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Abstract: This paper deals with the development of a model-based technique to monitor the condition
of torque imbalances in a dual-stator permanent magnet synchronous motor for UAV full-electric
propulsion. Due to imperfections, degradations or uncertainties, the torque split between power
lines can deviate from the design, causing internal force-fighting and reduced efficiency. This study
demonstrates that, by only elaborating the measurements of speed and direct/quadrature currents of
the stators during motor acceleration/deceleration, online estimations of demagnetization and electrical
angle misalignment can be obtained, thus permitting the evaluation of the imbalance and total torque
of the system. A relevant outcome is that the technique can be used for developing both signal-based
and model-based monitoring schemes. Starting from physical first-principles, a nonlinear model of the
propulsion system, including demagnetization and electrical angle misalignment, is developed in order
to analytically derive the relationships between monitoring inputs (currents and speed) and outputs
(degradations). The model is experimentally validated using a system prototype characterized by
asymmetrical demagnetization and electrical angle misalignment. Finally, the monitoring effectiveness
is assessed by simulating UAV flight manoeuvres with the experimentally validated model: injecting
different levels of degradations and evaluating the torque imbalance.

Keywords: UAV; full-electric propulsion; fault-tolerant systems; PMSM; condition monitoring; torque
imbalance; testing; modelling; simulation

1. Introduction
1.1. Research Context

On the wave of the worldwide goal to decarbonize transport systems, the electrifica-
tion of propulsion systems nowadays represents one of the most challenging objectives
in the design of flying vehicles. With specific reference to long-endurance UAVs, internal
combustion engines are expected to be progressively replaced by hybrid electric systems
and, eventually, with Full-Electric Propulsion Systems (FEPSs). Electric propulsion would
reduce (or eliminate for FEPSs) the CO2 emissions, abate the noise levels, diminish the ther-
mal signature, and enhance the thrust efficiency and performance of fixed wing UAVs [1–3],
even if reliability is now an open issue (essentially due to the application novelty) and
achievable endurance is much lower than that of UAVs equipped with internal combus-
tion engines (consider that the energy storage of Li-Ion batteries typically reaches about
0.3 MJ/kg, approximately 100 times lower than gasoline data [1]). Within this context,
the project TERSA (Tecnologie Elettriche e Radar per Sistemi aeromobili a pilotaggio remoto
Autonomi [4,5]) has been funded by the Italian Government together with the Tuscany
Regional Government for developing a lightweight full-electric long-endurance UAV
(Figure 1 [6]) with the following main characteristics [6]:
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• Mass (including payloads): 35 kg;
• Take-off/landing system: pneumatic launcher and parachute/airbags;
• Propulsion system: fixed-pitch twin-blade propeller driven by dual-redundant FEPS

(3.5 kW maximum power);
• Relevant payloads: Synthetic Aperture Radar and Sense-And-Avoid System;
• Cruise speed: 26 m/s;
• Flight endurance: 6 h;
• Data-link operational range: 100 km;
• Radar ground swath range: 3 km (0.2 m image reconstruction accuracy).
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The project, led by Sky Eye Systems (Italy) in partnership with the University of Pisa
and other Italian industries, was successfully completed in December 2022.

1.2. Full-Electric Propulsion Requirements

FEPSs for long-endurance UAVs must be characterized by high compactness, high
torque density, high power-to-weight ratio (>6 kW/kg), excellent efficiency (>85%) [2,7,8],
and high reliability. For example, the failure rate of a conventional non-redundant electric
motor and related electronics typically reaches about three per thousand flight hours [9,10],
which is not compliant with the reliability and safety levels required for airworthiness
certification [11]. Due to weight and envelope concerns, the use of redundant motors
is often unfeasible, so the reliability can be enhanced by unconventional converters or
through phase redundancy. Two main solutions are suggested in the literature: one is
based on conventional three-leg converters coupled with multiple-phase motors [12,13] or
multiple three-phase arrangements [14,15], while the other is based on the use of four-leg
converters [10,16,17]. In the second case, the conventional three-leg bridge is equipped with
a couple of additional stand-by MOSFETs in order to control the neutral point of the three-
phase connection. Though compact and lightweight, the four-leg solution implies a specific
design in terms of system hardware (e.g., neutral point accessibility) and software (e.g.,
drive of additional MOSFETs) [10,18]. Concerning the Permanent Magnet Synchronous
Motor (PMSM) architectures, Axial-Flux PMSMs (AFPMSMs) probably represent the best
solution in terms of weight, efficiency, adaptability, and torque-to-weight ratio [8], even if
their technology readiness is lower than conventional radial-flux PMSMs [19,20].

