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Abstract: This paper presents a speed sensorless control of a five-phase PMSM in healthy operation
and under the Open-Phase Fault on any phase of the machine. The solution is recommended for
mission-critical applications requiring high reliability capacities, such as Aerospace applications.
An adapted Active Fault Tolerant Control is proposed with the aim of obtaining electromechanical
torque as close as possible to that normally developed by a machine working in healthy condition.
In instances of a loss of power to one phase of the machine, a reconfiguration of the control law
is performed to ensure the continuity of service and to maintain acceptable control performances
without requiring a hardware rearrangement of the power architecture. The motor rotation speed
and position, required for the Field Oriented Control (FOC) of the stator currents, are estimated
using a Back-Electromotive Forces (Back-EMF) observer based on a mathematical model of the
motor and implemented in the stator diphase reference frame. Different electrical models that
describe the behavior of the five-phase machine in the normal and degraded operations are given.
Experimental results on a 1.25 kW synchronous PM machine are shown to confirm the effectiveness
of the motor control.

Keywords: fault tolerant control; motor sensorless control; five-phase PMSM drives; Field Oriented
Control; back-EMF; systems reliability

1. Introduction

Reliability is one of the most critical requirements when developing AC drive systems
for space applications. While this is true for systems such as satellites, spacecraft, or any
other payload systems, it is even more true for the space launch vehicle that puts them into
orbit. Indeed, a space launch failure is one of the most expensive losses as these payloads
can cost up to several billion dollars. For instance, on the European launcher Ariane 6,
which will have its first test flight in the next future, the launch of the load into orbit and
the de-orbiting of the second stage of the rocket after its mission are conducted by a thermal

Copyright: © 2022 by the authors.
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engine whose fuels (Oxygen & Hydrogen) must be kept pressurized. This task is ensured
by electrical moto-pump AC drives that must be highly reliable and resilient during the
entire mission.

To start with, the reliability must be guaranteed by the main element of the electrome-
chanical chain, which is the controlled motor. For this purpose, multi-phase Permanent
Magnet Synchronous Machines (PMSM) bring additional degrees of freedom (in addition
to power segmentation and torque density), by allowing operating continuity after any
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fault occurring on the power supply of one or more phases [1,2]. Such electrical faults
are frequently caused by the Voltage Source Inverter (VSI) and, in particular, the power
switches (40% of occurrence [3]).

In such instances, Fault Tolerant Controllers (FTC) have to be implemented in order to
maintain acceptable operating conditions. These FTC can be structured into two main types:
Passive FTC and Active FTC. The first type is known to be faster and less computationally
complex, but can only deal with certain faults selected at the design phase [4]. In contrast,
an active FTC algorithm, which can handle more types of faults and achieve optimum
performance, has the ability to reconfigure itself using the information provided by a
Fault Detection and Identification system (FDI). Fault detection in electromagnetic systems
is widely investigated [5]. In addition, Ref. [6] presents a comprehensive review of the
faults and diagnostic methods for PMSM. Several studies have previously been carried
out with the aim of finding good control approaches and suitable inverter topologies
to improve the reliability of the drive. For example, [7] is one interesting synthesis in
this topic and provides progressive fault diagnosis techniques for PMSM, as well as the
latest trends in terms of FTC strategies. One of the first studies to focus on the control of
multiphase machines in the case of the loss of one or more phases is [8] who conducted
a study that deals with the supply of multiphase PMSM by modular voltage inverters
(with Open-End and star-connected windings PMSM). Control strategies are proposed to
cancel the torque ripples due to the absence of power to one or more phases of the machine.
These strategies are based on the modification of the waveform of the current flowing in
one or more healthy stator phases to compensate for the missing currents of the faulty
phases. However, the currents are controlled directly in the fixed stator reference frame,
using hysteresis regulators, which are not suitable for many applications where noise and
vibrations generated by non-fixed switching frequencies are troublesome.

