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Abstract—An open-circuit fault-tolerant system implementa-
tion is presented for sensorless three-phase PMSM drives. The
fault-tolerant system uses a fourth inverter leg connected to the
motor neutral point, allowing for post-fault two-phase operation.
Since the control is sensorless and fault detection is performed
by the controller, no additional sensors are required beyond
three phase current sensors. Hence, the fault-tolerant system
is particularly suitable for highly integrated or compact drive
systems. Whilst fault detection and sensorless two-phase control
are well documented in existing literature, often little attention is
given to the transitional behavior between a fault occurring and
post-fault operation. Hence we focus on experimentally testing
the fault-tolerant system in its entirety. An open-circuit fault
is created during sensorless three-phase operation, causing a
transient in the motor torque and speed. The controller rapidly
detects the fault, and switches to post-fault control with the faulty
leg disabled and the 4th leg connected to the motor neutral. In
the test system the fault caused only a 5% dip in motor speed
before the speed was smoothly regulated back to the commanded
pre-fault speed under the post-fault two-phase control scheme.
This fast recovery from a fault condition is particularly beneficial
to aviation applications, where even a brief loss of the motor drive
may be unacceptable.

Index Terms—Fault-tolerance, PMSM, Inverter, AC Motor
Drives, Aviation

I. INTRODUCTION

Permanent magnet synchronous machines (PMSMs) are
widely used in aviation applications thanks to their high torque
density and efficiency [1], [2]. PMSMs or brushless DC motors
are also suitable as the electric propulsion motors in the
emerging vertical-takeoff-and-landing urban aerial mobility
vehicles. Each motor is typically driven by an “electronic
speed controller” (ESC), which is an integrated voltage source
inverter (VSI) and microcontroller drive system. When cou-
pled with a lightweight propeller, such as those used in
distributed propulsion, a high-efficiency high-power density
motor drive is possible. In a distributed electric propulsion
architecture, the propulsion motors and their drives are de-
centralized, enabling novel high efficiency fixed-wing aircraft
designs such as NASA’s X-57 experimental all-electric aircraft.
The X-57 spreads small high-lift motors along its wingspan
along with larger cruise motors at its wingtips [3].

The closed-loop control of a PMSM or brushless DC motor
relies on knowledge of the rotor angle and speed. For six-step
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commutation, a hall effect sensor may be used, whilst field-
orientated control typically requires an encoder. Alternatively,
a sensorless control scheme may be applied, in which an
estimator is used to provide an estimate of the rotor angle and
speed from the measured phase currents and known motor
parameters. The sensorless control scheme is advantageous,
since the size and cost of the drive is reduced. Additionally,
reliability is improved since position sensors add vulnerability
to the drive system.

Complete fault detection, reconfiguration and post-fault con-
trol for an encoder equipped industrial PMSM was experimen-
tally tested in [4]. However, the control was not sensorless and
was implemented on a PC coupled dSpace controller board.
Sensorless control and the transition from pre to post fault
was demonstrated in [5]; however, fault-detection was omitted.
In [6], a fault-tolerant fourth-leg inverter for aircraft electro-
hydraulic actuators (EHAs) is presented. The authors give
careful consideration to the transient behavior between a fault
occurring and the steady state post-fault two-phase operation.
However, the entire drive is briefly disabled to allow for fault-
isolation and inverter reconfiguration. An encoder allows the
two-phase drive to resume during the transient caused by the
drive interruption, and such behavior may not be possible
under a sensorless control scheme.

Hence we present an open-circuit fault-tolerant drive system
for sensorless PMSM motor drives. In contrast to existing
literature, experimental testing is performed on a minimalist
controller and inverter setup, representative of the highly
integrated drive systems common on most aerial vehicles.
The only hardware modification required is the addition of
a fourth inverter leg, which allows independent control of the
remaining two healthy motor phases during post-fault [5], [7]—
[10]. Following successful fault detection, the faulty inverter
leg is isolated, and the fourth inverter leg is activated. Attention
will be given to the transitional behavior from an open-circuit
fault occurring, to the adoption of post-fault control, since this
is the most challenging period for a sensorless control scheme.

The rest of the paper is organized as follows. Section II
introduces the open-circuit detection scheme, and considers
isolation requirements. Section III addresses the post-fault
control strategy. Section IV discusses the fault-tolerant system
implementation, considering the necessary hardware and con-



troller level modifications to realize the fault-tolerant system
design. Section V validates the presented fault-tolerant system
through extensive experimental testing.

