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Abstract: This paper presents the experimental validation of a Fault-Tolerant Control (FTC) system for
Permanent Magnet Synchronous Motor (PMSM) drives, specifically focusing on current sensors. The
FTC system is designed to detect and diagnose both single and multiple faults in the current sensors
and to reconfigure the control loop to ensure uninterrupted operation in the presence of such faults.
Several crucial aspects are addressed in the proposed approach, including fault detection, isolation
of faulty sensors, and reconfiguration of the control system through accurate current estimation.
To achieve this, a novel adaptation of the Luenberger observer is proposed and employed for
estimating the stator currents. The effectiveness of the fault-tolerant control strategy is demonstrated
through experimental tests conducted on a 7.2 kW PMSM utilizing a field-oriented vectorial strategy
implemented in a dSpace 1104 platform.
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1. Introduction

For a wide range of industrial applications, Permanent Magnet Synchronous Motor
(PMSM) drive is a suitable choice, notably in the automotive sector [1]. This is because of
the high torque density, efficiency, simple structure, and high-speed operation range of
the PMSM drive. To operate effectively, PMSM adjustable speed drive requires essential
feedback information from several sensors, including a speed/position encoder for precise
rotor position feedback, at least two current sensors to monitor stator currents, and a
DC-link voltage sensor to measure the voltage level in the DC-link circuit [2]. These sensors
provide crucial data for accurate motor control and drive performance. Unfortunately,
sensors are highly susceptible to failures and can experience various issues that hinder their
proper functioning. These failures may include open circuits, disconnections, gain changes,
DC-offset, signal noise, or complete sensor breakdown [3,4]. Such failures can disrupt the
accurate measurement and feedback of critical information in a PMSM adjustable speed
drive, potentially leading to degraded performance, safety concerns, and the need for
appropriate Fault Detection, Isolation, and Reconfiguration (FDIR) mechanisms to ensure
the reliable operation of the drive system.

In recent years, there has been significant interest from academics, professionals, and
industries in fault-tolerant control systems [5,6]. Fault-Tolerant Control (FTC) schemes
have emerged as effective solutions to mitigate the adverse effects caused by faults in
various systems [7-13]. The importance of FTC lies in its ability to ensure system secu-
rity, reliability, and performance by maintaining system stability even in the presence of
failures or breakdowns. These schemes play a crucial role in enhancing the overall re-
silience and dependability of systems, making them highly relevant to diverse application
domains [14-16].
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FTC strategies can be divided into two main categories: passive and active. Pas-
sive FTC involves designing controllers that are robust against failures and uncertain-
ties, enabling them to maintain system stability with acceptable performance degra-
dation when failures occur [17-19]. On the other hand, Active Fault-Tolerant Control
(AFTC) takes a proactive approach by actively responding to component failures through
FDIR mechanisms, reconfiguring the control system to provide appropriate fault-tolerant
signals [20-22]. This active approach ensures the system’s stability and acceptable perfor-
mance by dynamically adapting and reconfiguring the control system in the event of faults,
thereby preserving the overall system performance. In this respect, this paper deals with
the current sensors AFTC.

Active FTC is achieved in three main stages, which are fault detection, isolation, and
system reconfiguration [23]. During the fault detection stage, the primary objective is
to identify whether a failure has occurred in the system. This stage not only detects the
presence of a failure but also determines the specific moment at which the system has
experienced the failure event. By accurately distinguishing the occurrence and timing of
failures, the fault detection stage plays a crucial role in initiating appropriate actions for
fault mitigation, isolation, and recovery within the fault-tolerant control system. In the fault
isolation stage, the primary focus is on identifying the specific component or subsystem
within the system where the fault originated. This stage aims to narrow down the source
of the fault and determine the specific faulty component or subsystem responsible for the
observed anomalies or failures. Then, the reconfiguration stage, the last stage of FDIR,
involves modifying the system configuration to compensate for the faulty component or
subsystem identified during the fault isolation phase. By integrating alternative measure-
ments, estimations, or controllers, system reconfiguration aims to restore the system’s
functionality and ensure its continued operation with acceptable performance despite the
presence of the fault [24].

