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Abstract—In motor-drive systems utilized in safety-critical
applications and demanding conditions like electric aircraft
propulsion systems, the reliability of the system is greatly affected
by position sensors, given their susceptibility within the motor-
drive system. Consequently, there is a need to eliminate sensors
in vector-controlled motor drives to decrease overall hardware
complexity and expenses, bolster the mechanical durability and
dependability of the drive system. In this paper, a fault-tolerant
sensorless control system for low inductance coreless axial flux
PM (AFPM) machines, integrated into electric aircraft propulsion
systems, is introduced. The proposed control system spans a wide
operating range, from zero to ultra-high speed, all without the
need for a position sensor, enhancing fault tolerance. The system
is capable of accelerating the motor from standstill to a certain
speed where fundamental signals become available for a flux
observer. This observer estimates the rotor position and speed,
which are then fed into a field-oriented control scheme. The
effectiveness of the introduced control scheme was experimentally
verified using a prototype coreless AFPM machine with a PCB
stator as a case study.

Index Terms—Sensorless control, estimation, PMSM drives,
vector control, field-oriented control, flux observer, AFPM ma-
chines, coreless machines.

I. INTRODUCTION

The coreless (air-cored) stator axial flux permanent magnet
(AFPM) machine configuration offers unique advantages com-
pared to their conventional cored counterparts by eliminating
the stator core and associated losses, such as zero cogging
torque, diminished audible noise and vibration, as well as
reduced mass and volume. These characteristics potentially en-
hance torque, power density, and efficiency [1]. Coreless ma-
chines eliminate the primary factor contributing to frequency-
dependent power losses, namely stator core losses. As a result,
they emerge as highly suitable candidates for applications
requiring ultra-high speeds, such as electric aircraft propulsion
systems [2].

Modern power electronic drives are based on advanced
simulation and modeling techniques to analyze the complex
behavior and operation under different conditions [3]. To lever-
age the full potential of electric machines, high-performance
electric drive systems are required. Field-oriented control
(FOC) is a widely used technique for regulating the output
torque and speed of high-performance motor-drive systems
by adjusting the stator phase currents in a rotational direct

and quadrature reference frame. In this approach, the stator
currents undergo transformation into flux and torque compo-
nents, represented as dc waveforms. These components can
be independently regulated by typically proportional-integral
(PI) controllers to achieve predetermined objectives. To carry
out all the necessary reference frame transformations within
FOC like Park, accurate real-time rotor position information is
essential. The torque and speed control loops also require shaft
speed information, typically obtained by taking the derivative
of the measured rotor position.

The measurement of rotor position and speed can be
achieved through various methods, including electromagnetic
resolvers or digital means utilizing incremental or absolute en-
coders. Among these, optical encoders stand out as one of the
most commonly employed position sensors. Electromagnetic
resolvers are also favored for rotor position measurement due
to their robust construction and capacity to operate at higher
temperatures [4].

In motor-drive systems operating in hostile environments,
such as electric aircraft propulsion systems, position sensors
significantly impact system reliability, as they are among the
most vulnerable parts of a motor-drive system [4]. Therefore,
to reduce total hardware complexity and costs, enhance the
mechanical robustness and reliability of the drive system, and
improve noise immunity, it is desirable to eliminate sensors in
motor drive systems employing field-oriented control schemes.
Such motor drive systems, i.e., sensorless drives, also reduce
maintenance requirements [5], [6].

There are two main categories of sensorless control
schemes: model-based methods generally applied in the high-
speed range and saliency-based methods typically employed
in the low-speed range. The model-based method can be
implemented using the electromotive force (back-EMF) or flux
associated with the fundamental frequency excitation, and it
can be subdivided into open-loop methods and closed-loop
methods [6]-[8].