II. OPEN-CIRCUIT DETECTION AND ISOLATION
A. Detection

Detection methods utilizing only the existing phase current
measurements are advantageous, since no additional hardware
sensors are required. Many open-circuit detection methods
are based on monitoring the current space-vector trajectory
in the alpha-beta frame [11]-[16]. During healthy three-phase
operation, the current space vector follows a circular trajectory.
However, when an open-circuit fault occurs the space vector
becomes a semicircle, and thus various techniques may be
applied to detect this condition, and localize the fault to one
of the three phases. Such methods generally require averaging
over one electrical period of the motor drive.

We adopt a recent alternative method proposed in [17] and
demonstrated in [4], which instead considers the error between
each of the phase current references and the actual phase
currents measured by the controller. Whilst it still requires
the same averaging time, it is unaffected by variations in the
load. A diagnostic variable for each phase is found as:
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During healthy operation all the diagnostic variables will be
approximately zero. When an open-circuit fault occurs, the
diagnostic variable of the affected phase converges to =+1,
allowing for detection and localization. When a diagnostic
variable crosses a fixed threshold, a fault is said to have
occurred in the corresponding phase. A threshold of 0.85 is
used in this paper. Whilst this detection scheme may also
detect a short-circuit, it is too slow acting in doing so for
practical usage.

The electrical period T, and therefore the approximate
detection times, are calculated from the speed as follows:
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where p is the number of motor poles and w.,ecn is the
mechanical speed in rad/s.

B. Isolation

During healthy three-phase operation, it is sufficient to
simply disable the 4th inverter leg connected to the motor
neutral. Whilst the body diodes of the 4th leg MOSFETs are
still electrically connected, they are always reverse biased by
the neutral point voltage. Following an open-circuit fault, the
faulty phase leg should be disabled, and the 4th leg is now
enabled to allow the use of the post-fault two-phase control
scheme. However, the body diodes of the faulty phase leg now
present an issue.

Since the 4th inverter leg uses PWM to control the neutral
point voltage during post-fault control, the motor neutral point
is now alternating between zero and the DC bus voltage at

the PWM switching frequency. Since the pole voltage of the
faulty phase is the sum of the faulty phase back EMF and
this alternating neutral point voltage, the body diodes of the
faulty phase can be forward biased. During the positive half-
cycle of the faulty phase back EMF, the upper MOSFET
body diode conducts a current when the neutral point voltage
is the DC bus voltage, and during the negative half-cycle,
the lower MOSFET body diode conducts a current when
the neutral point voltage is at zero. We emphasize that this
current flow does not prevent the post-fault two-phase control
scheme from operating effectively. However, performance will
be slightly degraded since the post-fault currents are increased
by the undesired current flow in the disabled faulty phase. To
eradicate this issue, an isolation device such as a TRIAC or
solid-state circuit breaker may be included in each phase line,
and this device should be opened along with the faulty phase
MOSFETs to fully isolate the faulty phase.

ITII. POST-FAULT TWO-PHASE CONTROL THEORY

The post-fault control scheme allows optimal torque and
speed control of the motor to be retained despite the discon-
nection of one of the motor phases. If the remaining two phase
voltages are shifted to be 60° apart, and their magnitude is
increased by a factor of V3, the rotating magnetic field created
by the stator currents is unchanged from the 3-phase system
[18]. This is facilitated by connecting the motor neutral to
a 4th inverter leg controlled at the DC bus midpoint [9], [8].
Field-orientated control is used such that during post-fault, the
controller behavior in the d-q frame is unchanged.

From healthy to post-fault operation, the inverse park trans-
formation is modified to obtain modified post-fault voltage
references V* [8], [19]. Equation (3) shows the post-fault
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As in the healthy drive, the d-q axis currents control the rotor
field and electromagnetic torque respectively. Torque ripple
will be comparable to pre-fault levels, provided feedforward
compensation is modified according to the faulted phase. The
post-fault d-q machine equations are obtained for an ’a’ phase
fault as [8]:
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Fig. 1. Overview of the Fault-tolerant control scheme. Shaded blocks show where the equations are modified to switch from healthy three-phase control to

post-fault two-phase control.

