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Featured Application: The detection system described in the paper can be successfully imple-
mented in industrial drive systems with PMSM motors in order to increase their safety. The
natural area of application of FTC (Fault Tolerant Control) systems are electric vehicle drive sys-
tems, including electric and hybrid aircraft drive systems.

Abstract: In this paper the current sensor fault detector for the permanent-magnet synchronous
motor drive system has been presented. The solution is a known method used for induction motor
drive systems, tested by authors in simulation for the PMSM drive system. The application is based
on the current markers, which enable not only failure detection, but also the location of said failures.
Detector operation is based only on the analysis of measurements from current sensors and does
not require additional information about other state variables. The aim of the work is to present
simulation and experimental studies in field-oriented control (FOC) for the tested current sensor fault
detector for various operating conditions of the drive system—variable speed and load.

Keywords: FTC; PMSM; current sensors; markers

1. Introduction

Currently, modern industry uses electric drive systems equipped with advanced
diagnostic systems. Such systems are called fault-tolerant control (FTC) [1,2]. FTC systems
are divided into two types: passive (PFTC) and active (AFTC) [3]. In passive systems,
controllers adjust their parameters to changing operating conditions in the event of a failure;
adaptive or neural controllers are used. PFTC somehow compensates for the impact of
failure on the control structure. However, this type of a system does not detect failure, so
the failure may still progress. They only work well in the early stages of minor failures.
Scientists are definitely more interested in active systems. In this case, traditional control
structures are equipped with additional blocks for failure detection and compensation.
Failure compensation may be hardware- or software-based.

In electric drive systems, failures are divided into three main categories [4]. The first
is damage to the electric motor itself. These failures mainly affect the bearings and stator
windings. In the event of a bearing failure, the component must be replaced; the failure cannot
be compensated [5–8]. Attempts to compensate for stator short circuits were made by using
additional redundant windings [9]. This is a typical hardware compensation. Another type of
failure mentioned in the literature is the failure of the frequency converter [10–12]. Here, the
compensation is usually done by redundant components, e.g., transistors. The detection of
both of the above-mentioned failures is performed with the use of measuring sensors, which
are the last type of basic failures. Usually, detection is based on current measurement.

PMSM drive systems, which are the subject of research using two or three current
sensors, depend on the method of determining the stator current components [13]. Current
sensors based on the Hall effect are most often used in drive systems. It is a component that
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is exposed to many types of damage. Some of them can only worsen the performance of the
drive system, and some prevent it completely. This is why fast detection and compensation
of their damage are so important. This is essential in sensitive industries such as electric
vehicles, the space industry, and the aviation industry. Such sensors provide non-invasive
measurements. A conductor with the flowing current is placed in the magnetic core. The
Hall sensor is placed in a small air gap. The magnetic field generated by the conductor is
recreated on the secondary winding. The magnetic field is then detected by a Hall sensor
and a voltage proportional to the conductor current is generated at its output [14]. Damage
in such a sensor may be caused by the corrosion of the core, changes in the magnetic
properties of the ferrite core due to temperature, or, e.g., changes in the orientation of the
magnetic field induced in the sensor [15]. These damages can lead to a complete break of
the sensor and loss of measurement signal or phase shift, noise, and gain changes.

Current sensor fault detection methods are divided into signal-based [16,17] and
model-based [18,19]. State variable observers are used in model-based methods, which
require the knowledge of motor parameters [20]. Most of them depend heavily on them.
Correct operation requires precise parameterization. Different parameters are used de-
pending on the observer type, but the stator resistance and inductance are reproducible for
most of them. However, these are parameters whose values change over time. This may
worsen the estimation properties. A significant advantage of this type of method is that the
estimator used for detection can also be used to compensate for failures.

In the paper [21], the authors described a sliding-mode observer (SMO) for the detection
of faults in current sensors in the PMSM control system. Online diagnostics of the ABC
phase current sensor failure is performed based on the relationship between residual errors,
generated by SMO and phase current sensor errors and the rules of failure diagnostics. The
paper presents experimental and simulation results, but only for two types of faults: gain and
offset fault. These are failures that do not significantly affect the entire control structure.

Paper [22] describes the use of a different type of observer—the extended Kalman
filter (EKF). Detection is performed by comparing the estimated values with the measured
ones. The work presents experimental results for one type of current sensor fault—a signal
loss for one speed value.

