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Abstract—The nonredundant voltage-source inverter, which ex-
ploits the possibility of minimum additional components for recon-
figuration and operation, is a promising solution to manage faults
in one inverter leg. However, control schemes at prefault and post-
fault conditions are always designed, separately making it hard for
control scheme adaptation from normal to fault tolerant. In order
to achieve smooth transitions from prefault to postfault, an em-
beddable fault-tolerant method based on predictive torque control
(PTC) is proposed. A generalized voltage vectors, switching com-
mand, and cost function accounting for both healthy and faulty
conditions are introduced to carry out a general control scheme. A
novel fault-diagnosis method based on probability density analysis
of the sampling currents is presented for open-circuit fault isolation
under PTC scheme. Seamless likely and rapid transient processes
from fault occurrence to postfault operation are achieved. Exper-
imental results have demonstrated that the proposed scheme can
make power switch fault easily managed by the controller itself.

Index Terms—Fault diagnosis, fault tolerant, induction motor
drive, probability.

I. INTRODUCTION

THE induction motors are definitely one of the most used
electric machines in the industrial world. However, in most

industrial and manufacturing processes, electric drive systems
are exposed to rigor operating conditions, which may lead to
many faults essentially related to the induction motor and in-
verter. Recent survey shows that about 38% of the faults in
variable-speed drive are due to the semiconductor power device
failure [1]. The semiconductor power device is considered to be
the most fragile component of electric drives.

Once a fault occurs in a single-semiconductor power device,
the system operation must be halted. In critical applications
where continuous operation is of essential importance, such as
military, financial markets, and hospitals, halt of the system
could lead to immeasurable economic losses.
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Therefore, demand to prevent unscheduled shutdown is grow-
ing largely, which has promoted the development of real-time
fault detection and fault-tolerant methodologies. As for fault-
tolerant operation, numerous works have been developed and
published in the past literature [2]–[17]. Based on whether re-
dundant power switches are required, these methods can be clas-
sified into two categories: redundant and nonredundant fault-
tolerant strategies. For the redundant solution, the main ap-
proaches are to add redundant switches or legs in parallel or
series connection to main legs [5]–[10]. However, these so-
lutions are always expensive and volume consuming. On the
contrary, the nonredundant topologies exploiting the possibility
of minimum additional components for reconfiguration and op-
eration, either by capacitor midpoint connection [11]–[14] or by
sharing converter leg [15]–[17], have attracted a lot of interests.
However, smooth transitions from prefault to postfault opera-
tions are barely considered in these papers. This makes it hard
for the control-software adaptation after fault [3]. Among the
motor drive control strategies, predictive torque control (PTC),
without modulator and axes transformation, is a promising al-
ternative solution for fault-tolerant adaptation [18], [19].

In order to make a suitable reaction to a converter fault,
the primary process is detection of the fault and its isolation.
Many research works concerning the subject of open-circuit
fault diagnosis in the motor drive systems are published in
the literature [20]–[23]. However, PTC is a closed-loop control
scheme without modulator and axes transformation. Therefore,
current-based fault-diagnosis methods designed for open-loop
control schemes such as scalar (v/f ) control are not quite ef-
fective [24], together with ones which need axes transformation
[22], [25]. Therefore, new fault-diagnosis method for PTC must
be developed.

The semiconductor power device fault can be either open-
circuit faults or short-circuit ones. In the case of short-circuit
fault, the entire leg of the inverter is disconnected due to the
intervention of fast fuses or another protection [3]. There will
be no current flowing through the faulty leg. In this case, the
fault-diagnosis and fault-tolerant operations are the same as that
of the open-circuit fault. Therefore, only open-circuit fault is
discussed in this paper.

In this paper, a novel fault-diagnosis scheme based on proba-
bility density analysis of the sampling currents is proposed for
the PTC scheme. Variation and skewness of the sampled phase
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Fig. 1. Fault-tolerant motor drive systems.

currents in a period are utilized for fault isolation. A generalized
voltage model for prefault and postfault is developed, and the
flexible PTC employed makes it very easy for prefault and
postfault software adaptation. The proposed fault-diagnosis and
fault-tolerant scheme can be easily embedded within the normal
control system and implemented by a single microprocessor.
The transition from prefault to postfault operations with fault
diagnosis is experimentally verified and discussed.