Where:
L'=Lq+ L, AL =L, — Lqy.
Assuming steady state operation such that %‘i = %" =0,

solving (4) gives post-fault feedforward compensation terms
for the ’a’ phase fault:
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Sensorless control may be retained under post-fault operation
by considering the altered post-fault machine model [5], [8].
To implement a phase locked loop type estimator post-fault,
we substitute the estimated angle 6 for 6 in the transformation
Tyc2aq- Then (4) is solved, followed by substitution of (5) and
small angle approximations. The angle error 6 is then given
by [8]:
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Fig. 2. Implementation of the open circuit detection scheme in PLECS. A
periodic average is used where the averaging time is continually updated
according to the estimated speed.

The negative angle error —0, calculated from (7) then drives
a PI controller to generate the estimated angle 6 and the
estimated speed .

IV. FAULT-TOLERANT SYSTEM IMPLEMENTATION
A. Controller

The controller was implemented as a PLECS schematic, and
was first validated through hardware in the loop simulation
using the PLECS RTBox system. The PLECS coder allows
the microcontroller to be programmed with code built directly
from the controller schematic.

Fig. 1 shows a simplified representation of the fault-
tolerant controller, where the shaded blocks are triggered by
the “faultSW” signal to transition from healthy to post-fault
control. Note that the presented equations for the post-fault
two-phase control scheme are phase dependent. The equations
shown above are correct only for an ’a’ phase fault, and the
additional equations for b’ and ’c’ phase faults must also
be included in the controller. Similarly, whilst Fig. 1 shows a
single *faultSW’ generated by the detection scheme, in practice
there would be a ’faultSW’ signal for each phase. When
an open-circuit fault occurs, the correct post-fault control
equations should be selected based on which *faultSW’ signal
goes high.

Also not shown by the diagram is control for isolation and
inverter reconfiguration. During healthy operation, the enable
signals of the ’a’, ’b’ and ’c’ phases will be high, whilst the
enable signal for the 4th leg will be low. When the ’faultSW’
signal changes the control equations, it also sets the enable
signal for the faulty phase low. The 4th leg should be enabled
in response to any ’faultSW’ signal as part of the post-fault
control adoption. If additional isolation devices are present in
the inverter, they should also be controlled by the ’faultSW’
or enable signals.

As Fig. 1 demonstrates, the fault-tolerant control scheme
benefits from the field-orientated control, since the control
in the d-q frame is largely unchanged from pre to post-fault



operation. Indeed, the PI controllers, which regulate the d and
q axis currents and the d and q axis voltages, do not need to
be altered. However, their gains can be modified for post-fault
control if alterations to the post-fault closed-loop behavior are
desired. The feedforward compensation is altered however,
and its use is critical in stabilizing the post-fault control and
preventing excessive torque ripple.

Fig. 2 shows the PLECS subsystem for the fault detection
scheme, which corresponds to the “Fault Detection” block in
Fig. 1. Note that since the control scheme operates in the d-q
frame, the reference phase currents must first be obtained as
the inverse Park transformation of the d-q current references.
Since, averaging must occur over an electrical period, the
current electrical period must first be calculated from the
estimated speed. A periodic average is performed, in which
the averaging time is continually updated. Hence the expected
detection time is between one and two electrical periods.

B. Motor and Inverter Modifications

To allow for post-fault operation, the motor must be wye
terminated, with an accessible neutral point that can be con-
nected to the fourth inverter leg. At a minimum, the inverter
must be modified to have a fourth phase leg. Some three-
phase inverters may only use two current sensors, since this
is sufficient to obtain the three phase currents under balanced
three-phase operation. However, post-fault control requires a
current sensor for each phase, since under post-fault operation,
the remaining two phases will require their own current
sensor. As discussed earlier, additional isolation devices in
each phase line are optional. Considering only open-circuit
faults, their absence will slightly degrade the post-fault system
performance. However, should the fault-tolerance be extended
to short-circuit faults, isolation devices are necessary.

V. EXPERIMENTAL TESTING

The hardware shown in Fig. 3 was used to experimentally
test the complete fault-tolerant system. The controller was
implemented on a TI LAUNCHXL-F28069M development
board, whilst two TI BOOSTXL-DRV8323RH three-phase
inverter boards were used to create a 4th leg inverter (two
phase legs on the second board were unused). In a real
system implementation, a custom inverter should be designed,
however, the testing demonstrates that the only required modi-
fication is to add an extra phase leg. Whilst it was not included
in this demonstration, a real implementation should consider
adding isolation devices such as TRIACS or solid-state circuit
breakers in each of the phase lines. Our testing demonstrates
that whilst they are not necessary for the post-fault control to
function, performance is slightly degraded due to an undesired
post-fault current flow through the faulty phase’s MOSFET
body diodes.