In pursuing a balance between the above-mentioned considerations, the reference
FEPS has been equipped with a dual-stator AFPMSM and two independent electronic
control units with a conventional three-leg converter to drive each stator module so that
the propulsion system, depending on the mission phase, can operate in active/active or
active/stand-by torque-summing configuration.

In a previous work by the authors [5], the diagnosis of electrical and electronic faults
of the TERSA FEPS, the design of fault-tolerant control strategies, and the simulation of
the failure transients related to the most critical faults have been addressed, but an actual
enhancement of the system reliability must also include condition-monitoring activities,
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aiming to anticipate the occurrence of faults and to support their prognosis (i.e., predictive
maintenance). As a relevant example, the thrust output of a dual torque-summing system
depends on the sum of electrical torques, so that the effects of a torque imbalance between
two stators can remain “hidden” for long time, potentially to the point of causing critical
electrical and electronic faults.

1.3. Torque Imbalance between Stator Modules

One of the main issues in the redundant power systems design is the imbalance of
torque/force paths. The torque imbalance reduces the system efficiency and increases
the electrical loads on one of the two modules, leading to premature degradations and
anticipated faults. The torque imbalance can be as follows:

• non-periodic, when related to

# uniform demagnetization of a module;
# misalignment of electrical angle due to sensor offset or imperfections of the

stator–rotor coupling;

• periodic, when related to

# different air gap eccentricity;
# local demagnetization;
# cogging disturbances;
# variation of electrical parameters;
# local damages on mechanical parts and bearings.

Periodic imbalances, accompanied by noise and vibrations, are easier to detect during
maintenance or before/after flight, while non-periodic imbalances can remain undetected
up to the occurrence of faults.

Demagnetization phenomena are typically due to operation at high temperatures [21]
in combination with high current amplitudes along the direct axis, counteracting the per-
manent magnet field [22]. In particular, the demagnetization can be uniform (producing a
reduction in the BEMF amplitude) or local (causing distortions of the BEMF waveform) [23].
High-amplitude direct currents can be related to fault conditions, such as short circuits or
open phases [24], but it can also result from the incorrect application of flux-weakening
strategies [25]. In aerospace applications, characterized by operation in harsh environments
with large temperature variations and load cycles with fast dynamics, irreversible demag-
netization is a risk [26]. A wide review on methods for the diagnosis of demagnetization is
proposed in [27,28], and most of them are based on flux observers; as relevant examples,
Xi [29] and Min [30] apply extended Kalman filtering, Xu et al. [31] implement second-
order integral flux observers, Bobtsov et al. [32] apply LTI filters and linear regression, and
Uddin [33] develops an adaptive flux estimator. Despite the prediction accuracy, all these
methods generally need to elaborate many signals: current signals, voltage signals, angular
position, and speed. Furthermore, in most of the cases, a trial-and-error setting procedure
of the estimator parameters is required in order to get the best trade-off between filter
convergence time and stability due to the intrinsic inaccuracy of the noise covariance matrix
model. In this work, a simple and robust approach is proposed, in which the estimation of
demagnetization is derived only from measurements of direct/quadrature currents and
speed during motor accelerations, and the only parameter to be tuned is the minimum
acceleration threshold required for the estimation. In addition, the proposed technique
allows us to estimate the electrical angle misalignment, which also impacts the generation
of torque imbalance. The technique can be applied as model-based monitoring to single
stator PMSMs, or as signal-based monitoring to redundant architectures, even if, in this
case, only the asymmetrical behaviours of the modules could be detected.

The paper is organized as follows: Firstly, the reference FEPS model is described
starting from physical first-principles, characterizing the effects of demagnetization and
electrical angle misalignment on torque output via analytical expressions. Secondly, a
model-based monitoring technique is proposed, with the basic objective of estimating
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system degradations from direct and quadrature current deviations. Successively, an
experimental test campaign is defined to characterize the system performances and identify
the main model parameters (phase resistance and inductance, speed constants, BEMF
waveforms). Finally, the monitoring effectiveness is verified by using the experimentally
validated model, also with reference to flight manoeuvre time histories.

