and direct voltage signals, which exhibit significant oscillations
at 1 kHz (about twice the electrical frequency) (see Figure 8b).
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Figure 7. Failure transient due to an open-circuit of MOSFET CL (low-side, phase C) during cruise:
motor speed.
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Figure 8. Failure transient due to an open-circuit of MOSFET CL (low-side, phase C) during cruise:
(a) phase currents; (b) direct and quadrature voltages.

The ellipse parameters obtained by the online fitting technique are then reported in
Figure 9. In particular, Figure 9a plots the lengths of the axes of the reconstructed ellipse,
while Figure 9b plots the location of the centre of the fitted ellipse in the Clarke plane.
To better highlight the algorithm performances in terms of FDI latency (from E1 to E3),
Figure 10 reports the results of one electrical period before and two electrical periods after
the fault injection. It is worth noting that the difference in axes lengths as well as the
coordinates of the ellipse centre (Figure 10a) promptly and contemporarily react to detect
and isolate the fault within 1 ms. Consequently, the current phasor trajectory in the Clarke
plane (Figure 10b), points out the “D-shape” track caused by the fault, which is isolated
within one electrical cycle.
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Figure 9. Failure transient due to an open-circuit of MOSFET CL (low-side, phase C) during cruise:
(a) axes lengths of the fitted ellipse; (b) location of the centre of the fitted ellipse.

3.2. Simulation of Transition between Cruise and Climb

In this second simulation, the event E0 occurs at t = 0.5 s, while the event E1 occurs
at t = 1.7 s, when the motor is moving at about 6300 rpm and is accelerating at a rate of
500 rpm/s. The system response is, again, characterised by imposing an online ellipse
fitting with 40 samples of current measurements (n = 40, in Section 2.3).
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Figure 10. Failure transient due to an open-circuit of MOSFET CL (low-side, phase C) during cruise,
with results obtained one electrical period before and two electrical periods after the fault injection:
(a) axes lengths of the fitted ellipse (top), location of the centre of the fitted ellipse (middle), phase
currents (bottom); (b) current phasor trajectory in Clarke plane.

Figure 11 presents the motor speed failure transient, and also compares the results
with the behaviour without faults. In this flight condition, the propulsion system is not able
to reach the command; the resistant torque developed by the propeller, roughly depending
on the square of motor speed, is actually too high, and the UAV is not able to perform
the climb at the required rate. Figure 12 helps in interpreting this behaviour; the current
amplitudes dramatically increase (Figure 12a) and a quadrature voltage saturation occurs
(E4 in Figure 12b).
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Figure 11. Failure transient due to an open-circuit of MOSFET CL (low-side, phase C) during
transition from cruise to climb: motor speed.

The fitting ellipse parameters for this simulation are reported in Figure 13 and with
more detail on failure transients in Figure 14 (the results refer to one electrical period before
and two electrical periods after the fault injection). The detection of the fault (E2) again
occurs within 1 ms, but the fault isolation (E3) is delayed, being accomplished 2 ms after
the fault (see Figure 14a). It is worth noting from Figure 14b that, even in this case, the
algorithm again performs the FDI within one electrical cycle.
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Figure 12. Failure transient due to an open-circuit of MOSFET CL (low-side, phase C) during
transition from cruise to climb: (a) phase currents; (b) direct and quadrature voltages.
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Figure 13. Failure transient due to an open-circuit of MOSFET CL (low-side, phase C) during
transition from cruise to climb: (a) axes lengths of the fitted ellipse; (b) location of the centre of the
fitted ellipse.
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Figure 14. Failure transient due to an open-circuit of MOSFET CL (low-side, phase C) during
transition from cruise to climb, with results obtained one electrical period before and two electrical
periods after the fault injection: (a) axes lengths of the fitted ellipse (top), location of the centre of the
fitted ellipse (middle), phase currents (bottom); (b) current phasor trajectory in Clarke plane.
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3.3. Impact of Number of Samples on the Algorithm Performances

Since the FDI algorithm relies on the online solution of a fitting problem, its perfor-
mances strongly depend on the number of measurements used for the process. The results
reported in this section aim to document the impact of the number of samples used by the
algorithm, simulating the failure transient as per Section 3.1, but imposing 30, 36 and 40
samples for the ellipse fitting.

