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Abstract: The difficulty of open-switch fault detection in an open-winding inverter is that the fault at
the diagonally opposite position within the H-bridge power cell has the same fault characteristics. To
solve this problem, this paper proposes an open-switch fault detection method based on open-winding
(OW) five-phase fault-tolerant permanent-magnet (FPFTPM) motor drives. The detection method
includes three steps: first, the drives open-switch fault is detected by monitoring the component of the
third harmonic residual in the stationary reference frame; second, the least squares iterative method
based on the forgetting factor is used to identify the relationship between the residual components,
which determines the faulty phase and the faulty phase current type; third, an online current injection
test method is proposed to accurately identify the open-switch within the H-bridge power cell. Based
on the above steps, the open-switch fault at the diagonally opposite position within the H-bridge
power cell could be accurately identified. The novelty of the proposed method lies in the possibility
that the open-switch fault detection of any switches within the one H-bridge power cell could be
accurately achieved by an online current injection test and does not require hardware changes. The
experimental results demonstrate the effectiveness of the proposed detection method.

Keywords: open-switch fault detection; open-winding; current-injection test

1. Introduction

Due to environmental pollution and shortage of fossil fuels, electric vehicles (EVs)
attract more interest from researchers [1-3]. It is noted that the reliable operation of the
motor drives is of crucial significance for EVs because it directly relates to personal safety.
Hence, fault-tolerant motor design and fault-tolerant control have been widely investi-
gated [4,5]. The traditional three-phase permanent-magnet synchronous motor (PMSM)
drives have poor fault tolerance. Therefore, the performance of the motor system is greatly
reduced when there is a fault. In addition, the capacity of the uninterrupted operation
without fault is insufficient to meet the high reliability requirements of EVs. Compared with
the three-phase PMSM system, the five-phase fault-tolerant permanent-magnet (FPFTPM)
motor drives have the superior performance of phase number redundancy, strong fault
tolerance, and high reliability. Moreover, through the reliability design rules, FPFTPM
can effectively reduce the electrical, magnetic, and thermal coupling between phases [6,7].
Furthermore, when the neutral point of the FPFTPM motor windings is open, each phase
winding adopts the H-bridge power supply to form open-winding (OW) FPFIPM motor
drives. This can effectively block the fault coupling between the faulty phase and the
healthy phase, which can realize phase-to-phase electrical isolation [8]. In addition, the OW
FPFITPM motor drives can be applied in low-voltage large-power transmission, making it
become a promising candidate for application to EVs [9,10].

EVs often operate in conditions of humidity, vibration, dust, and electromagnetic
interference, resulting in a high failure rate of stator windings, power devices, and sen-
sors [11,12]. Among them, open-switch faults are considered as the most common scenarios.
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To meet the fault-tolerant operation requirements of EVs, the premise is to detect the open-
switch faults, and to provide detailed information support for the subsequent fault-tolerant
control. Up to now, the detection of open-switch faults has been widely researched in the
literature [13-15]. In general, there are mainly two approaches used to detect open-switch
faults, as follows: voltage-based diagnostics and current-based diagnostics.

The voltage-based detection methods that commonly extract fault features from
common-mode voltage [16], zero-sequence voltage [17], collector-emitter voltage [18],
and line voltage [19] usually need less time for diagnosis. However, these methods gener-
ally require additional detection circuits, sensors, or observers. This will inevitably lead to
increased costs. At the same time, the accuracy and robustness of the open-switch fault
detection methods will be affected by the complexity of the observer algorithm and its
sensitivity to motor parameters. In contrast, the current-based detection methods can make
full use of phase current and do not require additional sensors apart from the current
sensors that are already provided for the current measurement. Therefore, the work in this
paper is carried out mainly based on the current signal of the FPFTPM motor.

With the development of the polyphase motor and the demand for fault detection,
many fault detection algorithms of three-phase motors have been transplanted to polyphase
motors. Considering the particularity of the polyphase motor, fault detection faces new
problems, such as detection and control of variables in harmonic space. The current-
based detection methods extract fault features from the fundamental current, the low-
order harmonic current, the zero-sequence current [20], and the residual current, etc. The
appropriate transformation of the stator current is helpful to extract fault features. In terms
of six-phase drives, in [21], the average current Park’s vector is chosen for open-switch
fault detection, and the fault identification approach can be achieved according to the sign
symbol of the current vector. For five-phase drives, in [22], the open-switch fault detection
is achieved by establishing the relationship between the fundamental current and the third
harmonic current and by monitoring their transient conversion process from healthy to
faulty. The detection method that used current signal model identification was presented
in [23] and the open-switch fault could be detected in less than a quarter of one period. In
addition, in [24,25], original and particular algorithms are proposed for the open-switch
fault and open-phase fault detection based on a five-phase PMSM; and the adoption of
the normalized variables make the detection method completely independent of operating
conditions. Nevertheless, it is not suitable for the open-winding topology applications.