To be able to use an efficient controller for phase currents, some studies have proposed
matrices of reference frame transformations to control these currents in the d-q basis. Ref. [9]
proposes a new adapted Clarke matrix, which allows the five-phase PMSM electrical
variables to be represented in a synchronous rotating reference frame, in instances of
an Open-Phase Fault (OPF). The coefficients of the matrix are determined to maintain
a total Magneto-Motive Force (MMF) and the back-EMFs are similar to those in normal
operation (i.e., rotating and circular). A major advantage of this transformation, compared
to those proposed in other papers, is that the inductance matrix in the synchronous frame is
diagonal (provided that the homopolar component is zero), which considerably simplifies
the equations. Ref. [10] introduces a systematic approach based on the generation of
the reference frame change matrix. This approach allows the sinusoidal currents to be
retained in the stator frame, without the injection of current harmonics. For a five-phase
PMSG, [11] proposed an FTC algorithm based on a Generalized Proportional Integral
Observer (GPIO) disturbance observer that acts directly on the internal current control
loops of the fundamental and third harmonics current frequencies. The method proposed
in this reference seeks to overcome the constraints related to the accuracy of the machine
model experienced by other techniques.

In addition to these electrical faults, the mechanical side also has its own negative
impact on the system reliability. Indeed, the used rotor position sensor (mandatory for
closed-loop Field-Oriented Control) is also subject to failures [1]. Furthermore, in highly
critical applications, such as the one presented in this paper, the use of such mechanical
sensors is not possible because of rotor shaft accessibility. This is the reason why sensorless
control strategies are the unique alternative for reliable and affordable drives. In this
way, several solutions have been developed to substitute the hardware feedback sensor,
depending on the speed range. For medium and high speeds, one can underline machine
model-based techniques, such as the Extended Kalman Filter [12], the Back-EMF estima-
tor [13] and the sliding mode observer [14]. For the lowest speeds and standstill, where the
observability is downgraded, methods consisting in tracking the saliency of the rotor, such
as the high frequency injection [15] and the transient excitation methods [16], can be used.
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In this work, the authors deal with an aerospace application in which both of these
electrical and mechanical aspects are combined. This application consists of an oxygen-
hydrogen moto-pump that uses a high speed 5-phase PMSM (30 kRPM, 0.396 Nm). To
the best of the authors” knowledge, few equivalent works that focus on this particular
combination of both electrical and mechanical faults are available in the literature (examples
are [17-19]). Additionally, other studies have been interested in this problem for three-
phase electrical machines, in which it is necessary to apply a hardware reconfiguration
for a post-fault operation [14]. Regarding multiphase machines, some research has been
conducted recently to allow for the sensorless control of the five-phase machine in the
degraded mode. In [20], a sensorless control strategy based on the Sliding Mode Observer
(SMO) for a seven-phase PMSM has been proposed. The harmonic richness of this machine
is exploited to implement an observer for each of the significant harmonics (1, 3 and
9). Ref. [21] deals with a particular case in which only one switch on an inverter arm is
condemned to the open state and exploits the induced freewheeling current to extract
information on the mechanical position.

The main contribution of this work is the development of a highly reliable and online
reconfigurable control system that combines both the FTC aspects to prevent any OPF and,
at the same time, the sensorless aspects, as there is no embedded position sensor in the
mechanical chain. Thus, a Fault Detection and Identification (FDI) algorithm has been
developed to detect any arbitrary OPF sequence, which allows an automatic reconfigura-
tion of the implemented PMSM controller of the Back-EMF position/speed estimator. In
addition, this paper presents additional functionalities that have been embedded within
the controller in order to minimize the impact of critical PMSM harmonics on the torque
quality and the estimation quality.

The paper is organized as follows. In the next section, the setup characteristics are
presented and models of the five-phase PMSM in different operation conditions are given.
Section 3 discusses the developed reconfigurable controller and also explains the proposed
harmonic minimization process. In Section 4, a deeper description of the rotor position
estimator is made. For each section, the analyses and discussions are fully based on
experimental tests and waveforms that are provided. Finally, the conclusions of the study
are presented in Section 5.