Two rotor position estimation methods for surface mounted
PM machines including rotor flux observer and sliding mode
observer for FOC-based drive systems were introduced and in
[9]. A novel flux observer with DC component and harmonics
attenuation capability was proposed for PMSM sensorless
control in [10]. This observer effectively reduces the adverse
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Fig. 1. Flux linkage of a phase winding for the coreless AFPM machine at
both no-load and full-load conditions derived from finite element analysis.

effects of non-zero integral initial value, parameter mismatch,
and converter non-linearities on conventional flux observers
based on second-order integrator and frequency-locked loops.
A highly accurate and resilient sensorless control system for
induction machines, relying on an enhanced stator flux identi-
fication method, was introduced in [11]. This system utilized
a dc offset voltage estimator alongside a noise compensator to
produce clean voltage and current signals, serving as inputs to
the stator flux estimator.

In this paper, leveraging the inherent characteristics of
coreless AFPM machines, such as ultra-low phase inductance,
a flux-observer-based sensorless control method is introduced.
This method is intended to serve as a redundancy for rotor
position sensors, aiming to enhance the reliability and fault tol-
erance of electric aircraft propulsion systems. The analytically
described method was experimentally tested using a prototype
integral horsepower coreless axial flux machine to demonstrate
the effectiveness of this approach.

II. PROPOSED SENSORLESS CONTROL METHOD

Real-time computation devices, such as digital signal pro-
cessors (DSPs), are reaching a satisfactory level of maturity.
Therefore, speed and position estimation can be achieved
using software-based state estimation techniques, where stator
voltage and/or current measurements are utilized. These drives
are labeled as “sensorless”, even though it specifically refers
to position or speed sensors. It’s important to note that there
are still other sensors in the drive system, including current
sensors. In certain applications where cost is not the primary
constraint but reliability is crucial, such as in electric aircraft
propulsion systems, sensorless control schemes are utilized in
conjunction with position sensors as a redundancy measure.
This is implemented to enhance fault-tolerance and overall
system reliability.

The primary sensorless control techniques for PM syn-
chronous motor drives include open-loop estimators utilizing
the fundamental motor signals, position estimators based on
back-EMF, saliency-based methods involving high-frequency
(HF) signal injection, and observer-based estimators (such
as Kalman and Luenberger). The choice of technique or a
combination thereof for estimating rotor position and speed in

TABLE I
SPECIFICATIONS AND MAIN DIMENSIONS OF THE PROTOTYPE CORELESS
AFPM MACHINE CONSIDERED AS A CASE STUDY.

Parameter Value Unit
Rated power 4.18 kW
Rated speed 2,100 rpm
Torque density (natural cooling) 6.6 Nm/L
Airgap (rotor to stator) 1.3 mm
Stator thickness 6.0 mm
Rotor inner/outer diameter 208/304 mm
Stator inner/outer diameter 202/310 mm
No. of rotor/stator poles 36/36 -
Phase inductance 32.3 wH
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Fig. 2. The timeline of the proposed fault-tolerant sensorless control scheme.
The rotor flux observer becomes active in the absence of a rotor position
sensor due to a fault condition to cover the full range of operation.

sensorless control depends on intrinsic machine characteris-
tics, application requirements, available signals and processing
hardware [6], [11], [12].

Coreless axial flux PM machines fall into the category
of non-salient motors. Consequently, saliency-based meth-
ods—those relying on variations in inductance due to geo-
metrical effects—are not applicable to their sensorless drive
systems. The absence of a magnetic core introduces unique
features such as low armature reaction, indicating that even
under high electric loading, the magnetic field produced by
the stator current has minimal impact on the main magnetic
field generated by the PMs, as shown in Fig. 1, based on finite
element analysis results.

Due to the absence of a magnetic core, there is no non-
linearity in the phase inductances and torque constant [13].
It’s essential to highlight that coreless machines typically
exhibit ultra-low phase inductance, a factor that requires strict
consideration in the design of the drive system [14]. The phase
inductance for the prototype machine under study is reported
in Table I. It is worth mentioning that due to the absence of
slot protection, stator windings are directly exposed to flux
variations, leading to high vulnerability to another type of
frequency-dependent power loss, namely, eddy current losses.
Researchers have proposed effective approaches to signifi-
cantly reduce eddy current losses through the optimization and
meticulous design of coil shapes, as presented in [2], [15].