The axes of the fitted ellipse are shown in Figure 15a, while the coordinates of the
ellipse centre are reported in Figure 15b. The FDI performances are not satisfactory with n =
30, while they significantly improve for n = 36, with results in them being essentially in line
with those at n = 40. The sensitivity to the number of samples is also outlined by Figure 16,
where the current phasor trajectories and the ellipse fittings are shown for a time window
related to one electrical period before and two electrical periods after the fault injection.
With reference to the same time window, the diagnostic indexes and the current phases are
shown in Figure 17. Since the reduction in the number of samples clearly implies faster
detection, values from 35 to 40 have been considered suitable for the reference application.
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Figure 15. Failure transient due to an open-circuit of MOSFET CL (low-side, phase C) during cruise
with a different number of current samples (n = 30, 36, 40): (a) axes lengths of the fitted ellipse;
(b) location of the centre of the fitted ellipse.
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Figure 16. Failure transient due to an open-circuit of MOSFET CL (low-side, phase C) during cruise
with different number of current samples (n = 30, 36, 40): current phasor trajectories in Clarke plane
for n = 30 (a); n = 36 (b); and n = 40 (c). The results are obtained one electrical period before and
two electrical periods after the fault injection.
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Figure 17. Failure transient due to an open-circuit of MOSFET CL (low-side, phase C) during cruise
with different number of current samples (n = 30, 36, 40): (axes lengths of the fitted ellipse (top);
location of the centre of the fitted ellipse (middle); phase currents (bottom). The results are obtained
one electrical period before and two electrical periods after the fault injection.

4. Discussion

The advantages and drawbacks of the proposed current-based method based on the
current-signature technique, with respect to other methods from the literature, are sum-
marised in Table 3. The comparison highlights that the developed method is competitive
in terms of both isolation time (FDI of a power switch fault is accomplished within one
electrical period) and the number of samples per electrical period. In addition, the method
has been demonstrated to be suitable for high-speed applications, and it is applicable to the
FDI of different types of PMSM faults, as open-phases or inter-turn short circuits. Another
notable aspect is the implementation simplicity; the method actually operates linear algebra
operations, without the need for calculating the time derivatives of signals. As its main
limitation, the technique relies on the assumption that the load applied to the motor (i.e.,
the amplitudes of the current phasor) is constant within an electrical cycle. However, this
hypothesis is not stringent for applications (as for UAV propulsion) where the loading
dynamics evolve on time scales that are much larger than the motor electrical period.

In terms of future perspectives, research will be focused on the generalisation of the
FDI technique to major electric and electronic faults in PMSMs. This activity will consider
the integration/adaptation of algorithms related to inter-turn short-circuits with the one
described in this work, as well as with upcoming developments dedicated to the FDI of
open-phase faults.
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Table 3. Comparison among current-signature methods for the FDI of open-switch faults.

Method
Isolation Time

[×Electric
Cycle]

Sampling to
Electric

Frequency
Robustness Sensitivity to

Parameters

Sensitivity to
Work

Conditions

Computational
Effort Simplicity

Model predictive
control

[31]
>1 20000/80 = 250 Medium High Medium Medium Medium

Average value
[32] >0.5 Not available High Medium Medium Medium Medium

Two-phase current
trajectory

[35]
>1 3000/50 = 60 Low Medium Low Medium Medium

Current phasor
trajectory slope

[36]
>1 1000/50 = 20 Medium Medium Medium Medium High

Adjacent slope
[37] <0.4 500/50 = 10 Medium Low Medium Low High

Current phasor
trajectory fitting

(this work)
<0.5 20000/600 = 33 High Low Medium Low High

5. Conclusions

The results demonstrate that the proposed FDI algorithm, based on online ellipse
fitting to reconstruct the trajectory of the current phasor in the Clarke plane in three-phase
PMSMs, succeeds in detecting and isolating open circuits on power switch converters with
extremely small latencies (from the injection to the detection/isolation of the fault, the
motor rotates less than 180◦ in an electrical cycle). Simulation analyses also highlighted the
robustness of the algorithm against transient dynamics, due to the transition of the phase
connection from a failed to an active switch.
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formal analysis, resources, visualisation, supervision, project administration, funding acquisition,
G.D.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data is unavailable due to privacy.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

This section reports the parameters of the propulsion system model (Table A1).

Table A1. FEPS model parameters.

Definition Symbol Value Unit

Stator phase resistance R 0.025 Ω
Stator phase inductance L 2 × 10−5 H

Pole pairs number nd 5 -
Motor speed constant km 0.0152 V/(rad/s)

Voltage supply VDC 48 V
Rotor inertia Jm 2.2 × 10−2 kg·m2

Propeller diameter Dp 0.5588 m
Propeller inertia Jp 1.186 × 10−3 kg·m2

Coupling joint stiffness Kgb 1.598 × 103 Nm/rad
Coupling joint damping Cgb 0.2545 Nm/(rad/s)

Rated power Pmax
em 3200 W

Sampling frequency fs 20 kHz
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