Numerous works have been published documenting FTC methods specifically de-
signed for Variable Speed Drives (VSDs) to address the challenges arising from sensor
failures. In [25], the extended Kalman filter is proposed to identify the presence of a signal-
loss fault for interior PMSM drive. A Sliding Mode Observer (SMO) is presented in [26] as
a method to diagnose current sensor faults. The proposed strategy serves two purposes:
phase-current error construction and rotor position estimation. However, this method needs
appropriate parameters for SMO operation. A technique presented in [27] addresses the
issue of failures in speed and current sensors in induction motor (IM) drives. The method
utilizes three adaptive observers with different inputs, three current sensors, and a DC-link
voltage sensor. However, this technique proves to be inadequate in achieving efficient FTC
when two or three sensors fail. In such cases, the system can operate in a speed-sensorless
mode when the speed sensor fails, or it can utilize the speed sensor, two current sensors,
and the DC-link voltage sensor when one of the current sensors is faulty. To address these
limitations, the same author has made improvements to the method [28]. In this revised
approach, only two current sensors are employed, as opposed to the three used in [27].
Furthermore, the enhancements described in [28] enable the method to operate with a single
current sensor in addition to the DC-link voltage sensor. However, it is important to note
that even with these improvements, the number of adaptive observers remains unchanged
at three. Speed and current sensor fault-tolerant induction motor drive is presented in [29].
This method uses three full-order observers, the first one under healthy sensor operation,
the second one under speed sensor fault operation, and the last one under current sensor
fault operation. Similarly, ref. [30] presents a fault-tolerant operation method for induction
motor drives incorporating automatic controller reconfiguration. The method employs
four distinct controllers to address different types of faults that may arise. Several studies,
including [1,31-33], have also employed the approach of multi-controllers. However, a
significant drawback of this method, as pointed out in [33], is that implementing some of
these techniques can be challenging from an experimental standpoint. A model reference
adaptive system is used twice for speed and current sensor FTC in [34]. In [35], a sensor
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fault-detection algorithm based on a parity-space scheme is presented. The algorithm, as
stated in the paper, demonstrates insensitivity towards parameter variations since it does
not rely on any model knowledge. However, it should be noted that this algorithm does
not facilitate the compensation of sensor faults, as it does not employ an estimator.

The present study introduces several noteworthy features that differentiate it from
previously proposed approaches:

e Instead of employing two or three observers to estimate line currents, the proposed
method utilizes only one observer to generate the three-phase stator currents.

e The proposed method is designed to enable fault detection, isolation, and recon-
figuration in scenarios where two or three current sensors experience consecutive
interruptions. As a result, the system can continue operating with the desired perfor-
mance, even in the absence of any current sensor.

e  This technique allows for adaptive reorganization in case the faulty sensors are re-
stored or replaced. This adaptability ensures that the control system can maintain its
maximum performance by leveraging the complementary nature of the other sensors.

e  The study considers three different types of sensor failure: complete sensor outage,
gain drop, and start-up with DC-offset fault. These specific failures have not been
adequately addressed in the existing literature, and their inclusion serves to validate
the accuracy of estimation and fault detection.

2. Permanent Magnet Synchronous Motor Model and Its Control

The mathematical representation of the PMSM model involves two differential equa-
tions that describe the stator currents in the synchronous reference frame (d,q). These
equations can be expressed using the following expressions:

dl. R L 1

Tstd = _f; sd+wrelesq+fdvsd 1
dlsq — RSI LdI 1 V. 1 ( )
. sq—wrefq sd"’fq sq—wrequbr

The state equation for the PMSM model, as described in (1), is expressed as follows:

X = AX+ BU )
where:
_R Ly 1 Vea
A= LLd delz’e DX = {Isd}; B— |La (1) 10 U= qu ; Wre = POy
— LZr Wre _f; Isq 0 fq —qure (P'r‘

and the following equation gives the electromagnetic torque:

Tom = p [(Ld - Lq)Isqud + 477[5{1] (3)

whereas the process of converting electrical energy into mechanical energy in rotating
machinery is characterized by the following equation:

“ T —FO, )

]dt

Accurate control of the current, like the need for precise torque control, is essential
in machine drives to prevent saturation resulting from high currents flowing through the
stator magnetic circuit. To address this, precise control of PMSM drives can be achieved
using direct vector control, which involves regulating the direct and quadrature currents as
well as the speed.