In addition to the voltage-based diagnostics and current-based diagnostics, the fault
detection method based on an intelligent algorithm is also a promising diagnosis method.
This method mainly includes neural network, wavelet analysis, and fuzzy control [26-28].
The detection method based on an intelligent algorithm has little dependence on the model.
However, this method requires a large amount of training data, which is hard to achieve
under fault conditions. The open-switch detection approaches are summarized in Table 1.
In summary, the existing literature shows that most of the studies focus on the open-switch
fault of the star-connected inverter. Due to the distinctiveness of the topological structure
of the OW FPFTPM motor drives, the system will show the same behavior when the faulty
power switch is diagonally opposite the H-bridge power cell. This brings new problems to
the detection and identification of open-switch faults, and thus, the existing open-switch
detection methods are inapplicable to the OW FPFTPM drives.

The major contribution of this paper is to propose an online open-switch fault-
diagnosis approach using the EMF (Electromotive Force) of the faulty phase and the
current injection test, which can detect the faulty phase with an open-switch fault and
precisely identify the faulty switch. Moreover, there is no need to reconstruct the hardware
of OW FPFTPM motor drives. The proposed detection method can provide sufficient
open-switch fault information for the next remedial measures to achieve high reliability
of the OW FPFTPM motor drives. This paper is organized as follows. Section 2 presents
the description of the OW FPFTPM motor drives and the detailed analysis of the of OW
FPFTPM motor drives under open-switch faults. In Section 3, the detailed analysis of the
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of OW FPFTPM motor drives under open-switch faults is provided. Next, the detection
method is described in Section 3. In Section 4, the experimental results are provided to
verify the validity of the detection method for OW FPFTPM motor drives.

Table 1. Summary of detection methods.

Detection Methods Fault Feature Shortfalls

common-mode voltage
voltage-based zero-sequence voltage
collector—emitter voltage

require additional detection
circuits, sensors, or observers

fundamental current
current-based low-order harmonic current
zero-sequence current

vulnerable to load, focus on
the star-connected inverter

require a large amount of

neural network training data, high
intelligent algorithm wavelet analysis computational complexity,
fuzzy logic focus on the star-connected
inverter

2. An Analysis of OW FPFTPM Motor Drives Suffering from the Open-Switch Fault

This part first describes the OW FPFTPM motor drives and then analyzes the behavior
of the drives after suffering from the open-switch fault.

2.1. The Description of OW FPFTPM Motor Drives

The configuration of the FPFTPM motor used in this paper is shown in Figure 1a.
The FPFTPM motor is designed as single-layer fractional concentrated winding with the
fault-tolerant tooth employed in the stator. Therefore, the stator phase windings have
almost no electric, magnetic, and thermal coupling, and the fault-tolerance performance
can be greatly improved. The main advantage of the FPFTPM motor is the adoption of
the fault-tolerant tooth on the stator, which can also effectively eliminate the influence
between faulty phases and other healthy phases. In addition, the self-inductance is almost
constant, and the maximum mutual inductance is 0.035 mH (0.259% of the self-inductance).
Thus, the mutual inductance and reluctance effects are negligible. The specifications of the
FPFTPM motor are listed in Table 2.

Table 2. Specifications of the FPFTPM Motor.

Parameter Value Parameter Value
Rated-phase voltage 100V d-axis inductance Lyq 13.7 mH
Rated current 47 A g-axis inductance Lq 15.9 mH
Stator resistance 050 Rated speed 1500 r/min
Pole pair 9 DC bus voltage 250 V

The topology of OW FPFTPM motor drives is shown in Figure 1b. It can be seen from
Figure 1b that OW FPFTPM motor drives consist of a common DC bus, an inverter 1 and
an inverter 2, and an FPFTPM motor. Tjj represents the power switches of the drive,i=1, 2
denotes the power switches belonging to inverters 1 and 2, and j =1, 2, 3, 4, and 5, which
corresponds to the five phases of the FPFTPM motor, respectively. The OW topology can
also effectively eliminate the interaction between the faulty phase and other normal phases,
and thereby enhance the reliability of the drives.
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Figure 1. The OW FPFTPM drives: (a) Configuration of the OW FPFTPM motor.; and (b) Topology of
OW FPFTPM drives.

tooth

Stator
winding

The two inverters, inverters 1 and 2, are supplied by single DC power Uy, therefore,
the eliminating common-mode voltage-vectors modulation strategy is adopted. The switch
state of S; = 1 means that the upper power switch of the leg, I, is on and the lower power
switch is off. S; = 0 means reversely, where i is ay, by, ¢1, d1, €1, a3, ba, ¢2, d3, and ey. The
sequence number of the voltage vectors is the corresponding decimal number of S;, so
10101 denotes the voltage vector of Uyy, the rest of the voltage vectors and so on. The
distribution of the eliminating voltage vectors is shown in Figure 2. When the reference
voltage vector u,, is in sector I, as shown in Figure 2, u,,¢ can be generated by the voltage
vectors Uye-2, Ur7.6, Uzs-7, Uz7-15, Up-9, and U3z-31, where the first number represents the
voltage vector generated by inverter 1 and the second number denotes the voltage vector
generated by inverter 2.