The detection of current and speed sensors is described in the article [23]. Two types
of observers are used for this purpose: high-order sliding mode (HOSM) and Luenberger
observer (LO). LO is responsible for current estimation. The measurement of speed and
α, β voltages were used for estimation. These values are compared with the measured
values of stator currents; if the difference between them exceeds a certain fixed value, it
means a failure in the corresponding phase. In the work under experimental conditions,
the detection of signal loss in phase A was shown.

Signal-based methods do not require knowledge of the object model [24]. Once
implemented, the algorithm is a universal solution for motors with different parameters.
These algorithms are also usually of low computational complexity and can be easily
implemented in a signal processor. These are their most important advantages.

An example of a signal-based method can be seen in the research presented in [25].
The detection and localization of the current sensors are based on current measurements.
The authors described a simple detector that compares average normalized values of the
phase currents in three phases. The phase shift between the remaining phases after the
failure occurred is also taken into account. Only the detection of the measurement signal
loss is considered in the research. This method is also described in [26].

Another simple solution is shown in the article [27]. The authors used the fact that in
the event of a failure of one of the current sensors, the phase shift between the other two
changes and the sign of current value (SCV) is also used for detection.

A method based on signal measurements is also described in the article [28]. Current
sensor fault detection is based on the measurement of the voltage in the intermediate circuit.
There are also examples in the literature where detection is based on the measurement of
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other quantities, such as current [25] or rotor position. There are also works in which the
measurement of several signals is used to detect faults in current sensors [29].

This article describes a method based on measurement signals. It uses only the current
measurement to detect faults in the current sensors. The method consists of determining
the so-called current markers and then comparing their values. The method was previously
described for induction motors [24]. Simulation tests for the PMSM in field-oriented control
and experimental results in scalar control are also presented [30]. The fault diagnostic system
was tested in simulation in two control algorithms—the scalar control and vector control—to
demonstrate the transient of faulted signals, detection signals, and detection time. In this
position, it is shown that after current sensor fault appearance, its influence on the control
structure, especially speed transient, is compensated using non-sensitive components. The
analysis is presented for all the above-mentioned faults for different speed conditions.

This study describes its application in experimental research in the control structure
field-oriented control (FOC). In FOC, when one of the sensors fails, it affects the entire
control structure. After fault high currents appear, the rated values are exceeded several
times. This definitely makes it difficult to locate the failure. Each sensor shows an abnormal
value. That is why it is so important to conduct experimental research in a closed-loop
structure. Adequately short detection time in the presented method allows us to locate a
damaged sensor before incorrect measurement has a significant effect on the entire control
structure. For most failures, it is detected in the second sample after it occurs. Apart
from failure detection, the proposed solution also allows for its compensation. Hardware
compensation was used here. The third current sensor, in phase C, is used to determine the
stator components in the event of a sensor failure in phase A or B. The paper presents the
detection of:

- signal loss;
- signal interruption;
- variable gain;
- measurement noise.

The literature usually describes the detection of one failure—signal loss. Additionally,
in the above-mentioned works, no tests were carried out for different speed or load values.
The results of detection in the dynamic states of the system operation are not presented
either. The proposed solution is universal both for failures with a large impact on the
control structure and those with a small one.

The article is organized as follows: The first chapter provides an overview of methods
for detecting faults in current sensors in drive systems. The next chapter describes the
control structure, which was used in both simulation and experimental studies. The third
chapter presents the theoretical basis of the fault detection algorithm and the method of
their compensation. The fourth and fifth parts of the article show the simulation and
experimental results, respectively. The last chapter contains a brief summary of the results
and further research plans.

2. Control Structure of PMSM Drive System with a Detection Mechanism

In the presented research, the field-oriented control structure was used. This structure
was supplemented with blocks for simulation, detection, and compensation of the failure
of current sensors. The damages were simulated in a software manner. The equations used
to simulate individual failures are presented in Table 1.
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Table 1. Equations to simulate individual failures of current sensors.

Type of the Fault Current Value

Variable gain im
s = (1− γ)ia

Signal limit im
s = isat

Noise im
s = ia + n(t)

Lack of signal im
s = 0

Intermittent signal im
s = [0, 1]

where im
s —fault current, ia—measured current, γ—constant value from the range <−1, 1>.

In the article, both for simulation and experimental tests, a surface-mounted 0.894 kW
PMSM with the parameters presented in Table 2 was used.

Table 2. Parameters of the motor used in simulation and experimental results.