Figure 1 presents a fundamental diagram of direct vector control for PMSM.
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Figure 1. Basic scheme of PMSM direct vector control.

3. Current Sensor Fault-Tolerant Control

In the event of system failure, the recommended course of action involves activating
an emergency alarm, determining the nature of the fault, and devising a plan to address
it [36]. Active fault-tolerant control relies on detecting faults, pinpointing their source,
implementing measures to isolate the faulty components, and reconfiguring the system.

3.1. Stator Current Estimation

To estimate the three-phase currents, a state observer is utilized, which is based on the
PMSM model outlined in (2). The concept behind the proposed stator current estimator is
rooted in the overall theory of an adaptive state observer [37,38], which makes it possible
to estimate variable or unidentified parameters of a non-linear system. The equation
of the adaptive state observer is presented in (5), where the symbol “*” indicates the
estimated values.

X = AX+BU+KH (5)
where: . N
X = {Iﬁd] and H = {Iﬁd N Isﬂ
Isg Isg — Isg

In this modified form of the observer, the measured currents are not considered
because the observer is built to estimate them; thus, the vector H can be defined as follows:

H= ES ] ©)
sq
For the conventional applications of this observer, rotor speed is the estimated vari-
able [39]. As indicated above, in this paper, the observer is used to estimate the stator
currents. For this reason, the electrical pulsation wy, is considered an input, as are the direct
and quadrature voltages V,; and V; (see Figure 2).

K is the gain matrix, defined as described in [40] using the pole placement method,
and is given as follows:
AR 0
d 7
. 1 ™

K =
)\Pwre

where A is a positive constant.
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Figure 2. Stator current estimator scheme.

3.2. Fault Detection, Isolation, and Reconfiguration

An essential aspect of the fault detection, isolation, and reconfiguration (FDIR) system
is its ability to accommodate system changes, including the reinstatement of faulty sensors.
This adaptability plays a crucial role in maintaining the system’s operational capabilities
despite the presence of faults, ensuring reliability and robustness. By adapting and recon-
figuring in response to system changes, the FDIR system effectively minimizes downtime
and mitigates the impact of faults on overall system performance.

The logic circuit depicted in Figure 3 serves the purpose of ensuring fault detection
(FD) by analyzing the residual signal generated from the comparison between measured
and estimated quantities. To extract the relevant signal, a low pass filter (LPF) is employed.
The resulting filtered signal is then compared with a threshold value. Extensive laboratory
testing has been conducted under various test scenarios, demonstrating that the maximum
error between the estimated currents and the measured currents remains below 0.8 A. As a
result, for this PMSM, a threshold of 0.85 A was selected. This threshold value corresponds
to approximately 6% of the rated current of the PMSM being used, ensuring a robust and
accurate fault-detection mechanism within the system. The FD logic circuit produces three
impulses, namely Eg, Eb, and Ec, at each sampling instant in the following manner:

En— {0 Healthy state with: n—ab,c

1 Faulty state

I" mes EN

—l || LPF »| >= Th |

I
nest n=ab,c

Figure 3. Fault detection logic circuit.

\ 4

The flowchart shown in Figure 4a takes the three impulses (Eg, Eb, and Ec) and utilizes
them to generate an index, denoted as Z. The value of Z ranges from 0 to 7, depending
on the states of the sensors. Table 1 provides a summary of the various combinations of
sensor states.
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Figure 4. (a) Flowchart of the faulty sensor determination algorithm; (b) multi-port switch for current
selection in the faulty state.

Table 1. Selected currents in the faulty state for each phase.