2. Materials and Methods
2.1. System Description

The reference FEPS is essentially composed of (Figure 2) a surface-mounted magnet
AFPMSM with a double-stator having phases in star connection. The AFPMSM rotor is
connected mechanically via a coupling joint to a twin-blade fixed-pitch propeller (APC22
× 10E [34]) generating the UAV thrust. Electrically, the AFPMSM is connected to two
Electronic Control Units (ECUs), including a Control/Monitoring (CON/MON) module, a
three-leg converter, a Power Supply Unit (PSU), and an I/O interface. The I/O connectors
exchange data with the Flight Control Computer (FCC) and receive the electrical power
input and the control feedbacks from the three Current Sensors (CSa, CSb, CSc) and the
Angular Position Sensors (APS).
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Figure 2. Schematics of the FEPS control architecture.

The closed-loop control of the system is implemented by the CON module, via two
cascade loops, on propeller speed and motor currents (via Field-Oriented Control, FOC).
The regulators are proportional/integral, including back-calculation anti-windup actions.

2.2. Modelling with Demagnetization and Angular Misalignment
2.2.1. Aero-Mechanical Modelling

The aero-mechanical section of the FEPS model aims to calculate the UAV thrust
force (Tp) once the altitude (i.e., the air density ρ), the vehicle forward speed (va), the
gust-induced torque (Qg), and the electrical motor torque generated by the two stator
modules (Qmtot) are known, Equation (1) [10,14], Figure 3a:

Jp
..
θp = −Qp − Cgb

( .
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.
θm

)
− Kgb

(
θp − θm

)
+ Qg

Jm
..
θm = Qmtot + 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

, (1)

where Jp and Jm are the propeller and motor inertias, θp and θm are the propeller and motor
rotations, Dp is the propeller diameter, AR is the propeller advance ratio, Qp is the propeller
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resistant torque, CQ and CT are the torque and thrust propeller coefficients (Figure 4), and
Kgb and Cgb are the torsional stiffness and damping of the coupling joint.
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Figure 3. FEPS modelling: (a) aero-mechanical reference scheme; (b) electrical reference scheme for
the single three-phase stator module (one pole pair, nd = 1).
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2.2.2. Electrical Modelling of the Single Stator

The current dynamics in the single stator module can be described in vectorized form
by [5,15], Figure 3b:

Vabc = RIabc + L
.
Iabc + Eabc, (2)

Eabc = (1− αm)km
.
θmeabc, (3)

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, km is the motor speed constant, eabc = [ea, eb, ec]

T

is the BEMF waveforms vector, and αm is the uniform demagnetization factor (0 ≤ αm ≤ 1,
where αm = 0 applies to the nominal design, while αm = 1 means no magnetic coupling). The
parameters and data related to the propulsion system model are reported in Appendix A.

In case of sinusoidal magnetic coupling and uniform demagnetization, we have:

ea = sin(ndθm), eb = sin
(

ndθm −
2
3

π

)
, ec = sin

(
ndθm +

2
3

π

)
(4)
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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 ((d, q, z) in Figure 3b) and by
applying the Clarke–Park transformations [15] so that, once we have defined the stator-
referenced vector xabc and the electrical angle θe between rotor and stator, we have

xαβγ = TCxabc =

√
2
3

 1 −1/2 −1/2
0

√
3/2 −

√
3/2√

2/2
√

2/2
√

2/2

xabc, (5)

xdqz = TPxαβγ =

 cos θe sin θe 0
− sin θe cos θe 0

0 0 1

xαβγ = TPTCxabc = TPCxabc. (6)

Taking into account an electrical angle delay ϕ, so that θe = ndθm − ϕ, TPC becomes

TPC =

√
2
3

 cos(ndθm − ϕ) cos
(
ndθm − 2π

3 − ϕ
)

cos
(
ndθm + 2π

3 − ϕ
)

− sin(ndθm − ϕ) − sin
(
ndθm − 2π

3 − ϕ
)
− sin

(
ndθm + 2π

3 − ϕ
)

√
2/2

√
2/2

√
2/2

, (7)

which can be conveniently formulated as:

TPC = cos ϕTPC|ϕ=0 + sin ϕMa, (8)

where:

Ma =

√
2
3

 sin(ndθm) sin
(
ndθm − 2π

3
)

sin
(
ndθm + 2π

3
)

cos(ndθm) cos
(
ndθm − 2π

3
)

cos
(
ndθm + 2π

3
)

√
2(1−cos ϕ)

2 sin ϕ

√
2(1−cos ϕ)

2 sin ϕ

√
2(1−cos ϕ)

2 sin ϕ

. (9)

For any stator-referenced vector xabc we actually have:

xdqz = TPCxabc =
(

cos ϕTPC
∣∣

ϕ=0 + sin ϕMa

)(
TPC

∣∣
ϕ=0

)T
xdqz

∣∣∣
ϕ=0

= . . .

