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ABSTRACT:A motor fault must be detected immediately and fault tolerant control is used to significantly reduce the
effects from the fault. In this paper, four types of fault are defined and the varied fault tolerant control methods are
discussed. Herein, faults are classified in four types: encoder, DC link voltage, DC link current, and phase current. In
the case of encoder faults, the hall signal can be used to estimate the rotor position. Fault tolerant control using the
defined voltage is performed for a DC link voltage fault. When the DC link current provides a malicious value, the fault
tolerant control uses the DC link current, converted from the phase current, and the motor performs in limited mode.
Because the phase current has the same RMS and frequency, and a phase difference in a certain place, the difference in
the current signal is used to detect the fault. When phase current fault happens, fault tolerant control is performed using
the other phase current signals. As a result of this work, the defined fault types could be immediately detected and the
fault tolerant control performed without any problems.
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I. INTRODUCTION

In general, a motor is used to drive a dynamic system. Therefore, effective fault diagnosis for the motor is imperative
because any fault present in the motor significantly damages a system. Therefore, a fault tolerant control technique is
needed to reduce the damage to a system when motor failure happens. The data on the rotor position, the DC link
voltage, the DC link current, and the phase current can be obtained while operating the motor. The rotor position is
measured using the encoder and hall signals. When a fault occurs on the encoder, the hall signal is also used to estimate
the rotor position in order to properly operate the motor. The voltage in the DC link is provided to operate the motor.
Therefore, the measured DC link voltage must be consistent with the predefined voltage. If there is a difference
between them, the system considers a fault to be present in the motor. Therefore, when a fault happens, the motor is
operated in limited mode to ensure the safety of the hardware. The measured DC link current is consistent with the sum
of the measured phase current. The measured phase current is converted to the DC link current using the coordinate
transformation. The fault is diagnosed by comparing the measured current with that in the DC link. In the fault
diagnosis process, the DC link current is calculated using the phase current, and the motor is controlled. Three-phase
current has the same RMS (root mean square) value, but the different phase. Therefore, the fault is determined by
comparing the RMS value of the three phase current to each other. If a fault occurs on the current sensor of the A phase,
the current signal of B phase is used to estimate the A phase current. In this paper, we propose fault diagnosis and fault
tolerant control methods for the above four signals and verify the effectiveness of the proposed system through
practical experiments.
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Il. RELATED WORK

In order to measure the rotor position, the encoder and hall sensor are exploited, but these sensors don’t have enough
robustness against the noise and external damage. Therefore, many researchers have studied in order to estimate the
rotor position without using the encoder and hall sensor. The rotor position is estimated using the fuzzy logic to control
the weight of the hall interval. So it’s possible to estimate the rotor position without encoder [1]. The observer method
uses the mathematical model of the motor to estimate the rotor position, which requires the accurate motor model.
Since the algorithm of sliding mode observer(SMO) is simple and resilient, it is widely used and the performance of
SMO depends on the observer model [2, 3]. This paper presents a sliding mode observer for estimating the position and
speed of a PMSM [4, 5, 6]. A hybrid terminal SMO method is proposed to achieve sensorless drive for PMSM [7]. And
a tuning method is proposed in order to obtain high speed and high accuracy positing system in [8]. In case of the
model reference adaptive method, the rotor position is estimated by tuning the model [9]. The authors in [10] estimate
the rotor position using EKF and KF requires the accurate model of the system. Therefore, designing the motor is the
most important process, which means the better motor modes has the better performance. Besides, the new reduced
order EKF for sensorless control method has been studied for the PMSM motor by realizing the EKF with parallel
structure. Other researchers propose the method using the back electromotive force to estimate the DC link current and
remove the voltage ripple. Authors in [11] developed the control technique using the power feedback in order to limit
the fluctuation of the DC link voltage. The new adaptive method to compensate for the ripple of DC link voltage is
proposed in [12]. Also the method using the programed PWM wave is studied in order to remove the ripple of the DC
link voltage in the operating inverter [13]. By comparing the estimated current and the measured current from the
motor, the fault can be diagnosed. The DC link current is used to monitor the short circuit of DC link, short circuit of
two output phases and ground or earth faults [14]. The new voltage source inverter without DC link components is
suggested. This adjusts sinusoidal AC source current waveforms with appropriate current feedback. Without DC link
components whose rectifiers is controlled by suitable current feedback to adjust near sinusoidal AC source current
waveforms at unity power factor [15]. The known types of faults are identified by analysing the peak magnitude and
frequency of the phase current. To improve the performance of the fault diagnosis, varied parameters are used in [16].
Stator faults, rotor faults, and bearing faults are defined. The faults are diagnosed by thermal monitoring, air gap torque
monitoring, noise monitoring, and vibration monitoring. And various analysis methods such as motor current signature
analysis, partial discharge, wavelet analysis, expert systems, fuzzy logic, artificial neural network and neural fuzzy
system are studied [17].