Given the unique advantages mentioned earlier for coreless



AFPM machines, this study introduces a rotor flux observer
for estimating the rotor position and speed within a sensorless
field-oriented control of coreless AFPM machines. This tech-
nique is computationally efficient and all the required calcula-
tions can be performed within switching periods even at ultra-
high speeds. Mathematical equations, advantages, challenges,
and more details are provided in the next section.

Most rotor position estimation techniques based on the
machine fundamental signals, i.e., phase currents, and back-
EMFs, do not demonstrate satisfactory performance at low
speeds due to a low signal-to-noise (SNR) ratio in this
operational region [4]. Moreover, they also fail in estimating
the initial rotor position at standstill, which is imperative in
field-oriented control schemes [11]. To address these issues,
researchers have proposed different approaches, mainly by
taking advantage of variations in the inductance values due
to saturation and the geometry of the machine, relying on HF-
signal injection [6]. None of these techniques is applicable to
the non-salient pole coreless AFPM machines.

Therefore, there is a need for an encoder or resolver to
measure rotor position at standstill and low speeds. Further-
more, in the case of sensor failure, there is a need for an
open-loop startup strategy to run the motor from standstill to
a certain speed at which the rotor flux observer can accurately
estimate the rotor position information. In fact, to establish
a fault-tolerant drive system, the sensorless control scheme
has to cover a wide operational range from standstill to
ultra-fast speeds, all in the absence of a position sensor.
The timeline of the proposed fault-tolerant sensorelss control
scheme is presented in Fig. 2. A prototype PCB stator coreless
AFPM machine with the specifications listed in Table I was
considered as a case study.

Within this control scheme, an open-loop startup strategy
and rotor flux observer are employed to cover the full range
of operation in the absence of rotor position information due
to a malfunction. If there is no information from the position
sensor at zero speed, the open-loop strategy starts by applying
a pulse to phase A only, aligning the rotor with the d-axis cor-
responding to 6. = 0. It should be noted that coreless AFPM
machines are typically designed with a high pole count, like
the machine under study, which has 36 poles. Therefore, the
rotor movement caused by the instantaneous current mentioned
is negligible for most applications, including electric aircraft
propulsion systems. In the presented timeline in Fig. 2, this
stage is determined by “A”.

In the second stage marked with “B” in Fig. 2, the motor
accelerates from standstill to a certain speed. A constant
current reference is applied to the g-axis of the synchronous
reference frame, while the d-axis current is set to zero. The
speed is determined by a speed ramp command, and the
position is obtained by integrating this speed command. In the
subsequent phase, denoted as “C”, the speed remains constant,
and the g-axis current in the synchronous reference frame is
reduced to guarantee precise rotor position estimation and a
seamless transition to the closed-loop FOC mode. It should
be noted that within this range (from “A” to “C”), closed-loop

Fig. 3. Vector diagram of a PM synchronous machine demonstrating rotor
flux vector.
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Fig. 4. The block diagram of the introduced sensorless FOC based on a rotor
flux observer.

vector control can be executed if the rotor position information
is available from the sensor.

Throughout the region “D”, there is a need for a closed
loop vector control. In this operational domain, the introduced
flux-observer based estimator serves as a redundancy for
the position sensor, activating only in the event of a sensor
malfunction. This feature enhances the fault tolerance of the
motor-drive system. This sensorless approach is presented in
the next section.

III. POSITION AND SPEED ESTIMATION BASED ON ROTOR
FLUX OBSERVER

The application of rotor flux observers is common in direct
torque control (DTC) implementations. Their primary role
in DTC is to accurately estimate stator flux and torque for
feedback to the algorithms. In this study, rotor flux observers
are utilized to extract rotor position and corresponding speed.

The voltage equations of PMSMs can be described as

s ds
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where 15 and 1 5 represent the stator and rotor fluxes,
respectively, and can be expressed as
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Fig. 5. The assembled prototype machine mounted on the test bench (a). The
machine was coupled to a hysteresis brake as a fully controllable mechanical
load. Two independent single-phase inverters connected to PCB stators (b).
The dSPACE MicroLabBox was used to control the hardware-in-loop (HIL)
system, i.e., gate signal generation and feedback.