=

cos ϕ + sin ϕ

0 −1 0
1 0 0

0 0
√

3(1−cos ϕ)√
2 sin ϕ


xdqz

∣∣∣
ϕ=0

,
(10)

in which xdqz

∣∣∣
ϕ=0

represents the Clark–Park transformation of the vector xabc without angle

delay. The electrical equation in the rotating–delayed frame is structurally identical to the
ideal case,

Vdqz = RIdqz + L
.
Idqz + Lnd

.
θm

0 −1 0
1 0 0
0 0 0

Idqz + Edqz, (11)

except that:

Edqz = TPCEabc = TPC

(
TPC

∣∣
ϕ=0

)−1
Edqz

∣∣∣
ϕ=0

= . . .

= (1− αm)km
.
θmTPC

(
TPC

∣∣
ϕ=0

)T
0

1
0

 = (1− αm)km
.
θm

− sin ϕ
cos ϕ

0

. (12)

It is worth noting that the electrical angle delay ϕ is composed of two main contribu-
tions: one (δa) related to the angular sensor misalignment and the other (γ), which can be
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important when high-speed applications are concerned, due to the computational delay of
the control electronics operating at sample time Ts (“zero-order hold” effect [35]):

ϕ = δa + γ = δa + nd
.
θmTs/2, (13)

If the computational delay is predictable and can be eliminated by applying a compen-
sating lead (γ′ = nd

.
θmTs/2), the angular sensor misalignment is non-deterministic, as it

can be caused by bias or degradations, Equation (14)

ϕ = δa + γ− γ′ ≈ δa. (14)

The equation describing the current dynamics in both modules can be generally
expressed by Equation (15), provided that the respective values of αm and δa are used:{

Vd = RId + L
.
Id − Lnd

.
θm Iq − (1− αm)km

.
θm sin δa

Vq = RIq + L
.
Iq + Lnd

.
θm Id + (1− αm)km

.
θm cos δa

. (15)

2.2.3. Torque Imbalance between Modules with Angular Misalignment and Demagnetization

In the reference application, the FEPS control system (Figure 5) applies a current-
motion decoupling technique, which, once given the current regulator outputs V(c)

d and

V(c)
q , defines the direct and quadrature voltages as{

Vd = V(c)
d − Lnd

.
θm Iq

Vq = V(c)
q + Lnd

.
θm Id

, (16)

so that the electrical equations become:{
V(c)

d = RId + L
.
Id − (1− αm)km

.
θm sin δa

V(c)
q = RIq + L

.
Iq + (1− αm)km

.
θm cos δa

. (17)
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Following a typical design solution, the current regulators are proportional–integral,
so, once defined kp and kpzI the proportional and integral gains, in the Laplace domain we
have (s is the complex pulsation):{

V(c)
d = −kp

(s+zI)
s Id

V(c)
q = kp

(s+zI)
s

(
I(c)q − Iq

). (18)

The direct and quadrature currents responses for both modules can be obtained as: Id(s) =
βdkms

(Ls+R)s+kp(s+zI)

.
θm(s)

Iq(s) =
kp(s+zI)

(Ls+R)s+kp(s+zI)
I(c)q (s)− βqkms

(Ls+R)s+kp(s+zI)

.
θm(s)

, (19)

where {
βd = (1− αm)sinδa
βq = (1− αm)cosδa

(20)

By neglecting cogging torque disturbances, the electrical torque generated by the
single stator module (Qm), is given by:

Qm =
√

3/2km(1− αm)
(

Iqcosδa − Idsinδa
)
, (21)

To simplify the discussion, let us assume that one of the two modules works with angular
sensor misalignment and demagnetization, while the other is normally operating; the total
motor torque (Qmtot) and the torque imbalance between modules (Qmi) are expressed byQmtot =