2. Description of the Developed Application
2.1. PMSM Drive Specifications

The developed AC drive system is presented in Figure 1. The power part consists of
a five-phase PMSM, which is designed to operate in a wide speed range (up to 30 kRPM,
and 0.396 Nm nominal torque). Additional characteristics of this PMSM are given in the
Appendix A. The stator windings are fed by a five-leg half-bridge MOSFET-based inverter.
The control system includes a Proportional-Proportional Integral speed regulator [22], a
reconfigurable current controller (in order to cover healthy and random OPF conditions), a
rotor speed/position Back-EMF based estimator and the FDI block.

The corresponding experimental test bench is shown in Figure 2. A three-phase PMSG,
connected to resistors, is coupled to the PMSM shaft in order to emulate the moto-pump
fluid load. The DC-link voltage is 55 V and the sampling and switching frequencies are
fixed to 40 kHz with a dead-time equal to 500 ns. The overall control has been implemented
and tested on a dSpace MicroLabBox platform.

In order to optimize the execution time of the algorithms, while keeping the suitable
computational time step (25 us), we made use of Multi-Processing (MP) by implementing
all of the control algorithms on two processors of the MicroLabBox real time system. The
two processors work together synchronously and share the computational load, as shown
in Figure 3.
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Figure 1. Structure of the developed five-phase PMSM drive system.

s

@8 | Current Sensors "~ Resolver
: —

Five-phase PMSM (motor)

Three-phase PMSM (generator) ( .

Currents visualization | Control board _
= PR supply

Control board:
dSpace MLBX Power board | Fault generation interface | VSIpower supply

Figure 2. Overview of the experimental test bench.

CPU1

Current measures ADC
Field Oriented Control S
PWM generation
Protections (Overcurrent)
Open phase detection

Data exchange Data exchange

CPU2

Resolver I/F (speed measurement)
Speed setpoint conditioning

Speed controller

Back-EMF estimator

Open-Loop Start-Up procedure

Figure 3. Control implementation on the processors.

When focusing on the PMSM electromagnetic behavior, the experimental Back-EMF
waveform and harmonic distribution (for phase A) are given in Figure 4. Although they
seem negligible, the fact that the PMSM parameters are very low demonstrates the impact
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of these harmonics on the controlled currents waveforms. Consequently, the minimization
of this impact through the control algorithm is necessary. More details will be given in
Section 3.
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Figure 4. Measured Back-EMF waveform (a) and harmonic distribution (b).

2.2. Five-Phase PMSM Model under Healthy Condition

In a healthy condition, the PMSM (d-q) model can be structured into two fictitious
machines: a main machine and a secondary machine. According to the previous har-
monic distribution, the main machine (dp-qp) gathers the first and ninth harmonic and
the secondary, in turn, gathers the third and seventh harmonics. Equation (1) highlights
the corresponding electrical equations and Equation (2) gives the expression of the (d-q)
Back-EMF terms.

Vap = Rs'idp +Ldp -didp/dt7w~ Lqp'iqp+edp
Ogp = Rs ~igp + Lgp - digp/dt +w - Ly, - igp + €gp
Ugs = Rs +igs + Lgs - digs/dt + 3w - Lgs - igs + egs
Ugs = Rs +igs + Lygs - digs/dt — 3w - Lys - igs + €gs

)

edp = —9%pmo - w - sin(100)

egp = ¥pm1 - @ — 99 - w - cos(100) o)
egs = —7¥pm7 - w - sin(100)

egs = —3¥pn3 - W + 7¥pn7 - w - cos(100)