Selected Currents in the Faulty State

Sensor-a Sensor-b Sensor-c V4 Phase-a Phase-b Phase-c
Faulty Healthy Healthy 1 —(Ip mes + Lc mes) I mes I mes
Healthy Faulty Healthy 2 Iy mes —(1a mes + Ic mes) Ie mes
Healthy Healthy Faulty 3 I mes Iy mes —(Ip mes + La mes)
Faulty Faulty Healthy 4 Iy est Iy est It mes
Faulty Healthy Faulty 5 I; est Iy s Ic est
Healthy Faulty Faulty 6 1 mes Ip ost I est
Faulty Faulty Faulty 7 Iy est Iy est I est
Healthy Healthy Healthy 0 I; mes Iy s I¢ mes

Using the Z values depicted in Figure 4b, a multi-port switch is employed for fault
isolation and system reconfiguration to choose the appropriate current components, which
substitute the faulty sensor information.

3.3. Considered Defects and Their Modelization

The experiments presented in this paper were carried out using three Hall effect
current sensors, namely sensor-a, sensor-b, and sensor-c. These sensors were positioned in
phase-a, phase-b, and phase-c, allowing for the measurement of line currents I, Iy, and
Isc, respectively.

Several failures can appear in the Hall effect current sensor, as mentioned in [3,4]. In
this paper, three of these are considered, namely gain fault, complete outage of the sensor,
and DC-offset. These faults have been modeled, as shown in Table 2.

Table 2. Considered faults and their mathematical expressions.

Fault Mathematical Expression
Gain Iy = £a(Lyaysin(wt + ¢))
Complete outage Is =0

DC-offset Is = £Ipc + (Inaxsin(wt + ¢))
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To obtain the different faults in the sensors, two MATLAB/Simulink blocks were
included. Figure 5 displays the block diagram that was implemented to induce the gain
fault and the complete outage of the current sensors, and Figure 6 shows the one used to
introduce the DC-offset.

aor0 P faulty measured current

X >
Product ' };\._> )
ter tior J Healihy measured current
( Inport )} —

Healthy measured current Switch faulty measured current

Figure 5. Simulink block used to generate gain faults and complete outage of the sensors.

IDC —’ faulty measured current

+ >
Product >;\ > 1
t t Healthy measured current
Inport - P
Healthy measured current Switch faulty measured current

Figure 6. Simulink block used to generate DC-offset in the current sensors.

Figure 7 illustrates the proposed fault-tolerant control scheme designed to handle
current sensor failures, wherein a single estimator is employed to reconstruct the three-line
currents (a, b, and c), and a voltage vector synthesizer utilizes the measured DC-link voltage
and PWM vector control switching signals (Sa, Sb, and Sc) to generate the three-phase
stator voltages.

Vac
N o L T N Loy B e TR

I q V;, S BB
PWM

V*
O sd (4 °
PI
abc 1
La | To
" Voltage | Vac

Synthesize J

Iopclabe ] ldq M] Vaq — v, =
dq Estimator abc

FDIR l l 0
I abc T 91— Wye r

[1]
Ls |

E

~

3 ¢ Inverter

|\
\\)

3 3 Phases
w, PMSM

Figure 7. Scheme of the proposed current sensor fault-tolerant control.
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4. Results and Discussion

The experimental validation of the proposed FTC for the PMSM drive was performed
at the electrical systems and environment laboratory (LSEE) of Artois University on a test
bench, as shown in Figure 8. The test bench was composed of a 7.2 kW PMSM, a Permanent
Magnet Synchronous Generator (PMSG), a dSpace 1104 card, an autotransformer, an
incremental encoder, a DC-voltage sensor, three Hall effect current sensors, and a power
electronics SEMIKRON® module (consisting of a rectifier and an IGBT inverter). The
parameters of the PMSM are given in Appendix B and all nomenclatures are in Appendix A.

dSpace 1104 DC-voltage
sensor_

8 kW resistive
load

ControlDesk

7.2 kW PMSM
&
Encoder

Figure 8. Experimental test bench.
For this experimental validation, five scenarios were considered.