The test motor is an Anaheim Automation BLY341S brush-
less DC motor. This motor was selected since it allows for a
neutral point connection. Since the motor is brushless DC,
its back EMF is more trapezoidal than the sinusoidal back
EMF of a PMSM that the control scheme is designed for.

LAUNCHXL-F28065M
(Controller)

USB Connection to
MY pC running PLECS

2x BOOSTXL-DRV8323
(4th Leg Inverter)

Current Probes

Optical Speed Sensor
(Monitoring Only)

Motor Neutral Point
Anaheim BLY341S
(Test Motor)

Load Motor

Fig. 3. Experimental test setup for demonstrating the complete fault-tolerant
system. A 4th leg inverter is created by using three phase legs on one inverter
board and a single phase leg on the other. The motor neutral point is connected
to the 4th inverter leg to allow for post-fault two-phase control. The control
is sensorless and does not require an encoder. The optical speed sensor is
only used to provide external measurement of the true motor speed during
the testing.

The test motor is connected to a second brushless DC motor,
which acts as a simple load motor. The load motor is used
to create a resistive load, which is driven by its back EMF.
Hence the load motor provides a load torque that increases
linearly with the test motor speed. Oscilloscope current probes
are used to monitor the phase currents directly. An external
optical speed sensor is used to observe the actual motor speed
during hardware testing, but this speed measurement is not
provided to the controller. We emphasize that the controller
itself is sensorless, and instead uses an estimator to track angle
and speed for the entirety of the hardware testing.

The controller was implemented in a PLECS schematic and
was programmed directly to the MCU using the PLECS coder.
Using PLECS external mode, the real-time controller signals
during the hardware test may be directly observed via scopes
in the PLECS interface. In this mode the scopes behave like
an oscilloscope and may be triggered from a signal edge.
PLECS external mode also allows for controller parameters
to be changed in real-time from the PC, and this functionality
is used to control the commanded speed and trigger the open-
circuit fault. To trigger an open-circuit fault, the control signal
for the ’a’ phase upper MOSFET is disabled. Following this
action, the controller must detect the fault using the open-
circuit detection scheme, as if the fault had occurred naturally.
Following successful fault detection, the controller should
adopt the post-fault control scheme, disabling the ’a’ phase
leg and enabling the 4th inverter leg connected to the motor
neutral point.

A. Open-Circuit Detection and Transition to Post-fault Two-
phase Control

In this test, the motor is initially operating under healthy
three-phase control at a commanded speed of 100 rad/s.
An open-circuit fault is created, and the controller must



successfully detect the fault condition using the open-circuit
detection scheme. Subsequently post-fault control is adopted
with the faulty phase disabled and the 4th leg connected to
the motor neutral enabled. This verifies not only the fault
detection scheme, but also the behavior of the fault-tolerant
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Fig. 4. Controller signals during the complete hardware test of the fault-
tolerant system, in which the system must detect an open-circuit fault and
transition to post-fault control with minimal loss of motor speed. (a) Sampled
phase currents. (b) Transformed d-q axis currents. (c) Detection scheme
diagnostic variables for each phase.
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Motor shaft speed measured by an external optical speed sensor.

drive in transitioning from healthy to post-fault control under
the sensorless control scheme. If the detection and transition
to post-fault control is successful, then the motor should return
to the commanded 100 rad/s following the fault.

The open-circuit fault is triggered by disabling the *a’ phase
upper MOSFET control signal within the microcontroller. Si-
multaneously, the controller sets an unused digital output high,
which the oscilloscope may trigger from. This trigger signal is
the voltage trace (Channel 1 in blue) in Fig. 5(a), and marks
the moment at which the fault occurs. This corresponds to
around 0.02s on the controller scope timebase in Fig. 4. In Fig.
5(a), the cyan trace (Channel 2) shows the measured ‘a’ phase
current at zero due to the faulted ’a’ phase upper MOSFET
preventing the positive half-cycle. This is also observed by
controller in the sampled phase currents of Fig. 4(a). The fault
occurrence causes a transient event in the transformed d-q axis
currents, shown in Fig. 4(b) around 0.03s.

Immediately following the fault occurrence, the fault has
yet to be detected, and thus the controller is still trying to
drive the motor using the healthy three-phase control scheme.