This paper is organized as follows. A novel open-phase fault-
diagnosis method based on probability density analysis of the
sampling currents is explained in Section II. In Section III,
the model of nonredundant inverter and the induction motor is
illustrated. The embedded fault-tolerant algorithm is discussed
in Section IV. Section V shows the fully experimental results.
And finally, conclusions are drawn in Section VI.

II. FAULT-DIAGNOSIS ALGORITHM BASED ON PROBABILITY

DENSITY ANALYSIS

A. Motor Drives With Fault-Diagnosis Unit

The structure of motor drives combined with fault-diagnosis
unit is depicted in Fig. 1. The three-phase currents and the mea-
sured speed of the induction motors are applied to the control
unit to generate for “ON” and “OFF” states for the insulated-
gate bipolar transistors (IGBTs). On the other hand, the inverter
three-phase currents and the speed reference are fed to the fault-
diagnosis unit to monitor the converter health condition. Fault
diagnostic signal “fault type,” which represents the fault isola-
tion, is obtained by the proposed diagnostic method. Since the
fault-diagnosis unit is independent to the control unit, it can
be embedded into the control algorithm without major modifi-
cation. The topology of the fault-tolerant inverter is shown in
Fig. 2. The primary switches are IGBTs with antiparallel free-
wheeling diodes. Additional triacs are added for fault-tolerant
operations.

B. Definition of Current Probability Density

In discrete motor drive control system with a sampling period
of Ts , the three phase currents fedback to the controller are sets

Fig. 2. Nonredundant fault-tolerant inverter topology.

of discrete values. These signals have similar electrical char-
acteristics in a current period due to the symmetrical topology.
Each current signal is similar to each other with a 120◦ phase dif-
ference. Therefore, the three-phase current has a same statistical
characteristics in a current period. The current probability den-
sity is defined here as the probability of sampled current point
falling within a particular range of values in a current period.

Based on the probability density analysis, how far a set of
currents is spread out can be characterized by the variance.
Mathematically, variance can be expressed as

Varx = σ2 = E(X2) − μ2 , x ∈ {a, b, c} (1)

where X is the sampled current, μ is the mean of X , E(X2) is
the mean of X2 , and σ is the standard deviation.

The asymmetry of probability distribution of a real-valued
variable can be characterized as skewness. For example, data
samples with negative skewness tend to have the mass of the
distribution concentrated on the right, whereas datasets with
positive skewness tend to have the mass of the distribution con-
centrated on the left.

The skewness can be expressed as

γx = E

[(
X − μ

σ

)3
]
, x ∈ {a, b, c} . (2)

In order to reduce the computation burden for implementa-
tion, (2) can be simplified as

γx =
E(X3) − 3μσ2 − μ3

σ3 . (3)

These characteristics can be used to locate the fault since
the variance and skewness of the current are very different in
healthy and faulty conditions. Sliding window with a length of
one current period is designed for online fault isolation because
current samples during a period contain the health condition of
the inverter. The window length can also be selected as times of
a current period. However, this will increase the computational
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Fig. 3. Basic configuration of leg “c.” (a) Normal conditions. (b) T6 fails. (c)
T5 fails.

burden and the time for fault diagnose. Therefore, the window
length is selected as one current period.

The windows length L can be expressed as

L =
60

9.55pTsω∗ (4)

where p is the number of pole pairs, ω∗ is the speed reference
(rad/s), and Ts is the sampling period.

C. Probability Density Analysis in Healthy and Faulty
Conditions

The topology of three-phase voltage-source inverter is shown
in Fig. 2. It is composed of six transistors. Each of them is an-
tiparallelled with a diode. Varx is chosen to monitor the inverter
health condition.