4.1. First Scenario: Gain Faults in Sensor-b and Sensor-c

Figure 9 presents the results of the first scenario in the experimental validation of the
proposed fault-tolerant control; this test was performed at a rated speed (3000 rpm) and
nominal load (25 N.m). Using the Simulink block given in Figure 5, a +35% gain fault was
introduced in sensor-b at t = 10.76 s and another one of —40% was introduced in sensor-c
at t = 14.34 s, but sensor-a remained healthy, as shown in Figure 9a—c. The failure of the
two sensors was detected immediately by the fault detection system, where we can see
in Figure 9e that the fault indicator changed from 0 to 2 and then to 6, but the machine
operation was not interrupted (see Figure 9d,g). Figure 9f shows the error (Err) between
the measured current and the estimated current for each phase compared with the fault
threshold (Th). Accordingly, the isolation and reconfiguration system replaced the faulty
sensors with the estimated currents when the error surpassed the threshold.
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Figure 9. Gain faults in sensor-b and sensor-c successively (sensor-a remains healthy): (a) Axis-a
measured and estimated currents; (b) Axis-b measured and estimated currents; (¢) Axis-c measured
and estimated currents; (d) Rotational speed; (e) Fault indicator; (f) Current errors and threshold;
(g) Load and electromagnetic torque.

4.2. Second Scenario: Complete Outage of the Three Current Sensors

During this trial, as shown in Figure 10, the PMSM drive system was initiated with
healthy current sensors, resulting in a fault index of 0. At t = 8.69 s, a failure occurred in
sensor-a, causing an abrupt interruption in the phase-a current measurement (Figure 10a).
As a result, the fault indicator immediately rose to 1 (Figure 10e), prompting the replace-
ment of the faulty sensor-a through proper estimation. Subsequently, at t = 12.52 s and
t = 16.82 s, total failures in sensor-b and sensor-c were introduced, respectively, further
increasing the severity of this abnormal condition (Figure 10b,c). Figure 10e shows the
changes in the fault indicator (Z), which increased to 4 and then to 7, identifying the faulty
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current sensors and prompting their replacement with estimated currents. Additionally, the
results depicted in Figure 10d confirm the effectiveness of the proposed fault detection and
isolation mechanism in maintaining high-performance speed tracking despite the abnormal
operating conditions.

20F X l:"\.‘ ) 20 ',"\‘ 'l'\
o) R - \ \
% 0 f/ \.\ ’,. \‘\ I/ < 9 :' ‘\ // \‘. ’:'
)
% 220 \ r " 'wf’ E 220 o s Mk
& 86 8.68 8.69 8.7 8.71 = 12.509 12.529 12.549
= =
2 Ia healthy 2 Ib healthy
S H S
g ‘\H\_M‘\ g
@ Il H‘ UHHH =
& 1
2 Il ‘\ ‘“W‘ N £
< | < |
L i | L
0 5 8.69 15 20 0 5 12.529 15 20
Time [s] Time [s]
(a) (b)
Y
_ N 23001 - -
% 0 - "/ - /. - g
£ 20 W Y £
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= T T H b1
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S =
E g
2 2
=]
: g nr ref
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0 I oo L=

. i
0 5 10 16.826 20
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E
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I
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E _Tem
= 0 L .
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Figure 10. Total failures in sensor-a, sensor-b, and sensor-c successively: (a) Axis-a measured and
estimated currents; (b) Axis-b measured and estimated currents; (c) Axis-c measured and estimated
currents; (d) Rotational speed; (e) Fault indicator; (f) Load and electromagnetic torque.

4.3. Third Scenario: Start-Up with a DC-Offset Fault in the Three Current Sensors

The aim of this test was not only to assess the performance and suitability of the
proposed FTC system and current estimator in the case of a start-up transient with faulty
current sensors but also to observe the behavior of this strategy during sensor recovery
to a healthy state. As shown in Figure 11a—c, actual and estimated stator currents were
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determined during the start-up process of the PMSM drive system, while all three current
sensors were experiencing a DC-offset failure. Upon the initialization of the drive system,
the fault indicator was at 7 (as seen in Figure 11e), indicating that all three current sensors
were providing incorrect measurements.