This (d-g) model has been obtained after the Clarker and Parkp frame transformations
(in healthy mode) illustrated in Equations (3)—(5), where & = 27t/5 denotes the spatial
angular shift between consecutive phases. As for the electromagnetic torque, Equation (6)
gives the corresponding expression assuming that idp, ids and igs are perfectly regulated
to zero.
liap gy das g in] = [Toark] - [y gy as dps 0] -
= [Tparky | - [Tclarkey,) - [ia iB ic ip iE]

1 cos(d) cos(26) cos(35) cos(46)
5 |0 sin(é) sin(26) sin(34)  sin(49)
(Tciarkey ] = 5 1 cos(25) «cos(d) cos(d)  cos(25) 4
0 sin(26) sin(—d) sin(d) sin(—26)
1 1 1 1 1
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cosf  sinf 0 0 0
—sinf cosf 0 0 0
[Tparky] = | O 0 cos30 —sin30 0 (5)
0 0 sin30 cos30 0
0 0 0 0 1
Tem = g “p- iqp [anﬂ -9. Tpmg . COS(lOQ)} 6)

2.3. Five-Phase PMSM Model under OPF Condition

To start with, let us assume that an OPF appears in the phase A of the PMSM. In this
case, a new model is mandatory to describe the behavior of the new non-symmetrical four-
phase machine. In the literature, several approaches have been suggested with different
coordinate transformations [9,10,23]. The approach developed in [9] has been adopted in
the proposed work. A major advantage of this transformation, compared to those proposed
in other papers, is that the inductance matrix in the synchronous frame remains diagonal
(assuming that the homopolar component is zero), which considerably simplifies the size
of the model equations and the tuning of the regulators.

The corresponding ClarkeF and ParkF frame transformations are given as follows:
liap ap Bz in] = (Tparke] - [ igp iz in] ! @)

= [TPurkp] : [TClarkEF] : [iB ic ip iE]

cos(d) —1 cos(26) —1 cos(26) —1 cos(d) —1
2| sin(d) sin(26) —sin(20) —sin(9)

Tewrkes] = 5| _gin(26)  sin(s)  —sin(d)  sin(20) ®
1 1 1 1
cos® sinf 0 O
—sinf cosf 0 O

0 0 01

This transformation includes only the main machine. It can be assumed that, in faulty
cases, the secondary machine is neglected. The third and fourth line of the Clarker matrix
are, respectively, linked to an additional z-axis, which is orthogonal to the dp and gp axes,
and to the homopolar axis h. Its major advantage, compared to those proposed in other
papers, is that the inductance matrix in the synchronous frame remains diagonal (assuming
that the homopolar component is zero), which considerably simplifies the size of the model
equations and the tuning of the regulators.

From this transformation, the new OPF machine model (loss of phase A) can be
expressed as shown in Equation (10). As for the electromagnetic torque, the corresponding
expression is given in Equation (12), knowing that ih = 0 (neutral point not connected) and
assuming that idp and iz are regulated to 0.

Ugp = R - idp +Ldp ~didp/dt—w- Lqp'iqp +edp
Ogp = Rs ~igp + Lgp - digp/dt + w - Lgy - igp + eqp
Uy = Rs -1, + L, -diy/dt + e,

Up = €y

(10)

edp = *9l1jpm9 W - sin(109)

eqp = Ypm1 - @ — 9¥pmo - w - cos(100)

ez = 3%z - w - c0s(30) — 7¥pm7 - w - cos(76) (11)
ep =2/5 Wpu1 - w-sin(0) +2/5-3¥pu3 - w - sin(30)

+2/5 - 7¥pm7 - w - sin(70) +2/5 - 99 - w - sin(96)
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Tem = (5/2) - p-iqp - [¥pm
—(1/2) - 3¥pm3 - (cos(20) — cos(40))
—(25/8) - 7¥p7 - (cos(60) — cos(80))
—(1/8) - 9%¥pmo - (21cos(860) — 13cos(100))]

(12)

2.4. Generalization of PMSM Model to Arbitrary Phase Loss

Thus far, we have dealt with the case where the open phase fault occurs on a specific
phase, namely the A phase of the machine. The starting point to generalize the faulty model
to any phase loss is to assume that all the phases are balanced and supplied by identical
VSl legs. In addition, the probability of failure occurring in the power switches is assumed
to be the same for the overall VSI topology. It is also worth noting that this work only
addresses the case of one phase loss.