Figure 2. Distribution of the voltage vectors. (a) «- plane (ws); and (b) x3-B3 plane (ws).

The space-harmonic magnetomotive force is the direct cause of torque ripple. With
the increased number of the phases, the order of the space-harmonic magnetomotive force
generated by the fundamental current of the five-phase motor increases. However, the
amplitude decreases, which optimizes the torque ripple and improves the efficiency of
motor operation. In addition, due to the redundancy of the phase number, when one or
two phases of the five-phase motor or the corresponding inverter leg fails, appropriate
fault-tolerant control strategies can be adopted to achieve continuous operation of the
five-phase motor without restarting or stopping. Therefore, the five-phase motor has strong
fault tolerance and high reliability.

2.2. Open-Switch Fault Analysis of OW FPFPTM Motor Drives

It can be seen from section II that each phase winding of FPFTPM motor adopted an
independent H-bridge for the power supply. When analyzing the open-switch fault, each
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phase can be discussed as a separate unit. Take phase A as an example, according to the
faulty switches number within phase A, it can be divided into four groups: a single faulty
switch, two faulty switches, three faulty switches, and four faulty switches.

2.2.1. Open-Circuit Fault in the Single Switch

According to Figure 3a, the current following the direction of the arrow is defined
as positive. When single open-switch fault occurs in Ty1, the DC bus fails to provide the
positive voltage to the winding and there is only a negative half-cycle current in phase
A. Similarly, when single open-switch fault occurs in T as shown in Figure 3b, the DC
bus also fails to provide a negative voltage to the winding, and only a positive half-cycle
current exists in phase A. According to symmetry, when Tj, has an open-switch fault, the
behavior of the phase current is the same as Tp;. Additionally, when T, has an open-switch
fault, the behavior of the phase current is the same as Ty;.

Inverterl Inverter2 Inverterl Inverter2

Figure 3. A Single switch with open-circuit faults: (a) Open-circuit fault inTy;; and (b) Open-circuit
fault in T»1.

2.2.2. Open-Circuit Faults in Two Switches

When two switches have an open-circuit fault in phase A, there are six possible
situations in accordance with the location of the open-switch fault. If the two faulty
switches are not diagonally opposite, which includes the open-circuit fault in T17, Tp; or
Ty1, and Tqy, then the DC bus voltage cannot provide energy for phase A. Consequently,
there is no current in phase A. Similarly, the same occurs for the situations when there is an
open-circuit fault in Ty, Typ or Tp1, and Ty;. However, when the open-circuit fault occurs
at diagonally opposite T1; and Ty, as shown in Figure 4a, the DC bus can also provide
negative voltage to the windings through T»; and Ty, resulting in a negative half-cycle
current in phase A. Likewise, when there are open-circuit faults in Tp; and Ty, as displayed
in Figure 4b, the DC bus can still provide positive voltage to the windings through T;; and
Ty, so there is a positive half-cycle current in phase A.

Inverterl Inverter2 Inverterl Inverter2

Figure 4. Two switches showing an open-circuit fault: (a) Open-circuit fault in Tq; and Tp; and
(b) Open-circuit fault in Ty and Tp;.

2.2.3. Open-Circuit Faults in Three and Four Switches

When any three switches of the H-bridge power cell within phase A have open-circuit
faults, there is no current existing in phase A. Similarly, when all four switches have
open-circuit faults, the phase A current is also zero.

Based on the above analysis, when the faulty power switch is diagonally opposite the
H-bridge power cell, the OW FPFTPM motor drives will show the same behavior and one
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kind of faulty phase current type corresponds to multiple situations of open-switch faults.
Therefore, the open-switch fault cannot be merely decided by the faulty phase current type.

3. Detection Method for the Open-Switch Fault

The open-switch fault detection of OW FPFTPM motor drives is divided into two
levels, one is to identify the faulty phase and the other is to distinguish the faulty switch
within the H-bridge power cell. The content of this paper focuses on the open-switch fault
within one phase. The two levels are introduced separately below.