103} 103
0 0
-10.3 i 1 -10.3 i
1057 106 10638 1067 107 6365 6415 6465 6515 6565
1, faulty . 1 healthy 1, faulty | 1, healthy

Axis-a stator currents [A]
Axis-b stator currents [A]

Time [s]
(a)
10.3- A
z oR 1000 .
- £
£ -103 ‘ ‘ =
g =
£ 15.47 15.52 15.571 15.62 15.67 3
§ Ic faulty ; I, healthy ‘ ;.‘_
S 1 -
= 105 " =
= 2
Z s r ref
2 4 s
«-105 = T mes
-16.5] y ! O— = o P L=
0 5 10 15.571 20 0 5 10 15 20
Time [s] Time [s]
(9 (d)
Ia,b,c faulty Ia and Ic faulty Ic faulty Iﬂ,h’c healthy
L i healthy | Landl healhy | |
=
Ssf------- /-
=
k=i
-
=3~~~ ~ ~~ — ]
]
= 7=5
7=3 7=0
0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0 6.465 10.638 15.571 20
Time [s]
(e)

d, q axis stator currents [A]

0 5 10 15 20
Time [s]

()

Figure 11. Start-up with a DC-offset error in all sensors: (a) Axis-a measured and estimated cur-
rents; (b) Axis-b measured and estimated currents; (c) Axis-c measured and estimated currents;
(d) Rotational speed; (e) Fault indicator; (f) (d,q) reference frame stator currents.

To deal with this situation, the estimated currents were employed to ensure a successful
start-up. As the test progressed, sensor-b was the first to recover at t = 6.46 s, as seen in
Figure 11b, and the fault indicator value decreased to 5, indicating the recovery of sensor-
b, while the other two sensors remained in a faulty state. Following sensor-b, sensor-a
recovered at t = 10.63 s, as seen in Figure 11a, and the fault indicator value decreased further
to 3, indicating the recovery of sensor-a and sensor-b, but sensor-c remained in a faulty
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state. Finally, sensor-c recovered at t = 15.57 s, as seen in Figure 11c, and the fault index
value became 0, indicating the overall healthy state of the system. The actual and reference
speeds for this test can be seen in Figure 11d for a speed set of 1000 rpm at 25 Nm load
torque. Therefore, the FTC operating system performs well under these conditions.

4.4. Fourth Scenario: Sensor Failure under Variable Speed Conditions

The results in Figure 12 demonstrate the effectiveness of the proposed FTC method
under speed variation and rated load torque conditions. In the experiment, faults were
introduced in the current sensors at specific points in time, and the results of the measured

and estimated stator currents are displayed in Figure 12a—c.
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Figure 12. Results for variable speed and constant load with deferent faults in the sensors: (a) Axis-a
measured and estimated currents; (b) Axis-b measured and estimated currents; (c) Axis-c measured
and estimated currents; (d) Rotational speed; (e) Fault indicator; (f) Threshold and currents error.

Figure 12d illustrates the reference speed profile and the actual measured rotor speed,
with the reference speed increasing and decreasing multiple times. The results show that
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the proposed FTC algorithm and current estimator were able to function effectively, even
with the introduction of sensor faults.

Figure 12f shows the error between measured and estimated currents and the threshold.
From t =23.47 s to t = 28.81 s, the fault indicator is swinging between 0 and 2 instead of
being at 7, as the three current sensors are faulty during this time interval. This is due to
the rotational speed being decreased to 0 rpm, which leads to the drop of the load torque to
0 N.m since the load is an AC generator connected to a resistive load.

4.5. Fifth Scenario: Sensor Failure under Variable Load Conditions

This experiment was carried out under conditions where three current sensors failed in
succession. The stator currents were measured and estimated, and the results are presented
in Figure 13a—c.
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Figure 13. Results for variable load and fixed speed with the appearance of different failures in the
sensors: (a) Axis-a measured and estimated currents; (b) Axis-b measured and estimated currents;
(c) Axis-c measured and estimated currents; (d) Rotational speed; (e) Fault indicator; (f) Load and
electromagnetic torque; (g) (d,q) reference frame stator currents.
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Figure 13d shows the speed reference step and the measured rotor speed. The failures
in the sensors were detected and identified, as shown in Figure 13e, and the fault indicator
signal was plotted. The variation in the load and electromagnetic torque is also presented
in Figure 13f, showing changes from 0 N.m to 12.5 N.m (50% of the rated load torque), then
to 25 N.m (100% load torque), and finally to 6 N.m (25% of the rated load torque). The
results proved the system’s ability to maintain its control performance even under complex
scenarios of faulty sensors and load variations.