Then, the first step is to rearrange the input vector of the Clarker transformation
depending on the lost phase. As illustrated in Figure 5, the first element of this vector is the
phase located next to the faulty one, and the other elements are updated in a circulating way.

Healthy machine Faulty phase-A
> X1

> X5

S
)
-

—~-
[+<]

©
%
=

©
).

Ip . X4
lg o X @lE
Faulty phase-B

@.
©- o ) &
©IC X3 § @[C > X, E
© : :
©

Faulty phase-C

v
5

Clarkep
Clarkep

Faulty phase-D Faulty phase-E

Clarke;
2}
o3
Clarkey

Figure 5. Updating of the input vector of the Clarke transformation depending on the OPF situation.

By making this rearrangement, the same ClarkeF matrix (Equation (8)) can be used.
However, the obtained stationary («-f) currents will be shifted over the first elements of
the input vector (first phase) and the value of this shift depends on the number lost phase
(npp). Figure 6 highlights the values of this shift, which has to be compensated through the
ParkF transformation, according to the following equation:

0 = Bppa — [6(npp — 1) + 64] (13)
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Figure 6. Waveforms of the Clarke transforms outputs in different phase loss conditions.

3. Reconfigurable Fault Tolerant Control

After developing models that describe the behavior of the machine in the healthy
mode and when a stator phase is open, the objective is to design a reconfigurable Fault
Tolerant controller that allows the overall system to operate in a healthy condition, as well
as in the presence of an OPF on a random machine phase. Depending on the condition
of the stator phases, the algorithm should commute automatically between two control
strategies, while considering the generalization of the fault management on all phases.

3.1. Description of the Reconfigurable Current Controller

Figure 7 provides a general overview of the developed reconfigurable current con-
troller. The first stage includes the healthy and generalized faulty frame transformations
(resp. H and F indices), which generate the d-g vectors (selected depending on the fault
situation using multiplexers, fault = 0 in healthy mode and fault = 1 in faulty mode). Then,
five Pl regulators are implemented in order to regulate the primary (p index) and secondary
(s index) d-g components of the machine. The decoupling of the axes, the compensation of
the Back-EMF, and the harmonic compensation (see next sub-section) are made afterwards.
Finally, the reconfigurable reverse frame transformations are executed to generate the
five-phase references that are transferred to the PWM process.

The current reference igp* is generated by the speed controller and idp* is set to zero.
The secondary machine current references (ids*, igs*) are also set to zero, meaning that the
third current harmonic is regulated to zero. In faulty operation, imposing a zero current
reference for the z-axis current (iz* = 0) results in four phase currents of equal amplitude in
pairs. In the literature, this strategy is called MJL (Minimal Joule Losses) [10].

The speed controller is designed according to [22] and consists of two nested loops.
The inner loop is based on a proportional (P) controller and aims to impose the poles of the
system at the desired location. The external loop is based on a PI controller and provides the
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desired static and dynamic responses. The speed controller’s architecture and coefficients
remain unchanged under all operating conditions.

i4BCDE]
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Figure 7. Overview of the reconfigurable current controller.

Regarding the fault detection, the developed FDI process is based on the observation
of the phase current measurements. When the current value in a machine phase falls below
a fixed threshold for a certain amount of time, the phase is considered as opened. This
detection time depends on the speed. After the detection of the opening of a phase is
validated, the switches of the corresponding inverter arm are opened.

3.2. Minimization of the Harmonics Impact on the Current Control

During the experimental validations, it was observed that the seventh (in healthy
mode) and the second harmonics (in faulty mode) have significant amplitudes that down-
grade the quality of the current waveforms. Consequently, their minimization is necessary,
and the main idea is to use Pl-regulators to set their amplitudes to zero. Figure 8 shows the
corresponding block diagram.