3.1. Determination of the Faulty Phase

Because the motor drives adopt high-performance closed-loop control, the feedback
stator current can track the reference current in real time in normal operation. The five-
phase current of the FPFTPM motor can be expressed as:

. 2
zn()—Imsm(wt—(n—l) 571) (1)
where 1 = 1 through to 5, corresponds to either A, B, C, D, or E five-phase, respectively,
and the phase current does not contain a third harmonics current during normal operation.
When an open-switch fault occurs, the residual of each phase current can be defined as

fn(t) = inref(t) - inm(t) (2)

where i,,,,s represents the reference current and iy, represents the measured feedback
current. fy; = (f1, f2, f3, f4, f5) corresponds to the residual current of each phase. During the
normal operation, the residual could be guaranteed to be zero. When there is open-switch
fault, the feedback current of the faulty phase becomes zero, or exists in the positive or
negative half-cycle. When the faulty phase current exists in the negative half-cycle, the
residual current is presented as:
() = Iysin(wt—(n—1)2) n-1DEZ < wt< n—-1)Z+n 3)
=10 T+ (-1 < wt< (n—1)%E +2n

When the faulty phase current exists in the positive half-cycle, the residual current is
presented as:

fn(t) = (4)

0 (n-DEF < wt< (n-1)F+n
Insin(wt = (n=1D)F) 7w+ @n-DF < wt< (n-1F +21

The residual current f}, is transformed to the fundamental a-§ plane and the third
harmonic a3-B3 plane as:

[f tx—ﬁ] szﬁ]

= [
[zaw} iup
=

T
[ faz-83] Ty3p3) { nref — lnm}
= {itx3‘83re f} — [ia383m]
. , &)
fo = loref — lom
) 1 cosa cos2n cos3a cosdu
[Tﬂt-ﬁ] —5| 0 sina sin2x sin3x sinda
) 1 cos3a cosba cos9x cosl2u«
[Tasps] =3 . . . .
0 sin3a sinba sin9a sin12a«
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Lsref

foc3N(t) =

fean(t) =

ANl

A=

where « = 0.4, f a-pr and f 3-p3 are the residual currents that belong to orthogonal subspaces,
the a-p plane and the a3-B3 plane, and iz, and iyp,, are the reference current and the
measured current, respectively, in the a-f plane. Likewise, iy3p35f and ia3psy are the
reference current and the measured current, respectively, in the a3-f3 plane. Moreover, iy
and iy, are the reference zero-sequence current and the measured zero-sequence current,
respectively. Since the back EMF of FPFTPM motors does not contain the third harmonic,
the current component should be controlled only by existing in the a-8 plane during normal
operation. When an open-circuit fault occurs, the feedback current cannot dynamically
follow the reference current and the phase current has a third harmonic component in the
a3-B3 plane. As a result, the residual current appears in the third harmonic plane. The
detection method proposed in this paper is based on the third harmonic residual current.
In order to enhance the accuracy of the detection algorithm, a standardized vector, fazgan(),
is defined and illustrated as follows:

1 1 , 1 1 .
fusn(t) = | 77— — 55 |Hasm  fpan(t) = | 77— — 75— | ipam (6)
isref ‘ s | fsref s |
where ||igf ’ and ||is, || represent the amplitude of the reference current and the feedback

current in the stationary reference frame, respectively. Their expression is as follows:

. _ .2 .2 .2 .2 .2
Isref ’ =/ lam T I/Sm + lthref + lﬁBref + lOref

@)

”ism H - iﬂzém + i[23m + iiBm + iéam + Z.(Z)m

To eliminate the influence of the fundamental current component, the reference current
component in (7) is replaced by the measured current, and the residual current in stationary
reference frame is introduced into the equation to obtain:

’ = \/(iaref _fa)z + (imf —fa>2 + 210 T rep T iy

®)
2 2 2 2 2
||l$m” = \/(iaref _fot) + (iaref _ftx) + (ia3ref _ftx3> + (i,BBref _fﬁ?)) + (iOref - lOm)
Substitute (8) into (6) to get:
1 o 1 ( _
X\ Ta3ref ftx3>
i2 i2 i2 ‘ 2 . 2 N2
$ <1+W> J <1+ (lleVef*fch) +(’/33re£2’fﬁ3) Jr(’Orefﬂ()m) )
©)
1 — 1 X (i - f.
p p p B3ref a3
$ <1+W3”f+%”f> J (l (iaSref—fas)2+(i/53ref—fp3)2+(ioref—ion,>2) ( )
2 + e

K= \/(iaref _ftx)z + (itxref _foc>2

It can be concluded from (9) that f, 3y and f53N are zero when the OW FPFTPM motor
drives are in normal operation. Conversely, when an open-switch fault occurs, fy3y and
fp3n are no longer zero due to the appearance of the third harmonic current. According
to (9), the trajectory of fa3n and fg3y under an open-switch fault in phase B are presented
in Figure 5. It can be concluded that the locus of (fasn fgan) shows different features
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depending on the faulty phase current type. Therefore, the slope of the trajectory can be
used to distinguish the faulty phase. When the open-switch fault occurred in the rest of
the phases, the whole locus of (fy3n fgan) is shown in Figure 6. In the figure, the symbols
‘+” and “—’ represent the faulty phase current existing in the positive half-cycle and the
negative half-cycle, respectively.