5. Conclusions

The paper proposes a fault-tolerant control strategy for a permanent magnet-synchronous
motor drive. The strategy is based on the vector control approach, which was chosen for
its simplicity, low computational time, and widespread use in various AC electrical drive
applications. The objective of the strategy is to improve the performance of the PMSM drive
in the event of current sensor failure. The Luenberger observer is a widely used system
for state estimation in non-linear systems. By using additional measurements, such as the
DC-link voltage and rotor speed, a modified version of the observer can be designed to
estimate the three stator currents. This modified observer may provide more accurate and
robust estimates of the system states. A system for detecting faults in the current sensors
has been implemented. The system uses a fault detection algorithm that generates a fault
indicator upon detection of a failed sensor. Then, a decision-making logic circuit uses the
fault indicator value to select the correct current component through a multi-port switch,
ensuring continued operation without interruption. The FTC strategy was tested on an ex-
perimental test bench to determine its effectiveness, response, and performance. The results
of the experiments confirm that the strategy is effective, responsive, and well-performing.
The proposed FDIR scheme and current estimator were tested and shown to produce fast
and accurate results, even when current sensors failed in succession and in the case of
start-up transients with varying speed and load torque. The accuracy of the diagnosis was
verified by examining three different faults (complete sensor outage, gain drop/rise, and
start-up with offset fault) under varying conditions that could impact measured quantities.
Additionally, as demonstrated through the experiments, the suggested failure detection
and reconfiguration system has the ability to adapt and reorganize itself in the case of faulty
sensor recovery. This feature enables the control system to maintain its top performance
by leveraging the complementary relationship between the other sensors. To sum up, it
is evident that the proposed fault-tolerant control system (failure detection and isolation
system combined with current estimator) is an effective solution for several PMSM drive
applications where current sensors are prone to failure. The high accuracy of the stator
current estimation is a critical aspect in detecting sensor malfunctions. As a result, the
prosed FTC approach can effectively monitor and compensate for any potential failures in
the current sensors, ensuring reliable and accurate current measurements.

It is a common characteristic that each method has its limitations. The method pro-
posed in this paper is atypical as it is not standardized, and its application varies from one
system to another. Moreover, it is also sensitive to high temperatures, which can result in
significant parametric variations.

Currently, a technique rooted in artificial intelligence is being actively explored. The
results of this research endeavor will be disseminated through an upcoming publication.
Notably, this methodology goes beyond merely ascertaining the existence or absence of
faults. It also possesses the capability to differentiate the specific attributes of the fault at
the sensor level, all while evaluating whether the decline in performance can be attributed
to the propagation of faults.
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Appendix A
Nomenclature
Vie Inverter input voltage [V]
Ved, Vg d-q axis stator voltages [A]
Lig, Isg d-q axis stator currents [A]
fsd, fsq d-q axis estimated stator currents [A]
Ly, Ly Direct and quadrature inductances [H]
Tem, T Electromagnetic and load torques [N.m]
wy, wy Reference and measured rotational speeds [rad/s]
Wre = Py Electrical measured rotational speed
Qe fr O 1mes Reference and measured rotational speeds [rpm]
0, Rotor position [rad]
¢r Rotor magnet flux [Wb]
p Number of pole pairs

(a,b,c) axis measured stator currents [A]
(a,b,c) axis estimated stator currents [A]

Appendix B
PMSM Specifications Parameters

Nominal power [kW] 74 R [OY] 0.7
Nominal voltage [V] 400 Ly [H] 0.007
Nominal current [A] 14.7 Lq [H] 0.007
Frequency [Hz] 150 ¢r [Wb] 0.225
Number of pole pairs 3 ] [Kg.m?] 0.000629
Nominal speed [rpm] 3000 F[N.m.s.rad '] 0.0003025
Nominal torque [N.m] 234
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