√
3/2km

(
βq Iq − βd Id + Iq

∣∣
δa=0;αm=0

)
Qmi =

√
3/2km

(
βq Iq − βd Id − Iq

∣∣
δa=0;αm=0

) . (22)

By substituting Equation (19) into Equation (22), we obtain in the Laplace domain,

Qmtot(s) =

√
3
2

km


(

βq + 1
)
kp(s + zI)

(Ls + R)s + kp(s + zI)
I(c)q (s)−

[
(1− αm)

2 + 1
]
kms

(Ls + R)s + kp(s + zI)

.
θm(s)

 (23)

Qmi(s) =

√
3
2

km


(

βq − 1
)
kp(s + zI)

(Ls + R)s + kp(s + zI)
I(c)q (s)−

[
(1− αm)

2 − 1
]
kms

(Ls + R)s + kp(s + zI)

.
θm(s)

 (24)

To generalize the concept wrt to the specific motor design, it is worth noting that
Equations (23) and (24) can be reformulated as follows

Qmtot(s) =

√
3
2

km HI I(s)

(βq + 1
)

I(c)q (s)−
km

[
(1− αm)

2 + 1
]

kp(s + zI)

..
θm(s)

 (25)

Qmi(s) =

√
3
2

km HI I(s)

(βq − 1
)

I(c)q (s)−
km

[
(1− αm)

2 − 1
]

kp(s + zI)

..
θm(s)

 (26)

where HI I(s) is the current-tracking transfer function (always assuming a unity value for
s→ 0), depending on the specific motor design and related control loop.

Equations (25) and (26) point out the detrimental effects of αm and δa on propulsion-
system efficiency. The demagnetization and the erroneous application of an FOC technique
actually induce a torque imbalance between the modules and a reduction in the total torque
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capability. In particular, at constant motor speed (
..
θm = 0, an operative condition covering

most of flight mission time), the torque responses depend on the term βq (Figure 6), which
can be viewed as the torque capability index of the demagnetized and misaligned stator.
When the torque capability reduces, the outer control loop, in pursuing the propeller speed
tracking, increases the demand current I(c)q to recover torque, but it also surges the torque
imbalance. As a final result, the system works at higher currents, higher temperatures, and
lower efficiency, and the speed tracking bandwidth diminishes.
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The above discussion permits us to outline the importance of obtaining online esti-
mates of the δa and αm, which can be used for both diagnostic and prognostic purposes.

A generalized formulation of Equations (25) and (26) can be finally obtained by
considering both modules affected by degradations, leading to

Qmtot(s) =

√
3
2

km HI I(s)

(βq1 + βq2
)

I(c)q (s)−
km

[
(1− αm1)

2 + (1− αm2)
2
]
s

kp(s + zI)

.
θm(s)

 (27)

Qmi(s) =

√
3
2

km HI I(s)

(βq1 − βq2
)

I(c)q (s)−
km

[
(1− αm1)

2 + (1− αm2)
2
]
s

kp(s + zI)

.
θm(s)

 (28)

2.3. Monitoring of Demagnetization and Angular Misalignment

Equation (19) applied for δa = 0; αm = 0 predict direct and quadrature currents for the
nominal operation of a stator, so that the direct and quadrature current deviations from the
nominal behaviour (∆Id and ∆Iq) are∆Id(s) = Id − Id|δa=0;αm=0 = βdkms

(Ls+R)s+kp(s+zI)

.
θm(s)

∆Iq(s) = Iq − Iq
∣∣
δa=0;αm=0 =

(1−βq)kms
(Ls+R)s+kp(s+zI)

.
θm(s)

(29)

When the motor works at constant acceleration Am, i.e.,

.
θm(t) = Amt L→

.
θm(s) =

Am

s2 , (30)
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the two signals ∆Id and ∆Iq reach finite steady-state values given by
∆Id∞ = lim

t→∞
∆Id(t) = lim

s→0
s∆Id(s) = lim

s→0

βdkm Am
(Ls+R)s+kp(s+zI)

= βdkm Am
kpzI

∆Iq∞ = lim
t→∞

∆Iq(t) = lim
s→0

s∆Iq(s) = lim
s→0

(1−βq)km Am
(Ls+R)s+kp(s+zI)

=
(1−βq)km Am

kpzI

(31)

The measurements of direct and quadrature current deviations from the nominal
behaviour (∆Id and ∆Iq) can be thus used to calculate approximating values of βd and βq