It is obvious that the inverter output currents are periodic
under healthy and faulty conditions in open-loop or closed-
loop systems. In healthy conditions, the three-phase current has
almost a same distribution, whereas in faulty conditions, the
faulty phase current has a more centralized distribution.

Taking phase “c” as example, there are three conditions for
leg “c.” When the leg is under healthy condition as shown in
Fig. 3(a), the output current is positive as the upper transistor
is ON, whereas the output current is negative as the lower one is
ON. When T6 fails as shown in Fig. 3(b), the output current is
positive as the upper transistor is ON, whereas the output current
is closed to zero as the lower transistor is ON. When T5 fails
as shown in Fig. 3(c), the output current is closed to zero as the
upper transistor is ON, whereas the output current is negative as
the lower one is ON.

It is obvious that the three-phase current has almost a homo-
geneous distribution from −Imax to Imax in healthy condition.
While in faulty condition, the faulty leg current has a centralized
distribution with mass of current sampling point falls around
zero. For example, output current of the faulty leg has a cen-
tralized distribution from 0 to Imax if T6 fails in comparison
with that of other legs. Output current of the faulty leg has a
more centralized distribution around 0 if both T5 and T6 fail in
comparison with that of other legs.

D. Fault Isolation

Therefore, the faulty leg current has a smaller variance in
comparison with the other two phase currents. Since the variance

is related to the load, then the relative variance is utilized for
fault isolation. It can be defined as

εx =
Varx

max {Vara ,Varb ,Varc} , x ∈ {a, b, c} (5)

where max {Vara ,Varb ,Varc} denotes the maximum value
among three-phase current variance.

The fault isolation at legs can be denoted as

fl =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

0, if εx ≈ εy ≈ εz ≈ 1

1, if

{
thf 1 < εx < thf 2

εy > thf 2 , εz > thf 2 ;

2, if

{
εx < thf 1

εy > thf 2 , εz > thf 2 ;

(6)

where x, y, z ∈ {a, b, c} and x �= y �= z, and thf is the threshold
level for fault isolation. fl = 0 denotes the converter is in healthy
condition, fl = 1 denotes one-switch fault in a leg, and fl = 2
denotes two-switch fault in a leg.

If the lower transistor fails, faulty leg current has a centralized
distribution from 0 to Imax with mass of current sampling point
falls around zero. The mass of the distribution is concentrated
on the left. Whereas if the upper transistor fails, faulty leg cur-
rent has a centralized distribution from −Imax to 0 with mass
of current sampling point falls around zero. The mass of the
distribution is concentrated on the right.

The faulty transistor

fs =

{
1, if γx < 0
0, if γx > 0

(7)

fs = 1 denotes the upper switch faults and fs = 0 denotes the
lower switch faults.

The final fault diagnostic table based on the probability den-
sity analysis is showed in Table I.

III. MODEL OF THE NONREDUNDANT INVERTER AND IM

In this section, a generalized voltage vectors and the switching
combinations accounting for both healthy and faulty conditions
are introduced.

A. Voltage Vector

A general model for leg voltages for both healthy and faulty
conditions is given as{

for : healthy case → vxo = sx · vc1 + (sx − 1) · vc2
for : faulty case → vxo = 0

(8)

where vc1 and vc2 are the upper and lower capacitor voltage,
x ∈ {a, b, c}.

Applying Kirchhoff voltage law, the sum of phase voltage
is zero, given as van + vbn + vcn = 0. Therefore, the phase
voltage of the induction motor drive for both healthy and faulty
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TABLE I
FAULT DIAGNOSTIC TABLE

State Variation Skewness Faulty switch Fault type

Healthy εa ≈ εb ≈ εc ≈ 1 No 0
Faulty thf 1 < εa < thf 2 , εb > thf 2 , εc > thf 2 γa < 0 T1 1

γa > 0 T2 2
εa < thf 1 , εb > thf 2 , εc > thf 2 T1T2 3

thf 1 < εb < thf 2 , εa > thf 2 , εc > thf 2 γb < 0 T3 4
γb > 0 T4 5

εb < thf 1 , εb > thf 2 , εc > thf 2 T3T4 6
thf 1 < εc < thf 2 , εa > thf 2 , εc > thf 2 γc < 0 T5 7

γc > 0 T6 8
εc < thf 1 , εa > thf 2 , εb > thf 2 T5T6 9

mode can be given as

van = (2vao − vbo − vco)/3
vbn = (2vbo − vao − vco)/3
vcn = (2vco − vao − vbo)/3.