I1l. FAULT DIAGNOSIS

3.1 Encoder fault At high speed when there is enough back electromotive force, the sliding mode observer is
used to estimate the rotor position. If the difference between the estimated rotor position and the measured rotor
position is greater than the predetermined threshold, the system considers that a fault has occurred. Because the back
electromotive force at high speed is well estimated, the fault diagnosis method using the sliding mode observer is
effective. Equation (1) shows the voltage equation for each phase of the motor. Equation (1) can also be represented as
equation (2) and (3) in terms of the current i;. As shown in the equation (4), the rotor position is estimated using the
arctangent of the d and q current. In contrast, the back electromotive force cannot be properly estimated at low speed;
so the encoder and hall sensor are exploited for the fault diagnosis. When changing the value of the hall sensor, the
number of updated encoder signals is always consistent. However, when the encoder sensor has a fault, the count of
measured encoder sensors is different or the count of measured encoder sensors is constant. Therefore, by measuring
the count of updated encoder sensors per hall signal, the fault is diagnosed. The relationship between the hall and
encoder signals is presented in Fig. 1.
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Fig. 1. The relationship between the hall and encoder signals

3.2 DC Link voltage fault  The structure of the DC link used to operate the motor is presented in Fig. 2. In
general, the voltage in the DC link is parallel with the voltage in the FET located at the top and bottom. However, if the
energy generated is not provided to the DC link, the generated energy is converted into voltage, which damages the
FET. Therefore, the voltage in the DC link must be monitored periodically and managed to keep the voltage within a
certain range. When the DC link component has enough capacity, the voltage of the DC link is constant. However, if
the capacity is insufficient, the fluctuation of the voltage is significantly influenced by the power generated and
consumed.The predefined voltage ranges in the DC link needed for fault diagnosis is 8 to 16V.

F F
E E
T T
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Fig. 2. Structure of the DC Link

3.3 DC Link current faultThe total phase current has the same value in the motor as the current measured in the
DC link.The phase current measured from the three phases is converted into DC components using the CLARK and
PARK transform. The current equation for the motor is expressed as equation (5). Therefore, the DC current calculated
using the phase currents are compared with the DC current measured by the current sensors in the DC link. Based on
the result, the fault is diagnosed. As shown in equation (6), if the difference between the current measured by the sensor
and the current converted from the phase current is greater than 10%, the system considers a fault to be present.