0 Fault -+

'8 ) s Y ' B 'd 7
—» > L > - Vapzg < j—»

. . oOW- »
fav| Rot. |tapz| o Pl Rot. v
. Lap2 2- * >
—» (+2°0) —»| Filter e »| regulator ) 20)  vgpe, :j—»
lgp | J tap2 Jtapzpier| J L J :

,— ~ s N ( N B v >
— — _ > > = > nd o 7th
ies| Rot. |iasr| "% | PI Rot. [Vas7r > j 2 &7.

106 Pass  [T— — +10-0 harmonics

- . . T . > Ce . .
— ( ) —»| Filter 4 5| regulator | ( ) o :j_; minimization
lqs L lqs? ) lq-5‘7fm~ L J L ) as7r g

Figure 8. Harmonics minimization mechanism.

Regarding the seventh harmonic, the corresponding amplitude can be extracted by
applying a negative (—10-8) rotation of the secondary (ids, igs) currents. Then, after a
low-pass filtering, these constant values can be controlled to zero by PI regulators. The
outputs of the latter are in turn rotated back (with +10-0) and the obtained voltages (v} -
Ugs,,,) are injected within the secondary voltage references through multiplexers and in
healthy condition (fault = 0).

The same principle is applied to the second harmonic: first a positive rotation (+2-6),
low-pass filtering, PI-regulators and then a negative (—2-8) rotation. The obtained voltage
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references are injected within the main voltage references trough multiplexers in a faulty
condition (fault = 1).

3.3. Experimental Validation of the Reconfigurable FTC Algorithm

The following subsection presents the obtained experimental results in order to demon-
strate the importance of the implementation of the FTC control. These results are obtained
using the rotor position and speed provided by the Back-EMF estimator (Section 4). To
start with, Figures 9-11 highlight the obtained experimental results for three situations: a
healthy mode, the loss of phase A but without control reconfiguration and the loss of phase

A with a control reconfiguration. For all of these tests the current reference igp* has been
set to 25A.
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Figure 9. Stator currents and electromagnetic torque in Healthy condition.
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Figure 10. Stator currents and electromagnetic torque in Faulty condition.

Under healthy operation, it can be underlined that the measured igp is well regulated
and the observed oscillations are maintained inside a 7% margin. In the faulty condition
(i.e., Under an OPF without reconfiguration), the control is completely downgraded and
unacceptable oscillations on the (d-q) currents are observed. Consequently, the maximum
current values of some of the phases reach high levels (more than twice their normal
value). In addition, the torque undulation rate reaches high values that can be consid-
ered dangerous (around 120% for this operation point). Finally, after having applied the
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proposed FTC strategy, the machine behavior has been considerably improved. The cur-
rents and torque oscillations have been reduced to acceptable oscillations margin (16% for
electromagnetic torque).
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Figure 11. Stator currents and electromagnetic torque in Reconfigured operation.

Figure 12 presents the waveforms of the stator currents before and after the loss of
the phase A at time 12.215 s. The detection of the open phase is based on the continuous
monitoring of the stator currents. To each measured current, a current threshold propor-
tional to igp* and a time-window depending on the electrical period are associated. If the
modulus of the current falls below the set threshold for a period longer than the defined
window, the phase is considered open. The FDI process takes around 30% of a fundamental
electrical period to detect and reconfigure the controller. During this relative time-window,
an overshoot of 33% has been observed in the rotating igp current, as seen in Figure 13.
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Figure 12. Phase currents before and after the fault on phase A.