0.4 ‘ : 04
) s St R z 02
OGN | SN T S — < 0
o ([ WENERRN, RIS SEMRES MU -0.2
-04 ‘ ‘ -04

-04 —02 0 02 04 -04

faSN

-04

Figure 5. Locus of (fa3n f p3n) when there is an open-switch fault in phase B: (a) Drives have no
open-switch fault; (b) Negative half-cycle current; (c) Positive half-cycle current; and (d) Null current.

~
5. —— Sl

A .: - Safety margjn, :18A+
. — — __Safetymargin’). 7
- == ‘18

Figure 6. Locus of (fa3n fp3n) according to different faulty phases.

According to the analysis of the (fa3n fg3n), the identification of the faulty phase can
be divided into two steps. Specifically, firstly checking whether there is an open-switch
fault followed by the detection of the faulty phase. To determine the occurrence of the
open-switch fault, the average amplitude F;(t) is defined as follows:

1/2

o L[ 2 2
Fl(t>_m/t_T(t)(fa3N+f/53N> dt (10)

where T(t) = 2/ w, and the dynamic window [t — T(t); T(#)] is used to prevent false alarms
and enhance the anti-interference performance of the detection algorithm. If the fault
feature F;(t) is close to zero, the drives are in healthy states. However, if F;(t) exceeds the
threshold of Fy,, the drives have an open-switch fault. Therefore, the open-switch fault of
the drives can be detected by F;(t).

The next step is to identify the faulty phase. As mentioned earlier, it can be achieved
through the trajectory slope of (fx3n fg3n). To accelerate the convergence speed and improve
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the identification of the faulty phase, the least squares fitting method based on the forgetting
factor is used for parameter identification. The specific formula is shown as follows:

Ki = Pe_yHT (HP_ HT + AR;)

AN A A

Xk = X1+ K (]/k - Hkxk—l) (11)
Pr = AN (I = KxHi) Py

where k is the number of beats, Hy is the input data, corresponding to fy3n, and vy is the
output data, corresponding to fg3n. Py is the covariance, K is the gain coefficient, and
%k is the parameter to be identified. In particular, the choice of the forgetting factor, A,
is significant due to its influence on the convergence speed and tracking ability of the
algorithm. In this study, A is set to be 0.98, which not only ensures the rapid convergence
of %k, but also prevents oscillation and reduces the tracking error. After £ is identified, the
angle of the trajectory slope is deduced as follows:

arctan’ zfQ >0 T, T
Fpy = ke ks = (n-1)g+ (12)
7T+ arctanxy  if xp <0

To enhance the anti-interference performance of the algorithm, 77/18 is selected as the
safety margin, as displayed in Figure 6. Through (12), the faulty phase can be identified.
As the faulty current type is related to the open-switch fault, in order to identify the faulty
phase current type, the average value of the faulty vector is defined as follows:

Fiay = — /T(t)f dt Faay = — /T(t)f dt (13)
a3N — T(t) t—T(t) a3N [33N_ T(t) t—T(t) ﬁ3N

The faulty phase current type can be determined based on the average value of the
residual vector Fy3y and Fg3y. In the different faulty phases, the faulty phase current type
can be identified as shown in Table 3.

Table 3. Identification of The Faulty Phase Current Type.

Faulty Phase Fu3n Fgsn Faulty Phase Current Type
Fusn=0 Fgsn=0 Null current
A Fun <0 Fgsn=0 Negative half-cycle current
Fusn>0 Fgsn=0 Positive half-cycle current
Fu3n=0 Fgsn=0 Null current
B Fusn >0 Fgsn >0 Negative half-cycle current
Fusn <0 Fgsn <0 Positive half-cycle current
Fusn=0 Fgsn=0 Null current
C Fun <0 Fgsn <0 Negative half-cycle current
Fusn>0 Fgsn>0 Positive half-cycle current
Fusn=0 Fgsn=0 Null current
D Fusn <0 Fgsn >0 Negative half-cycle current
Fusn >0 Fgsn <0 Positive half-cycle current
Fusn=0 Fgsn=0 Null current
E Fusn <0 Fgsn>0 Negative half-cycle current
Fusn>0 Fgsn <0 Positive half-cycle current

The flow chart of faulty phase detection is shown as Figure 7.
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Figure 7. Flow chart of faulty phase detection.