PN
[kW]

Pp
[-]

ΩN
[rpm]

TN
[Nm]

IN
[A]

J
[kg·m2]

Rs
[Ω]

0.894 4 6200 1.4 1.9 0.000039 4.6615
PN—nominal power, Pp—pool pairs, ΩN—nominal speed, TN—nominal torque, IN—nominal stator current,
J—inertia, Rs—stator phase resistance.

The structure of the field-oriented control ensures very good operating parameters of
the drive system, because of the use of current sensors. In the conducted tests, two current
sensors are used for control, in phases A and B. The sensor in phase C is used only for failure
detection and compensation. A two-level inverter with a 10 kHz switching frequency was
used in the research. The scheme of the control structure is shown in Figure 1.
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3. Detection Mechanism Based on Cri Markers

For the correct operation, the drive system with PMSM requires at least two current
sensors. In the analyzed example, the third sensor is used only for diagnostics. The basis of
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the detection algorithm is the fact that the iα and iβ current components used in the control
structure can be determined using different equations depending on the phases in which
the measurement is performed [24]:

iα1 =
2
3
(iA −

1
2
(iB + iC)), iβ1 =

√
3

3
(iB − iC), (1)

iα3 = −(iB + iC), iβ3 = −
√

3
3

(iB − iC), (2)

iα2 = iA, iβ2 =

√
3

3
(iA + 2iB) (3)

On the basis of these equations, it is possible to determine current markers that are
insensitive to the measurement of one of the phases:

Cri1 = (i2
α3
+ i2

β1
), Cri2 = (i2

α2
+ i2

β3
), Cri3 = (i2

α2
+ i2

β2
), (4)

After transformations, the following formulae are obtained:

Cri1 = (−(iB + iC))
2 + (

√
3

3
(iB − iC))2, (5)

Cri2 = (iA)
2 + (−

√
3

3
(iA + 2iC))2, (6)

Cri3 = (iA)
2 + (

√
3

3
(iA + 2iB))

2. (7)

However, based on the values of the markers themselves, the location of the damaged
phase would not always be clear and stable. Therefore, the algorithm uses the difference in
the value of markers from the current and previous samples—the so-called marker errors.
This ensures stable detection:

∆Crij =
∣∣Crij(k)− Crij(k− 1)

∣∣. (8)

The last element of the algorithm is an additional condition—Delta relating to the iα
and iβ values determined with the use of various current sensors:

(iα1 = iα2 = iα3) ∧ (iβ1 = iβ2 = iβ3). (9)

The relations between the marker error values depending on the damaged phase are
repeatable. On this basis, the detector not only detects damage to the current sensor, but
also locates the damaged phase. Table 3 summarizes the relationship between marker
errors, which are confirmed by the following simulation and experimental results.

Table 3. Dependencies between marker errors during failure in particular phases.

Type of Fault ∆Crij

No fault ∆Cri1 = ∆Cri2 = ∆Cri3
Phase A sensor ∆Cri2 < ∆Cri3 < ∆Cri1
Phase B sensor ∆Cri1 < ∆Cri3 < ∆Cri2

Figures 2–4 show the marker error transients and detector responses at the time of
different failures in phases A and B in simulation and experimental tests. The detector has
two outputs. The first output, D1, refers to phase A, and the second, D2, refers to phase B.
Value 0 at the detector output means no failure, and 1 at the output means failure in the
corresponding phase.
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Figure 2. Detector responses and transients of marker errors during lack of signal: (a) measurement
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On the basis of Figures 2 and 3, it is possible to determine the relationships that appear
between the marker errors in phase A after the failure. The simulation and experimental
results are consistent. Furthermore, in both simulation and experimental tests, not every
type of failure was detected in the sample after its occurrence. The detection of failures that
have a smaller impact on the control structure, such as measurement noise or variable gain,
takes longer.
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Figures 3 and 4 show respective results for the failures in phase B. In this case, the
simulation tests are also consistent with the experimental ones.

Figures 2–5 show that during normal drive operation, when the sensors are not
damaged, the dCri1-3 signals coincide with each other. This is due to the principle of the
detector operation. When all types of damage occur, the signals differ from each other.
This signal is based on signals from undamaged sensors for a smaller increment; the other
two use the signal from the damaged sensor. In this way, the fault can be easily detected.
Importantly, the detection time is counted in individual samples which, on the one hand, is
an advantage of the system. On the other hand, if no failure is detected in the first three
samples, subsequent samples will not detect it.
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4. Simulation Results

The simulation tests were carried out in the Matlab/Simulink environment. The model
of the control structure was made in Sim Power System toolbox. The Euler method was
used with fixed step size equal to 1 × 10−5 s.