Before the fault occurrence, the amplitude is set to 29.3A (speed reference equal to
30 kRPM). After the OPF, to achieve the same operating point (29.3A, 30 kRPM), the adopted
MJL strategy imposes 37.12A to the C-E phases and 42.86A to the B-D phases [8]. The
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oscillations of the current igp and the electromagnetic torque (Figure 14) have been limited
to an acceptable oscillation margin (Algp = 19.38% and Atem = 20.4% versus Algp = 4.9%
and Atem = 7.2% in healthy control). The same successful results have been obtained for
arbitrary phase loss and Figure 15 gives the waveforms corresponding to each case.

RSOV NP SIS SRV WS

Alqp=4.9%

1 Rt i dbiadiotioh -.1‘ A sehihind

40 4

AN

Alqp=19.38%

T T T T T T T
12.184 12.168 12,188 12170 12172 12174 121

JCurrents (A)

o
T T
12.280 12.282 12.284 12
'y

T T T T T
12.00 1205 1210 1215 1220

T T T T T
1225 1230 1235 12.40 Time (s)

Figure 13. DQ currents before and after the fault on phase A.
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Furthermore, all these results have been obtained assuming that the second and
seventh harmonics are minimized. Figure 16 highlights the case of the seventh harmonic in
a healthy condition. It can be clearly seen that the post-filtered amplitude is minimized,
resulting in a better quality of the stator currents waveforms. The same positive behavior is
highlighted in Figure 17 pertaining to the second harmonic minimization under the OPF
condition.
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Figure 16. Minimization of the 7th harmonic impact in healthy condition: before (left) and after
(right), 25A-25600RPM operating point.

Phase Currents (A) = IphA| 5y | Phase Currents (A —IphA
By /) 2 S DBl A\
™ AN /| = 1phe
X / A / IphD
/ | wm IphE
0 A —= T 0

-2

I T T T T T T T T T L I T T T T T T T T T L

00001 0002 0.003 0.004 0005 0.006 0007 0008Time () 0 0.001 0002 0.003 0.004 0005 0.006 0007 0.008Time (s)

Figure 17. Minimization of the 2nd harmonic impact in healthy condition: before (left) and after
(right), 25A-25600RPM operating point.

4. Reconfigurable Back-EMF Sensorless Estimator

As mentioned earlier, the reliability constraints of the developed aerospace application
do not allow the use of a mechanical sensor. Consequently, this makes the implementation
of a position and speed estimator mandatory and the adopted sensorless method is based
on the PMSM Back-EMF.

4.1. Back-EMF-Based Estimation Algorithm

Figure 18 presents the overall synoptic of the developed estimator. The Back-EMF
vector is predicted by using the two first equations of the PMSM electrical model in the
(«-B) frame (Equation (3)), but considering only the fundamental harmonic, as expressed in
Equation (14).

5" iap(t) -

p LIXP N dllxp/dt
o (B) = Re-igy (1) -

Lﬁp . diﬁp /dt (14)
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Figure 18. Synoptic of the Back-EMF-based estimator.

Instead of using measured stator voltages, those provided by the controller (v} 5pg)
are directly used. Furthermore, to consider all of the operating conditions (healthy and
arbitrary OPF), the same reconfigurable Clarke transformations shown in Figure 7 are used.

The extraction of the rotor speed and position is then achieved using a Phase-Locked-
Loop (PLL) process. The parameters of the internal PI compensator have been tuned experi-
mentally to have an adequate bandwidth (in our case: K, = 1.15 x 10% and tpr = 1.0 ms).
As a recall, the sampling time step is synchronized with the PWM and set to 25 us. The
mechanical position is calculated from the estimated speed by integration.

4.2. Experimental Validation of the Back-EMF Based Sensorless Control

Figure 19 highlights the evolution of the estimated and measured speeds with regards
to the speed controller reference. This is a full sensorless test as the estimated quantities are
injected to the control closed-loop. The measured data (provided by a resolver mounted
in the motor shaft) are only used for comparison purposes. One can notice a negligible
estimation error since its maximum amplitude (3.36%) appears at the instant 12.215 s,
corresponding to the loss of one phase. Even after this fault, the estimation and the
sensorless control qualities are still convenient and in a very large speed range (from
100% down to 3.3% of the nominal speed). Regarding the standstill and very-low speed,
an open-loop start-up procedure of the PMSM has been developed. This short phase
consists of imposing a rotation angle and controlling the phase currents with a progressive
speed increase.
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Figure 19. Waveforms of rotor real and estimated speed.