βd ≈
kpzI

km
·∆Id

..
θ
(c)
m

βq ≈ 1− kpzI

km
· ∆Iq

..
θ
(c)
m

(32)

where
..
θ
(c)
m is the time derivative of the speed demand (

.
θ
(c)
m , Figure 5). Since Equation (32)

cannot be solved during constant speed operation since
..
θ
(c)
m = 0, estimates of βd and βq can

be obtained via ∣∣∣∣ ..θ(c)m

∣∣∣∣ ≥ Amth =⇒


βde =

kpzI

km
·∆Id

..
θ
(c)
m

βqe = 1− kpzI

km
· ∆Iq

..
θ
(c)
m∣∣∣∣ ..θ(c)m

∣∣∣∣ < Amth =⇒
{

βde not defined
βqe not defined

(33)

in which Amth is an acceleration threshold.
The basic idea underlying the proposed monitoring technique is that the calculation of

βde and βqe permits us to obtain online estimates of angle misalignment δae and asymmetric
demagnetization αme of each stator via δae = atan

(
βde
βqe

)
αme = 1−

√
β2

de + β2
qe

(34)

so that total torque and torque imbalance of the motor can be evaluated, Equations (25) and (26).
Since the current tracking dynamics are characterized by high-frequency bandwidths,

the applicability of this model-based technique [15] depends on the availability of ade-
quate computational resources. Alternatively, the concept can be applied to develop a
signal-based technique (Figure 7), provided that the terms Id|δa=0;αm=0 and Iq

∣∣
δa=0;αm=0 in

Equation (26) are referring to measurements coming from one of the two. Clearly, the signal-
based approach can only provide information about the asymmetries of demagnetization
and electrical angle misalignment of the modules.
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2.4. FEPS Prototype Test Plan

To characterize the FEPS basic performances, to identify/substantiate the main param-
eters of the FEPS model as well as to validate the closed-loop regulators, the following test
campaigns have been carried out:

T1. Single stator/dragged rotor/torque control: i.e., while the rotor is dragged at con-
stant speed by an external motor, one of the two FEPS modules is controlled in
torque, and the step inputs of the quadrature current are tracked. The test aimed to
characterize the module efficiency as functions of speed and torque.

T2. Dual stator/dragged rotor/open-phases: i.e., the rotor is dragged at a constant speed
by an external motor with disconnected phases on both modules. The test aimed to
identify the speed constant of the modules and the BEMF waveforms (km and eabc in
Equation (3)).

T3. Single stator/blocked rotor/torque control: i.e., while the rotor is blocked, one of the
two modules is controlled in torque, and step inputs of the quadrature current are
tracked. The test aimed to identify the stator resistance and inductance (R and L in
Equation (2)), as well as to validate the current regulators (kp and zI in Equation (18)).

T4. Dual stator/coupled propeller/speed control: i.e., once the propeller is coupled to
the rotor, one of the two modules is controlled in speed tracking and ramped-step
inputs are given. The test aimed to identify the rotor inertia (Jm in Equation (1)) and
validate the speed regulators.

The main components of the experimental setup are (Figure 8):

• External motor: three-phase synchronous spindle motor SIEMENS 1FE1051-4HC30-
1BA0 (nominal power 12.6 kW; nominal speed 24,000 rpm [36]);

• Torque sensor: Kistler 4503B (maximum torque 10 Nm [37]);
• Power analyser: Yokogawa WT 1804E [38];
• Oscilloscope: Yokogawa DL950 [39];
• Motor driver: BySTORM FTD50 [40].
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that the dependency of the speed constants on angular speed is negligible for both stator 
modules (verifying a model assumption), but the two stators have different speed con-
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3. Results
3.1. Open-Loop Performances

The motor efficiency (η, Figure 9) is evaluated via T1 on a network of operating points
defined in terms of speed and torque values. In particular, on each point, it is obtained by:

• imposing the rotor speed using the external speed-controlled motor;
• generating a resistant torque using the current-controlled FEPS module;
• measuring using the power signal analyser and the steady-state value of the ratio

between the mechanical power output and electrical power input.
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The tests have been executed from 1000 to 7000 rpm (with intervals of 1000 rpm) and
from 10 to 45 A of quadrature current demands.