(9)

The voltage vector of the induction motor drive for both
healthy and faulty modes can be obtained by the Clarke trans-
form

vs = van + j · (van + 2vbn) ·
√

3/3. (10)

B. Switching Combinations

For convenient analysis, the switch does not include switch
nonideal behavior, so the healthy leg switching states can be
denoted as binary states variables S1 , S2 , and S3 . Binary “1”
indicates the “ON” state of the upper switch and “OFF” state
of the lower switch while binary “0” indicates the “ON” state
of the lower switch and “OFF” state of the upper switch. In
faulty mode, two switches are usually forbidden simultaneously
to isolate the faulty leg, denoted as Sz .

After fault, the number of switching combinations is reduced
from eight to four. For the inverter in healthy and faulty mode,
the switching commands are given as⎧⎪⎪⎪⎨

⎪⎪⎪⎩
for : healthy case → S =

[
S1 S2 S3

]T

for : leg − a fault → S =
[
Sz S1 S2

]T

for : leg − b fault → S =
[
S1 Sz S2

]T

for : leg − c fault → S =
[
S1 S2 Sz

]T
.

(11)

C. Induction Motor Model

The state equations of an induction machine in stationary
frame can be expressed as [26]

ẋ = Ax+Bvs (12)

where x =
[
is ψs

]T
, B =

[
λLr 0

]T
,

A =
[−λ(RsLr +RrLs) + jωr λ(Rr − jωrLr )
−Rs 0

]

and Ls , Lr , Lm , Rs , and Rr are the stator
inductance, rotor inductance, mutual inductance, stator
resistance, and rotor resistance, respectively. is , ψs , vs , and ω

Fig. 4. Control diagram of the embedded fault-tolerant motor drive.

are stator current, stator flux, stator voltage, and rotor speed,
respectively. λ = 1 (LsLr − L2

m ).
In digital implementation of the model-predictive control,

(12) must be discreted to predict torque and stator flux for a
single voltage vector. First-order Euler method is a simple way
to discrete the (12). The discrete induction machine equation
employed in this paper can be expressed as

x(k + 1) = (1 +ATs)x(k) +Bvs. (13)

The control variables stator flux magnitude and torque can be
expressed using vector dot and cross products

|ψs(k + 1)| =
√
ψs(k + 1) · ψs(k + 1)

Te(k + 1) = (3 2)pψs(k + 1) × is(k + 1). (14)

IV. EMBEDDED FAULT-TOLERANT ALGORITHM

The control diagram of the embedded fault-tolerant algo-
rithm is shown in Fig. 4, which is mainly composed of the fol-
lowing parts: fault diagnosis, voltage vector calculation, stator
flux estimation, flux and torque prediction, triacs order genera-
tion, capacitor voltage deviation suppression, and cost function
minimization. The torque reference is obtained by an outer-
loop proportional-integral (PI) controller. The embedded fault-
tolerant unit is shown at the dashed box in Fig. 4, which is
composed of the following three parts: fault diagnosis, voltage
vector calculation, and capacitor voltage deviation suppression.
It can be easily embedded into the control scheme. The detailed
introduction of each part will be elaborated in the following text.
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Fig. 5. Capacitor current path.

A. Full-Order Observer

In order to get higher accuracy information of the stator flux,
a closed-loop full order observer is employed in this paper. It
has some robustness against machine parameter variations. The
full-order observer can be expressed mathematically as [27]

˙̂x = Ax̂+Bvs +G(is − îs) (15)

where x̂ =
[
îs ψ̂s

]T
are observer state variables denoting the

estimated stator current and estimated stator flux, respectively.
The observer gain G = [2g g λLr ]T is employed in this

paper to improve the stability of observer, where g is a negative
gain. More details concerning this observer can be found in [27].