As the torque production of the motor is interrupted, a rapid
loss of speed occurs, as shown by the external speed sensor
measurement in Fig. 5(b). Fig. 4(c) shows the diagnostic vari-
ables of the controller open-circuit detection scheme. At 0.04s,
the ‘a’ phase diagnostic variable converges to 1, crossing the
fault detection threshold of 0.85. The controller thus adopts the
post-fault two-phase control scheme corresponding to an ‘a’
phase fault at 0.04s. Hence the detection time was around 20
ms. At 100 rad/s, the electrical period and therefore averaging
time of the detection scheme was 15.7 ms. At this moment
the ‘b’ and ‘c’ phase currents can be observed to jump to a
60 degrees phase separation, and their magnitude is increased
compared to the healthy three-phase control. The transformed
d-q axis currents show this achieves relatively constant d-q axis
currents as desired. Hence electromagnetic torque production
is restored to the pre-fault level, albeit with slightly increased
ripple. Fig. 5(b) shows the motor speed is restored to the
commanded 100 rad/s, following the adoption of post-fault
control at around t = 7 s. Since isolation devices are not
included in this demonstration, the ‘a’ phase body diodes are
still electrically connected under post-fault control. The PWM
modulated neutral voltage combined with the ‘a’ phase back
EMF to cause an undesired current flow in the disabled phase.
This is observable in the oscilloscope waveforms, and causes
significant noise on the post-fault ‘b” and ‘c’ phase currents.
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B. Behavior under Post-Fault Two-phase Control

Now that the successful detection and transitional behavior
of the fault-tolerant system has been demonstrated, we also
wish to demonstrate the efficacy of the post-fault two-phase
control scheme. In these following tests, it is assumed that
the faulted ‘a’ phase has completely electrically isolated from
the rest of the drive. The addition of isolation devices such
as TRIACs or solid-state circuit breakers would be required
to achieve this. Otherwise the body diodes of the ‘a’ phase
MOSFET would allow a current flow in the disabled phase,
as was observed in the post-fault currents of the previous test
(Fig. 4(a) and Fig. 5(a)).

Fig. 6(a) shows speed step responses from 100 to 200 rad/s
and from 200 to 100 rad/s under the post-fault two-phase
control scheme. Fig. 6(b) shows speed step responses from
100 to 300 rad/s and from 300 to 100 rad/s. Fig. 7 shows
the steady-state behavior of the post-fault control scheme at
200 rad/s. Fig. 7(a) shows the oscilloscope measured ‘b’ phase
(pink), ‘c’ phase (green) and 4th leg to neutral (cyan) currents.
The controller sampled phase currents are transformed into the
d and q axis currents shown in Fig. 7(b). The post-fault two-
phase control demonstrates good closed-loop performance,
with fast responses to the step inputs. Since the current
magnitudes are significantly increased compared to pre-fault



operation, post-fault operation may be speed or torque limited
compared to the pre-fault operation.

VI. CONCLUSION

A complete open-circuit fault-tolerant system for sensorless
three-phase PMSMs in aviation applications has been pre-
sented. The fault-tolerant system was experimentally tested
in its entirety. The system was required to rapidly detect an
open-circuit fault, and then successfully transition to post-fault
operation with minimal loss of motor speed. When the open-
circuit fault occurred at 100 rad/s, motor speed briefly de-
creased by 5 rad/s due to a loss of torque production. However,
following the successful fault detection, post-fault control was
adopted by disabling the faulty phase, and enabling the 4th
inverter leg connected to the motor neutral. Under the post-
fault control scheme the speed was smoothly regulated back
to 100 rad/s. This transitional behavior is highly desirable,
since it allows the motor to ride through the fault with only
a brief interruption of motor torque production, which is
crucial in an aviation application. Additional experimental
tests further investigated the performance of the post-fault
control scheme. Speed step responses demonstrated optimal
closed-loop behavior under the post-fault control scheme.

The fault-tolerant system was implemented on existing con-
troller and inverter hardware, demonstrating that this solution
is appropriate for highly integrated PMSM drive systems
in which no encoder is used, and additional sensors are
undesirable. In practice, existing inverter designs may easily
be modified to have an additional 4th inverter leg. It was found
that whilst the post-fault performance would be improved by
adding isolation devices to the inverter hardware, this was not
a requirement for the post-fault control to function. Indeed,
in many compact integrated drive systems, the inclusion of
isolation devices would likely be space and cost prohibitive,
and would decrease the efficiency of the drive. However,
isolation devices are a necessity should short-circuit fault-
tolerance be desired beyond the open-circuit fault-tolerance
considered within this paper.
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