Figure 10 summarizes the results obtained via T2, in terms of speed constants,
Figure 10a, and BEMF waveforms for both stator modules, Figure 10b. Experiments
point out that the dependency of the speed constants on angular speed is negligible for
both stator modules (verifying a model assumption), but the two stators have different
speed constants: the mean value of km for stator 1 is 0.0152 V s/rad, while it lowers to
0.0147 V s/rad for stator 2, Figure 10a. Assuming that the stator characterized by higher
speed constant is the nominal one, this means that αm = 0.03 for stator 2, Equation (2). The
results obtained in terms of BEMF highlight that the waveforms are essentially sinusoidal
(verifying a model assumption), but the two stators are characterized by relevant angular
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misalignment. Assuming stator 1 as the nominal one, this can be viewed as δa = −0.262 rad
(about −15 deg) for stator 2, Equation (2), Figure 7b.
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3.2. Closed-Loop Performances and Model Validation

An excerpt of the results coming from T3 and T4, related to the closed loop control
validation, are reported in Figure 11. The validation is carried out by stimulating the
hardware and the model with the same input requests, and by verifying that the deviations
of their outputs are contained within pre-defined thresholds. Figure 11a documents the
validation of the current tracking, obtained during T3, when requesting the step commands
of the quadrature current (as an example: 40 A and 60 A in Figure 11a). The model
provides very satisfactorily, with prediction errors lower than 5% wrt experiments. The
speed-tracking validation is then reported in Figure 11b wrt T4, and it is accomplished
by requesting ramped-step commands with 1000 rpm/s slopes (as an example, 2000 and
4000 rpm amplitude in Figure 11b). In these experiments, the test ends by removing
the electrical power from the system in order to let the motor passively decelerate, thus
permitting a more direct identification/substantiation of rotor inertia. Apart from a low-
frequency harmonic disturbance at about 8 Hz, due to imperfect rig grounding, the model
behaves very satisfactorily during both controlled and uncontrolled phases with a mean
error of about 5%. It is worth noting that the model parameters are identified wrt the test
at 4000 rpm (Test 1 in Figure 10), so that the errors tend to slightly increase at higher or
lower commands.
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3.3. Characterization of Monitoring Performances via Nonlinear Simulation

To verify the effectiveness of the monitoring technique described in Section 2.4, two
simulation test campaigns have been carried out with the experimentally validated model
of the FEPS:

• firstly, by imposing speed requests characterized by constant acceleration;
• secondly, by using the time history of the speed request recorded during a flight

manoeuvre of the Rapier X-25 UAV by Sky Eye Systems (Italy), which (having similar
architecture, weight, propeller, aerodynamics, and control systems) was the baseline
solution for the development of the TERSA UAV.

The FEPS simulation is entirely developed in the MATLAB/Simulink environment,
and its numerical solution is obtained via the fourth order Runge–Kutta method, using a
10−5 s integration step. The closed-loop control is executed at a 10 kHz sampling rate, while
the monitoring function, being executed by the UAV flight control computer, provides
outputs at 50 Hz sample rate.

3.3.1. Constant-Acceleration Testing

The results of the first session of tests for the monitoring technique verification is
reported in Figure 12, in terms of speed command, monitoring outputs (estimations of
demagnetization factor αme and angle misalignment δae), and torque imbalance when
different values of demagnetization factor αm and angle misalignment δa are imposed on
stator 2. For all test cases, the monitoring technique generates no outputs during constant
speed operations, while during accelerations, it provides estimates of demagnetization and
misalignment that rapidly converge (within about 500 ms) to the reference degradation.
Concerning the torque imbalance (Qmi), provided that its amplitude increases with the
degradation level, it is essentially proportional to the aerodynamic torque (Qp) when the
motor speed is constant (t < 0.25 s and t > 2.25 s, Figure 12) and reaches a peak during the
acceleration transient (t = 0.5 s, Figure 12). As outlined by the results, this parasitic loading
can be relevant even at small degradation levels (at αm = 0.05; δa = 5 deg, the imbalance
amplitude ranges from 5% to 10% of the propeller torque).
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Figure 12. Constant-acceleration test: motor speed (a), demagnetization factor estimate (b), angle
misalignment estimate (c), and torque imbalance (d) at different values of demagnetization and
misalignment of stator 2.
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3.3.2. Flight Manoeuvre Testing