3.2. Identification of the Faulty Switch within the H-Bridge Power Cell

In section A, after the identification of the faulty phase, the faulty phase current type
can also be determined. However, one faulty phase current type is corresponding to several
situations of open-switch fault within one H-bridge power cell. Therefore, in this section,
an online current injection test method is proposed to accurately identify the open-circuit
switches within one H-bridge power cell.

Given the distinctiveness of the H-bridge power cell, all four of the switches have an
independent current flow path. When there is an open-switch fault in OW FPFTPM motor
drives, the back EMEF still exists in the faulty phase winding. It is noted that the back EMF
can be used as the power supply for all four switches within the H-bridge power cell.

As the back EMF is an AC voltage signal, the four switches within the H-bridge will
usually have a half-cycle to withstand the forward voltage of the back EMF. During this
period, the switch can be controlled to turn on and the current will appear in the winding.
Consequently, the reference-injection current can be set to be 180° phase shift with the back
EMF, and the specific expression is as follows:

i;e/; :asin(G— (n—1)25n> (14)

where n =1, 2, 3, 4, and 5 representing phase A, B, C, D, and E, respectively, and ‘a’
represents the reference current amplitude of the faulty phase. Through the hysteresis
current feedback control of the faulty phase, the switching sequence of the corresponding
switch is obtained.

Take the phase A winding as an example, if phase A winding has a negative half-cycle
current type, it can be deduced that the switches T,; and Tq; must be healthy, and that at
least one faulty switch exists in T1; and Tp;. Therefore, it is necessary to conduct a current
injection test on T1; and Ty, to accurately identify the faulty switches.

During the first test of T1j, the remaining three switches are turned off through
removing the gate signals of the three switches as shown in Figure 8a. The reference current
of phase A is set according to (14), and the gate signals of Tq; are obtained through the
hysteresis controller. If T1; is healthy, the test current in phase A will follow the reference
current. Otherwise, when Tj; has an open-switch fault, the test current is always zero.
The root mean square (RMS) and average (AVG) of the test current in phase A are used to
determine whether Ty, is faulty. If Tq; is healthy, T, must be faulty, and the test ends. If
T11 has an open-switch fault, it is necessary to check Ty, and perform the second current
injection test as revealed in Figure 8b. The test process of Ty, is similar to T1;. The remaining
three switches are actively disconnected except Ty,, and the gate signals of Ty, can also
be obtained through the hysteresis controller. If Ty, is healthy, the test current will follow
the reference one. If Ty, has an open-switch fault, the test current is always zero. So
far, the accurate identification of the faulty switch can be completed through two current
injection tests.
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Figure 8. Identification procedure with the negative half-cycle current in phase A: (a) First test; and
(b) Second test.

Likewise, if the faulty phase has the positive half-wave current as shown in Figure 9a,b,
it can be inferred that Tq; and Ty are in heathy states, and either Ty, or T»; has an open
-switch fault. In order to accurately identify the faulty switch, the current injection tests for
T, and Tp; are similar to those for T11 and Tp;. Accordingly, the RMS and AVG of the test
current can be utilized to identify whether Ty is faulty.

Inverterl Inverter2 Inverterl Inverter2

fa} T

C D

1

Phase A D2y

Figure 9. Identification procedure with the positive half—cycle current in phase A: (a) First test; and
(b) Second test.

Next, when there is no current in the faulty phase A, there are nine possible open-
switch fault situations. The current injection test method is shown in Figure 10. When the
first current injection detection is performed, the gate signals of Ty and Ty, are actively
removed, and only T11 and Tp; are left in the H-bridge power cell, as depicted in Figure 10a.
When T1; withstands a forward voltage, T»; must withstand a reverse voltage. Conversely,
when T,; bears a forward voltage, T1; must bear a reverse voltage. Therefore, the test
current flow paths of the two switches are independent of each other in their respective
half-current cycles. When Ty is turned on, a positive half-cycle test current will appear in
phase A. When Ty is turned on, a negative half-cycle test current will appear in phase A.
The gate signals of T11 and T; can be obtained by the hysteresis controller. After the first
current injection test, if the test current appears in phase A within one current cycle, then it
can be determined that both T, and Ty, must have open-circuit faults, and the detection
process ends. If the test current is a positive half-cycle current with amplitude ‘a’, it can
be judged that Tq; is healthy, T»; and Ty, have open-switch faults, and only the state of
T2 is unknown. Therefore, T1; needs to be tested separately, and the test process is the
same as described in Figure 9b. If the test current is a negative half-cycle current, it can be
judged that Tp; is healthy, T1; and T, have open-switch faults, and only the state of T,
is unknown. Therefore, Ty needs to be tested separately, and the test process is the same
as described in Figure 8b. If there is no current in phase A during the current detection
process, it indicates that both T11 and Tp; have open-switch faults. The next step is to detect
the states of T1, and Tp,. The detection diagram is presented in Figure 10b. the figure shows
that the gate signals of T and Ty, can be obtained by the hysteresis controller. In all cases
above, the RMS and AVG of the test current are used to determine whether the T, and T»,
are faulty, and the fault detection of all the switches is completed. The identification of the
faulty switch within the H-bridge power cell is as shown in Figure 11.
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Figure 10. Identification procedure with no current in phase A: (a) First test; and (b) Second test.
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Figure 11. Identification of the faulty switch within the H-bridge power cell.