Thanks to the adopted reconfigurable Clark transformation, the estimated Back-EMFs
in the («-B) frame have similar shapes in both the healthy and OPF modes, which is
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confirmed in Figure 20. The observed noise on the curves is primarily caused by the current
measurement and this noise will be filtered by the bandwidth of the PLL
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Figure 20. Back-EMFs estimates at maximum speed: Healthy (left) under OPF (right).
Furthermore, the electrical model considered for the estimation of the BEMFs does
not demonstrate a considerable dependence on the values of the stator resistances and

inductances, since, as can be seen in Table A1, these have very small values. The voltage
drops of the windings are negligible compared to the voltage induced by the rotation.
Figure 21 shows the estimated rotor position compared to its measured counterpart for
different speeds. The left side concerns the healthy condition, and the right side concerns

the case of losing the phase A. A very good tracking of the actual angle is achieved, and the
for the sensorless control

maximum estimation error observed does not exceed 6.3° (1.75%), which is very acceptable
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Figure 21. Rotor position estimates in healthy (left) and Open phase A (right) conditions for
different speeds.
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5. Conclusions

In this paper, we have presented a position sensorless control combined with a fault
tolerant control algorithm of a high-speed pole PMSM made for an aerospace application.
The use of both techniques increases the reliability of the drive system, allowing both the
tolerance to an open electrical phase and the elimination of the mechanical sensor. The per-
formance of the control system is experimentally evaluated at relatively low, medium, and
high speeds. The position/speed estimation converges over a wide range of frequencies,
providing the sensorless control of the machine between 3% and 100% of the maximum
speed in the different operating scenarios studied. In cases of a loss of power to a ma-
chine winding, a reconfiguration of the current controllers and the position estimator is
performed. The motor torque ripples are strongly minimized in the degraded operation
compared to the faulty operation. The technique can be extended to two open phase faults,
as long as the transformation matrices provide the same inputs to the position estimator as
in healthy control.
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the French Ministry of Higher Education, Research, and Innovation under the CIFRE program.
Data Availability Statement: Not available.
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Nomenclature

v Stator winding phase-neutral voltage (V)

i Stator winding current (A)

e Back-Electromotive force (V)

R Stator winding phase-neutral resistance (Q2)

L Stator winding phase-neutral inductance (H)

w Rotor electrical speed (rad/s)

0 Rotor electrical position (rad)

0 Angular shift between consecutive phases = 27t/5
Tem Electromagnetic torque (N.m)

Wpmx Permanent Magnet Back-EMF constant (V/(rad/s))
Tclarke Clarke reference frame transform matrix

Tpark Park reference frame transform matrix

p Number of pole pairs

nEp Number of the stator faulty phase

Indexes

H Healthy condition related variable

r Faulty condition related variable

P Primary fictitious machine related variable

s Secondary fictitious machine related variable

" Mechanical variable

ABCDE Stator fixed five-phase reference frame variables
0B Stator fixed two-phase reference frame variables
dg Rotor rotating two-phase reference frame variables
z Additional axis variables in faulty condition

h Homopolar axis variables

Setpoint variable
Estimated variable



Energies 2023, 16, 279 17 of 18

Appendix A

Table A1l. PMSM characteristics.

Symbol Quantity Value Unit
- Winding coupling Starpoint -
4 Number of pole pairs 1 -
Rs Winding resistance (PH-N) 9.25 x 1073 Q
L0 Winding self-inductance 2.64 x 107° H
M12 Consecutives phases mutual 0.193 x 1075 H
M1i3 Non-consecutives phases mutual ~1.43 x 107 H
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