An excerpt of results obtained during the second session of tests is shown in Figure 13,
where the estimations of the demagnetization factor and angle misalignment, as well as the
torque imbalance, are reported in case the system is commanded by the time history of the
speed request recorded during the climb flight manoeuvres of the Rapier X-25 UAV. The
values of demagnetization factor αm and angle misalignment δa of stator 2 are set to the
measured ones (Section 3.1) and to the worst-case scenario analysed in Section 3.3.1. Based
on Figure 13, we can see that even if the system exhibits torque unbalance the estimation of
the parameters is realized only when the system accelerates over a certain threshold; in the
other cases, the algorithm output is not defined.
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Figure 13. Flight manoeuvre test: motor speed (a), demagnetization factor estimate (b), angle
misalignment estimate (c), and torque imbalance (d) at measured and worst-case values of demagne-
tization and misalignment of stator 2.

4. Discussion

The results in Section 3 highlight the effectiveness and the potentialities of the pro-
posed model-based monitoring for enhancing the reliability and performance of UAV FEPS
with particular reference, but not limited, to architectures with redundant stators. Actually,
provided that the computational resources of the onboard control electronics permit the
simulation of the current tracking dynamics, the monitoring allows us to estimate the
electrical angle misalignment and the demagnetization of the rotor magnet on each stator
module. This information can then be used to evaluate the deviations in performances in
terms of total torque capability (and torque imbalance, if redundant stators are concerned),
with consequent capability to apply a control loop compensation. Conversely, if computa-
tional resources are limited, the concept can be applied to develop signal-based monitoring,
even if, in this case, only the asymmetry of behaviour among modules could be evaluated.
As far as the real-time execution capabilities are concerned, the computational burden of
the algorithm has been evaluated in terms of the ratio between elapsed time of execution at
10 kHz rate and simulation time on a reference PC (DELL Inspiron 16 Plus 7620, 12th Gen
Intel Core i7-12700H, 2.30 GHz, RAM 32 GB). If the model-based algorithm is executed,
this ratio is 0.032 (i.e., the execution time is 3.2% of the real time), while if a signal-based
algorithm is used, the ratio lowers to 0.028. These results point out that the computational



Drones 2023, 7, 618 16 of 18

resources required to run the algorithms are well-compatible with the real-time execution
on UAV ECUs.

The basic limitations of the proposed monitoring technique are essentially related to
the capability to only generate outputs during motor accelerations/decelerations; how-
ever, this feature is not critical, since the basic objective is not to diagnose a fault but to
perform condition-monitoring of the system and be able to characterize degradations with
long-term effects.

In terms of future development of the research, the estimation of demagnetization
of a rotor-stator coupling throughout the FEPS lifecycle could be used for the design of
prognostic algorithms that are able to anticipate detrimental effects on performance and
to enhance reliability and maintainability. In addition, since the model-based monitoring
has been designed and tested by neglecting cogging torque disturbances as well as local
demagnetization, the sensitivity of these phenomena must be addressed.

5. Conclusions

A model-based technique for monitoring the torque imbalances of a redundant FEPS
for UAVs is developed and verified through nonlinear simulations. The technique allows us
to estimate the demagnetization and the electrical angle misalignment of each stator module
using the measurements of direct and quadrature currents during motor accelerations. A
propulsion system model, including degradations, is developed and validated with an
FEPS prototype characterized by asymmetrical behaviour of the modules (errors are lower
than about 5%). The basic limitation of the technique is that it operates during motor
accelerations only; however, this does not impact the design objective, which is a condition-
monitoring system for characterizing long-term degradations. The monitoring effectiveness
is finally assessed by simulating UAV flight manoeuvres, injecting degradations, and
evaluating the torque imbalance.
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Appendix A

This section contains tables reporting parameters and data related to the propulsion
system model (Table A1).

Table A1. FEPS model parameters.

Definition Symbol Value Unit

Stator phase resistance (single module) R 0.025 Ω
Stator phase inductance (single module) L 2 × 10−5 H

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

Voltage supply VDC 36 V
Rotor inertia Jm 2.2 × 10−2 kg·m2

Propeller diameter Dp 0.5588 m
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Table A1. Cont.

Definition Symbol Value Unit

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)

Proportional gain of current regulator kp 0.001 V/A
Integral gain of current regulator kI = kpzI 10 V/(A s)

Control sample time Ts 10−4 s
Monitoring acceleration threshold Amth 35 rad/s2
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