The reference test current is artificially set, having no correlation with the speed and
load. Therefore, the influence of the speed and load on the test current can be eliminated,
thereby reducing the false alarm. Additionally, when the open-switch fault occurs in other
phases, the faulty switch identification procedure is similar to that for phase A.

4. Experimental Results and Discussion
4.1. Experimental Test Bench

To verify the effectiveness of the open-switch fault detection method proposed in this
paper, an experimental test bench was built based on the DSP28377D processor as shown
in Figure 12. The magnetic powder brake provides the required load to the drives, which is
connected to the OW FPFTPM motor through the torque sensor. In addition, the power
switches employed in inverter 1 and inverter 2 are insulated gate bipolar transistors (IGBT)
with the switching sequence of 10 kHz. The speed during the experimental verification
is 600 r/min and the torque is 4N-m. The threshold, Fy,, of the diagnostic variables F;,
Fu3Nn, and Fgan is set to be 5 x 1073. The angle error threshold, F,, is set to be 10°, and the
RMS and AVG threshold, I, of the test current is set to be 0.07. Additionally, the reference
current amplitude ‘a” during the current injection test is selected as 0.5 A.

4.2. Results and Discussion

Figure 13a presents the dynamic process from the normal operation to the occurrence
of an open-switch fault in T1; of phase A and then to the current injection test. When Ty4
has an open-switch fault at t = 0.04 s, the faulty phase current only exists in the negative
half-cycle, showing consistence with the analysis. With the value of the diagnostic variable,
F;, exceeding Fy, it can be judged that the drives have an open-switch fault. Next, the
faulty phase A is determined by the faulty phase angle, Fpy. To avoid misjudgment, the
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examination of the faulty phase is delayed for a half-cycle of the current. After the delay
is over, Fpy is close to zero, and within plus or minus 10°.1t is finally determined that the
open-switch fault occurs in phase A. Since | Fagn | > Fyy,, Fgan = 0, it can be inferred from
Table 3 that the faulty phase has a negative half-cycle current and the switches T1, and Ty
are healthy.

Consequently, either the switch T1; or Ty has an open-switch fault and the current
injection test is further required. The current injection test is carried out twice and each test
time is one current cycle. Once the half-current cycle delay is over, the current injection
test is applied according to Figure 9. When the first test is performed, the gate signals of
T2, Tp1, and Ty, are removed, and the gate signal of Tq; is obtained through the current
controller. The RMS and AVG of the test current are close to zero and it can be determined
that T1; has an open-switch fault. When performing the second test, the gate signals of Ty,
T51, and Ty, are removed, and gate signal of T1; is obtained through the current controller.
The RMS and AVG of the test current are close to 0.25 and 0.16, respectively. It can be
inferred that Ty is healthy and that the entire single open-switch fault detection process
has been completed. When the faulty phase has a negative half-cycle current, two current
injection tests are also required, and the detection process is shown in Figure 8.

Figure 13b shows the experimental results when the diagonally opposite switches T14
and Tp3 in phase B have open-switch faults. This shows that the faulty current of phase B
exists in the positive half-cycle. After a current cycle, the diagnostic variable F; detects the
occurrence of the open-switch fault, and Fpy = 40° determines that the faulty phase is B as
revealed in Figure 13b. Compared with Figure 13a, Fpy changed significantly. When the
open-circuit fault occurs in other phases, Fpy is shown as in Figure 6. Then, the average
fault vector | Fagn | > Fy,, | Fgan | > Fy, notes that the faulty phase current type is a positive
half-cycle waveform, indicating that T3 and T4 are healthy. According to Figure 9, two
current injection tests are required. In the first test, the gate signals of T3, Tp3, and Ty
are removed, and the gate signal of Ty4 is obtained through the current controller; in the
second test, the gate signals of Tq3, T14, and Tp4 are removed, and the gate signal of Tp3 is
obtained through the current controller. In both tests, the RMS and AVG of the test current
are zero, which means Ty4 and T3 have open-circuit faults.