Lac phase= iczz + ic21 .................................................... (5)

| Lac phase — 1 dc_measure| S 10%h eerrererreereeeererenenns (6)

3.4 Phase current fault Because the phase current in the motor is parallel, the sum of three phase current is zero,
as in equation (7). In case of normal current, the three phases are parallel and swing 120 degrees, as shown in Fig. 3.
Therefore, the RMS value and the peak for each phase are the same. The phase current wave has the different
magnitude and frequency according to the speed and load, but the phase current has a phase difference of 120 and 240
degrees at a certain place when the motor rotates. The phase current of the motor has varied fault types, such as the
contact between the coil and the battery or ground, and the fault of the phase current sensor. This issue can be addressed
using redundancy. In this paper, faults of the phase current sensor are analyzed. If the phase current sensor is not
working properly, the current is not parallel, and the RMS and peak value of the three phases of current are different.
The normal current swings with a sine wave form while faulty current has a fixed value, or does not have a sine wave
form. This difference can be used to diagnose the fault. The normal reference voltage equation of the three phase
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current is expressed as in equation (8). However, when the current value is zero (i.e., i, = 0), the reference voltage
calculated in the field oriented control is expressed as in equation (9). If the voltage for the motor is the same as in
equation (9), a fault (i.e., i, = 0) is detected.

MSDX 20244 MYS2440853 Tue 401 21:45:332014 192014 MSOX 20244 MYS2440853 Tue 3 01 2154582014
1200 200 20 2 5115 3 G G F 100 B 00 00 0 0.

Fig. 3. (a) The U phase current wave form with hall signal, (b) The V phase current wave form with hall signal, (c) The W phase current wave form
with hall signal
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IV.FAIL-SAFE CONTROL

4.1 Encoder fault When a sensor fault occurs, the fault tolerant control is used to properly operate a system
under the fault. At low speed, the fault is diagnosed using the number of hall and encoder signals, and at normal speed,
the sliding mode observer is used. When the encoder sensor is not working properly, the hall sensor is exploited to
estimate the rotor position and the effectiveness of the method has been validated at varied speeds [18]. Therefore, in
the case of an encoder fault, the rotor position is estimated using the hall sensor, which makes the system stable.

4.2 DC Link Voltage fault When the voltage of the DC link is out of its determined range, the fault which
presents in a system is detected. However, it is difficult to analyze the cause of the fault with only the generated voltage.
Therefore, the system is operated with a limited reference voltage to secure performance, and the voltage in the field
oriented control is fixed. When the voltage of the DC link is within normal range, the system considers the state as fault
recovery and the voltage reference is not limited anymore.

4.3 DC Link Current fault If the difference between the measured value and the calculated value in the field
oriented control is greater than 10%, the system considers that a fault is present. When the phase current is normal, the
current sensor in the DC link has the problem. In the case of a fault in the current sensor in the DC link, the DC link
current converted from the phase current is used and the current reference is limited in order to make the system stable.

4.4  Phase current fault When using the three phase BLAC motor, the phase current has a phase difference of
120 degrees as shown in equation (10). If the A phase current sensor has a fault, I, is estimated using the B phase
current. The three phases of current used to operate the motor are parallel. According to the speed and the load, the
frequency and the RMS value of each is different. However, in a certain place, the value of the frequency and RMS are
the same as expressed in equation (11). Therefore, if one of the current sensors is faulty, the value from other phase
current sensors is used to estimate the phase current. The estimated phase current is used for the fault tolerant control.
This paper does not consider at scenario where both phase current sensors have a fault at the same time.
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V. SYSTEM STRUCTURE FOR THE EXPERIMENT

The system setup for the experiment is shown in Fig. 4. It consists of a motor controller, a motor, a debugger, a motor
load, a switch box, an oscilloscope, and CAN (Control Area Network) monitoring equipment. The D/A (digital to
analog) converter implemented in the motor controller had four channels and it monitored variables, such as the rotor
position and the value of the current sensor. The analog signal was measured using an oscilloscope and the CAN
monitoring equipment monitored the state variables.

/.