Figure 6 shows the detector responses obtained with a periodic signal interruption for
different speed reference values. When the signal is interrupted, the stator current reaches
several times the rated value. A greater impact on the operation of the drive system can be
observed during failure in phase B. There are disturbances in the speed at the moments
of signal interruption. It can also be seen in the transients of speed errors. In the event of
a failure in phase B, the deviations from the set point are greater. The detector correctly
recognizes the damaged phase at low, medium, and high speeds in both dynamic and
steady states.
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Figure 7 shows the detection of less significant types of failures. The results are shown
for variable gain in phase A (1.2 ia) and white Gaussian noise (20 dB) in phase B. The impact
of this type of failure is imperceptible in speed, as seen in the speed error transients. Despite
the insignificant impact on the control structure, the failure is correctly detected and located.
Additionally, the detector correctly recognizes a failure, even in dynamic states.
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5. Experimental Results

The experimental test was conducted on a 0.894 kW surface-mounted PMSM (Table 2)
by Moog (G403-2007A). A dSpace DS1103 with Control Desk was used as a controller in the
tests; the position was measured with an incremental encoder (36000 imp./rot), while the
current measurement was performed with current LEM transducers. Another Moog servo
drive-controlled motor was used as a load (G404-2009A). Photos of the laboratory set-up
are presented in Figure 8. A frequency converter with the ability to control transistors was
used. The switching frequency was 10 kHz. The tests were performed in the DFOC system.
Classical PI controllers with an anti-windup system were used. The experimental tests
were carried out for the low range of speed values (0–0.3ωN) and two load values (0.1 TN
and 0.2 TN). The detector responses to the lack of signal, signal interruption, measurement
noise (70 dB white Gaussian noise), and variable gain were checked. The damages were
simulated in a software manner. All results are presented as per unit.

Figures 9 and 10 show the detection of variable gain with γ value equal to 0.2 in phase
A and measurement noise in phase B with a parameter of 70 dB for two velocity values.
The detector correctly detects and locates the failure in dynamic and stable states. Those
failures do not significantly affect the control structure and the differences between marker
errors are small.
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The effectiveness of the detector during intermittent signals in phase A and B with the
motor load for different values is shown in Figure 11. This type of failure interferes with
the speed transient. It is especially visible for the lowest values. The figure also shows the
difference between the reference speed and the measured speed. At the time of failure, the
difference increases noticeably.

A detailed analysis of the effect of signal interruption is shown in Figure 11. The
occurrence of a failure causes a significant increase in the oscillation of the speed and the
value of the stator current. This is because the stator current components iα and iβ are not
correctly determined, as also shown in the figure.

As the detector based on Cri markers locates the failure, it also allows for its compensation.
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Figure 12 shows failure compensation using phase C’s redundant sensor. Despite
the loss of the signal in one of the phases, the stator current components iα and iβ are
determined correctly, and the current transients in the remaining phases are undisturbed.
There are no transient distortions as in Figure 12, where the system is shown without
damage compensation.

The transients showing the effectiveness of detection and compensation under the
condition of periodic signal interruption are shown in Figures 13 and 14 in phase A and
phase B, respectively. Signal interruptions occur with a high frequency. The system adapts
dynamically to work in failure states and in the absence of damage to the current sensors.
Disturbances in the operation of the system do not appear even in dynamic states. The
only disturbance in speed can be observed when, during the failure in phase B, the detector
did not correctly recognize the damaged phase; as a result, the compensation mechanism
did not work (Figure 15). Based on the speed error transient, it can also be seen that a
significant deviation appears when the compensation mechanism does not work.
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6. Conclusions

The article presents the algorithm for fault detection of current sensors in the PMSM
control system. The proposed solution is a method based on measurement signals. It is
based on the dependencies between current markers. The work presents simulation and
experimental tests that are consistent with each other and confirm the effectiveness of the
detection algorithm for different values of speed and motor load. The detector operation is
also correct with the unloaded motor. The most important advantages of the application
that should be emphasized are:

• Short detection time, usually in the first or second sample after the failure has occurred;
• Detection of many types of failures, even those with an insignificant impact on the

control structure;
• Correct detection in dynamic states for different speed and load values;
• No requirement to know the motor parameters, which makes the proposed solution

universal for PMSM systems of different-rated power;
• Possibility to use in FTC system.

In further research, it is planned to use the algorithm in the direct torque control structure.
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