4 DSP 28377D
Processor

D

"
er 1
2
1 ¥

Magnetic powder brake ‘ Torque se
2 Al > -

Figure 12. Experimental test bench.
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Figure 13. Experimental results: the blue line represents the diagnostic variable, and the red line

represents the threshold of amplitude. (a) T with an open-circuit fault in phase A; and (b) T14 and

T3 with an open-circuit fault in phase B.

Figure 14a demonstrates the experimental results when the three switches Ty3, T14, and
To3 of phase B have open-switch faults. Fpy indicates that phase B suffers from open-circuit
fault. Furthermore, it is observed that the faulty phase current type is zero. Based on the
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faulty phase current type, the current injection test is conducted as described in Figure 10.
In the first test, the gate signals of T14 and T4 are removed, and gate signal of T13 and T3
are obtained through the current controller; and the first test indicates that Tq3 and Tp3
have open-switch faults as the test current is zero. In the second test, the gate signals of
T13 and T3 are removed, and gate signal of T4 and T4 are obtained through the current
controller, and the second test shows the AVG and RMS of the test current are 0.25 and 0.16,
respectively, which means Ty4 is healthy and Ty4 is the faulty switch. The experimental
results show that the detection method can effectively detect the open-switch fault in the
case of three switches.
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Figure 14. Experimental results: the blue line represents the diagnostic variable, and the red line
represents the threshold of amplitude. (a) Ty3, T14, and Tp3 with an open-circuit fault in phase B; and
(b) All the four switches with an open-circuit fault in phase B.
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When all four switches in phase B have open-switch faults, the experimental results
are shown in Figure 14b. In this case, from the occurrence of the fault to the current injection
test, there is no current in phase B, and the diagnostic variables F;, Fy3n, Fgan, and Fpy are
similar to those in Figure 14a. Then, based on the AVG and RMS of the test current, it is
noted that T3, Ta3, T14, and Ty4 of phase B have open-circuit faults.

To further verify the anti-interference performance of the detection method under
normal operation proposed in this article, Figure 15 reveals the experimental results when
the speed changes from 300 r/min to 600 r/min. It is evident from Figure 15, that both
the amplitude and frequency of the current have changed. During transient states, the
diagnostic variables F;, Fy3n, and Fg3y have been kept within the normal bands. The above
experimental results verify that the detection method proposed in this paper has a robust
performance during the transient variation of the load and speed.
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Figure 15. Experimental results during the variable speed dynamic process (the blue line represents
the diagnostic variable, and the red line represents the threshold of amplitude).

4.3. Key Findings of the Detection Method

In the present study, an open-switch fault detection method based on open-winding
OW FPFTPM motor drives is proposed to solve the problem that the fault at the diagonally
opposite position within the H-bridge power cell shares the same fault characteristics.
Some key findings of the detection method are presented as follows:

(1) The back EMF can be used as the power supply. Combined with the characteristics of
the OW structure, the current injection test can be used to identify the open-switch fault;

(2) Compared with the conventional detection method, the proposed method can extract
detailed open-switch fault information online within one half-current cycle, including
the fault phase, the fault current type, and the fault switch position. Based on the
extracted information, the drives can easily realize fault-tolerant control under the
open-switch fault;

(3) The detection method uses the residual of the third harmonic current for fault detec-
tion, so it is not affected by the variable of motor load. Furthermore, this method does
not require additional sensors and additional circuits, thus reducing the detection
cost, which is suitable for engineering applications.

5. Conclusions

This paper proposed an online open-switch fault detection method based on OW
FPFTPM motor drives, which can accurately identify the faulty phase and the faulty
switches of the H-bridge power cell within one phase. During the fault detection, the
residual vector of the third harmonic current and the least square method based on the
forgetting factor are used to detect the faulty phase and the faulty current type. In addition,
to accurately identify the faulty switches within one phase, a current injection test method is
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Notations

Inref The reference current

Tnm The measured feedback current

fn The residual current of each phase
fap The residual current in the a-f plane

fu3-83 The residual current in the a3-B3 plane

Inpref The reference current in the a3-B3 plane
ix3pam  The measured current in the a3-f3 plane
i0ref The reference zero-sequence current
iom The measured zero-sequence current
Isref The amplitude of the reference current in the stationary reference frame
llism||  The amplitude of the feedback current in the stationary reference frame
fa3N The fault feature in a3-axis
fpan The fault feature in fB3-axis
F; Magnitude of the fault feature in the a3-p3 plane
Hj The input data
Yk The output data
Py The covariance
Ky The gain coefficient
A The forgetting factor
Fpy The angle of the faulty phase
Faan The average value of f,3n
Fgan The average value of fg3n
i;edf The reference current amplitude of the faulty phase
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