From (1) and Fig. 3, it can be concluded that the rotor flux
encompasses rotor position information. Hence,
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where L, Ry, 0., and w, are stator inductance, resistance, es-
timated rotor electrical position, and estimated rotor electrical
speed respectively.

The presence of a DC component in the measured currents
is inevitable. Hence, utilizing a pure integrator to calculate
the rotor flux results in saturation. To address this issue, a
first-order low-pass filter (LPF) is utilized as an integrator,
with a relatively low cut-off frequency. The low-pass filter
remains unsaturated and the position estimator effectively
works at high and medium speeds. A first-order high-pass filter
(HPF) is also incorporated at the output stage to eliminate the
integration constant resulting from initial conditions and the
input DC offset.

The block diagram depicting the introduced flux observer-
based sensorless FOC for a coreless AFPM machine is il-
lustrated in Fig. 4. It’s worth noting that the low-pass filter
introduces limitations on the flux observer at low speeds due

Fig. 6. The measured phase voltage of the two-phase machine that are used
in the introduced flux observer calculations.
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Fig. 7. The measured phase currents of the two-phase machine that are used
in the introduced flux observer calculations.

to phase shift, resulting in speed oscillation. It can be solved
by employing dynamic phase compensation techniques [11].

IV. EXPERIMENTAL RESULTS

The performance of the introduced sensorless drive for the
two-phase coreless AFPM machine was evaluated through
experimental testing on the test bench depicted in Fig. Sa.
The prototype four-leg two-phase 10kW inverter, based on SiC
switches, is shown in Fig. 5b. The measured phase voltage
applied to the machine terminal is illustrated in Fig. 6. The
required phase voltages in (3) is calculated based on the
inverter reference voltages. The measured two-phase currents
fed into the equations exhibit nearly sinusoidal waveforms
with negligible ripple, thanks to a high switching frequency
of 65kHz, as illustrated in Fig. 7.

To replicate a fault scenario, the flux observer was enabled
at two distinct speeds and arbitrary moments. The estimated
position was then compared with the measured position, as
depicted in Fig. 8a and Fig. 8b. The estimated speed, derived
by taking the derivative of position, was also compared with
the measurements, as depicted in Fig. 9. The results indicate a
satisfactory level of accuracy, especially at high speeds. In the
zoomed-in view shown in Fig. 8b, the discussed phase delay
caused by the LPF as an integrator is visible.
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Fig. 8. The measured and estimated rotor position at two different speeds (a)

and (b). To replicate a fault scenario, the flux observer was activated at two
distinct speeds and arbitrary moments.
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Fig. 9. The measured and estimated speeds during a sensor fault occurrence

and speed change. A sensor failure was emulated at second 6, and the proposed

sensorless method successfully estimated the shaft speed. The results also

demonstrate that the rotor flux observer has a good performance during

transients.

V. CONCLUSION

In this paper, a sensorless control scheme for coreless
AFPM machines aiming to improve the reliability and fault
tolerance of propulsion systems was proposed. The method
relies on a rotor flux observer, taking advantage of the lack
of magnetic core saturation effects and low armature-reaction
in coreless machines, making such observers highly suitable
for sensorless control schemes. An open-loop startup strategy
was also introduced to accelerate the machine from stand-
still in the absence of a position sensor. At medium and
high speeds, a flux observer was employed to estimate rotor
position, which feeds into a FOC scheme. A fault scenario
was emulated, and the results demonstrated that the proposed

sensorless method can immediately estimate accurate rotor
position. The experimental results indicate a satisfactory level
of accuracy, highlighting the effectiveness of the flux observer
as a computationally-efficient state estimator.

ACKNOWLEDGMENT

This paper is based upon work supported by the Na-
tional Science Foundation (NSF) under Award No. #1809876.
Any opinions, findings, conclusions, or recommendations ex-
pressed in this material are those of the authors and do not
necessarily reflect the views of the NSF. The support of Ansys
Inc., and of University of Kentucky, the L. Stanley Pigman
Chair in Power Endowment is also gratefully acknowledged.

REFERENCES

[1] F. Marignetti, G. Volpe, S. M. Mirimani, and C. Cecati, “Electromagnetic
design and modeling of a two-phase axial-flux printed circuit board
motor,” IEEE Transactions on Industrial Electronics, vol. 65, no. 1,
pp. 67-76, 2018.