Monitoring

Fig. 4. The system structure for the experiment

VI. PERFORMANCE EVALUATION AND RESULTS

6.1 Fault diagnosis and result of the encoder The experimental structure is constructed to diagnose a fault in
the encoder signal. The D/A 1 and 2 show the rotor position by the hall and the encoder signals. The D/A 3 shows the
hall signal and the D/A 4 shows the speed of the motor. The fault diagnosis for the encoder sensor is presented in Fig. 5.
It also shows the fault tolerant control when the fault happens. In the fault tolerant control, the rotor position from the
hall signal is used to operate the motor. After the fault is detected, the fault tolerant control is used; so the speed of the
motor hardly changes.In this experiment, we validated the effectiveness of the fault tolerant control using the hall signal
to estimate the rotor position when the fault happens in the encoder sensor.

Fall signal

A A

Rotor Poslcn by Hall signa

TP d

Normal Operating Fail Safe

Fig. 5. The fault diagnosis for the encoder sensor
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6.2 Fault diagnosis and result of the DC link voltage The magnitude of the voltage in the DC link is adjusted to
evaluate the performance of the diagnosis methods. The performance of the fault detection, in relation to the varied
magnitude of the voltage in the DC link is presented in Fig. 6. In this figure, the graph indicates the state of the fault
diagnosis when the DC link voltage increases and decreases. If a fault occurs in the DC link voltage, the fault tolerant
control, for which the predetermined voltage is used regardless of the voltage in DC link, is operated.

Under voltage fault

Normal Over voltage fault Normal Under voltage fault
Fig. 6. The fault diagnosis of DC Link voltage

6.3 Fault diagnosis and result of the DC link current The current of the DC link is measured on the DC link
line using the current sensor, and the DC link current is obtained using the d and q current converted from the phase
current. The current in the DC link is presented in Fig. 7. Channel 1 is the DC link current converted from the phase
current and channel 2 is the current measured by the current sensor. Channel 3 shows the difference between channel 1
and channel 2. The error status is presented in channel 4. When the fault occurs in the current sensor, the fault tolerant
control is used based on the current converted from the phase current.

Fig. 7. The fault diagnosis of DC Link current
6.4 Fault diagnosis and result of the phase current In a certain place, the phase current has the same frequency

and RMS value, with a phase difference of 120 degrees. Therefore, if the values of RMS and frequency are different,
the system considers that a fault has happened. When i, is faulty, i, is used to estimatei,.
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Fig. 8. (a) A, B, C phase current and dc current in normal status(b) The estimated i,, B, C phase current and dc currentwhen i, is faulty, (c) A, B, C
phase current and dc current in normal status (d) A, B, C phase current and dc current when i, is faulty without a fail-safe function, (e) A, B, C phase
current and dc current when i, is faulty with fail safe function

This is shown in Fig. 8, where channel 1 is i,, channel 2 is i, channel 3 isi., and channel 4 is the dc current. If i is
faulty, vector control for the motor cannot be performed. Therefore, the dc current increases as shown in Fig. 8. (d).
However, if the fail-safe function is performed, the dc current is stable as shown in Fig. 8. (e), because the vector
control can be normally performed. Therefore, it is confirmed that even though the i, is faulty, the fault tolerant control
can be used to make the system stable. An interpolation is used to compensate the value when i, is missing.

VII. CONCLUSIONS

In general, a motor is used to drive a dynamic system. Therefore, faults must be detected immediately and fault
tolerant control used to significantly reduce the effect of the fault. In this paper, four types of the fault are defined and
the varied fault tolerant control methods are discussed. The faults were classified in four types: encoder fault, DC link
voltage fault, DC link current fault, and phase current fault. In the case of an encoder fault, the hall signal can be used
to estimate the rotor position. The fault tolerant control using the defined voltage is performed in the case of a DC link
voltage fault. When the DC link current provides a malicious value, the fault tolerant control uses the DC link current,
which is converted from the phase current and the motor performs in limited mode. Because the phase current has the
same RMS and frequency, and the phase is different in a certain place, it is possible to use another current signal to
detect faults. When a phase current fault happens, fault tolerant control is performed with the other phase current
signals. From the proposals in this paper, the defined fault types could be immediately detected and fault tolerant
control performed without any problems.
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