F. Marcolini, G. De Donato, F. G. Capponi, M. Incurvati, and F. Caricchi,

“Novel multiphysics design methodology for coreless axial flux perma-

nent magnet machines,” IEEE Transactions on Industry Applications,

pp. 1-11, 2023.

[3] M. Rosu, P. Zhou, D. Lin, D. Ionel, M. Popescu, F. Blaabjerg, V. Ralla-
bandi, and D. Staton, “Multiphysics Simulation by Design for Electrical
Machines, Power Electronics and Drives”, J. Wiley - IEEE Press, 2017.

[4] P. Vas, Sensorless Vector and Direct Torque Control, ser. Monographs

in electrical and electronic engineering. Oxford University Press, 1998.

Y. Chulaee, H. A. Zarchi, and S. I. H. Sabzevari, “State estimation for

sensorless control of bldc machine with particle filter algorithm,” in 2019

10th International Power Electronics, Drive Systems and Technologies

Conference (PEDSTC), 2019, pp. 172-177.

[6] G. Wang, M. Valla, and J. Solsona, “Position sensorless permanent
magnet synchronous machine drives—a review,” IEEE Transactions on
Industrial Electronics, vol. 67, no. 7, pp. 5830-5842, 2020.

[71 A. K. Chakali, H. A. Toliyat, and H. Abu-Rub, “Observer-based sensor-

less speed control of pm-assisted synrm for direct drive applications,”

in 2010 IEEE International Symposium on Industrial Electronics, 2010,

pp. 3095-3100.

T. Tera, Y. Yamauchi, A. Chiba, T. Fukao, and M. Rahman, “Perfor-

mances of bearingless and sensorless induction motor drive based on

mutual inductances and rotor displacements estimation,” IEEE Transac-

tions on Industrial Electronics, vol. 53, no. 1, pp. 187-194, 2006.

[9]1 A. Podder and D. Pandit, “Study of sensorless field-oriented control of

spmsm using rotor flux observer disturbance observer based discrete

sliding mode observer,” in 2021 IEEE 22nd Workshop on Control and

Modelling of Power Electronics (COMPEL), 2021, pp. 1-8.

Y. Jiang, W. Xu, and C. Mu, “Improved soifo-based rotor flux observer

for pmsm sensorless control,” in IJECON 2017 - 43rd Annual Conference

of the IEEE Industrial Electronics Society, 2017, pp. 8219-8224.

[11] J. Holtz and J. Quan, “Drift- and parameter-compensated flux estimator
for persistent zero-stator-frequency operation of sensorless-controlled
induction motors,” IEEE Transactions on Industry Applications, vol. 39,
no. 4, pp. 1052-1060, 2003.

[12] X. Zhou, X. Chen, F. Zeng, and J. Tang, “Fast commutation instant shift

correction method for sensorless coreless bldc motor based on terminal

voltage information,” IEEE Transactions on Power Electronics, vol. 32,

no. 12, pp. 9460-9472, 2017.

Y. Chulaee, G. Heins, B. Robinson, M. Thiele, D. Patterson, and D. M.

Tonel, “Design optimization considering a detailed pcb stator layout

for coreless afpm machines with minimal eddy and circulating current

losses,” in 2023 IEEE Energy Conversion Congress and Exposition

(ECCE), 2023, pp. 3753-3758.

Y. Chulaee, A. Mohammadi, A. Cramer, and D. M. Ionel, “Flexible

control for wide speed range operation of high polarity stator coreless

afpm machines with wbg semiconductor devices,” in 2023 IEEE Energy

Conversion Congress and Exposition (ECCE), 2023, pp. 4783-4788.

Y. Chulaee, D. Lewis, A. Mohammadi, G. Heins, D. Patterson, and

D. M. Ionel, “Circulating and eddy current losses in coreless axial flux

PM machine stators with PCB windings,” IEEE Transactions on Industry

Applications, vol. 59, no. 4, pp. 40104020, 2023.

[2

—

—_
W
[ty

[8

—

[10]

[13]

[14]

[15]