B. Suppression of Capacitor Voltage Deviation

After fault, the motor phase with faulty switch is connected
to the capacitor midpoint as shown in Fig. 2. The phase current
flowing through the capacitor keeps charging and discharging
the upper and lower capacitor. The capacitor voltages inevitably
fluctuate and it will deviate to the opposite direction if the imbal-
ance current flows during speed variation or load disturbance.
Suppressing deviation of capacitor voltages can improve the dc
voltage utilization after fault [11]. Although capacitor voltage
deviation was achieved in [11], implementation of the algorithm
is relatively complicated. It requires two healthy leg currents
making it hard to be embedded into the normal control algo-
rithm. Therefore, a compact method is proposed to improve the
control performance of the motor drive at fault mode.

The current path of the two capacitor is shown in Fig. 5.
Applying Kirchhoff’s current law, the capacitor currents are
shown as

ic1 − ic2 = C1
dvc1
dt

− C2
dvc2
dt

= ix (16)

where ic1 and ic2 are the upper and lower capacitor current,
and C1 = C2 = C are the upper and lower capacitance value,
respectively. ix is the phase current corresponding to faulty leg.

Therefore, the dynamic equation for capacitor voltage devia-
tion can be expressed as

C
d(vc1 − vc2)

dt
= ix . (17)

After the transient state, dc current īx can be introduced into
the ix . Then, the analytical solution of (17) is

vc1(t) − vc2(t) =
1
C

∫
(ix + īx)dt+ vc1(0) − vc2(0). (18)

When īx is positive, the upper capacitor is in charge mode, its
voltage deviates to a higher value. When the lower capacitor is
in the discharge mode, its voltage deviates to a lower value and
vice versa. It reveals that the capacitor voltage deviation can be
eliminated by injecting a proper dc component into current ix .

The transfer function of capacitor voltage suppression can be
given as

Gc =
vc1 − vc2

īx
=

1
Cs

. (19)

The capacitor voltages vc1 and vc2 are measured in real time
and the difference of the capacitor voltage is extracted from the
low-pass filter (LPF). Therefore, the cost function component
of capacitor voltage deviation can be expressed as

jcap =

(
i∗cap − ip(k + 1)

)2

I2
nom

(20)

where i∗cap = kp(v̄c2 − v̄c1), v̄c1 and v̄c2 are the filtered upper
and lower capacitor voltage, and kp is a constant coefficient with
a value of 1. Inom is the maximum allowed phase current.

The general model for capacitor voltage deviation suppres-
sion by applying different predictive current is given as{

for : healthy case → ip (k + 1) = i∗cap

for : faulty case → ip (k + 1) = ix (k + 1),
x ∈ {a, b, c} . (21)

C. Cost Function Design

In healthy mode, the cost function showed in Fig. 4 is usually
used as the criterion to select the best voltage vector [28]

jm =
1

T 2
e ,nom

(
T ∗
e − T̂e (k + 1)

)2
+

λf

ψ2
s ,nom

(
ψ∗
s − |ψ̂s (k + 1)|

)2

(22)
where λf stands for a flux weighting factor and subscript nom
represents for the nominal (rated) value. The λf is primarily
set to 1 and adjusts experimentally. T̂e(k + 1) and ψ̂s(k + 1)
are the predicted torque and stator flux at time instant k + 1,
respectively.

In faulty mode, the voltage deviation suppression component
should be added to the cost function. Then, the general cost
function for prefault and postfault is given as

J = jm + λcapjcap (23)

where λcap denotes weighting factor of the capacitor voltage
deviation term. The λcap is primarily set to 1 and also adjusts
experimentally.

As it can be seen in (14) and (20), torque, stator flux, and
capacitor current predictions can be written in terms of the
inverter voltage vs(k). This implies that seven different sets
of predictions are obtained for the normal operation and four
different sets of predictions are obtained for the fault-tolerant
operation.
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Fig. 6. Experimental setup.

TABLE II
PARAMETERS

Parameter Value Parameter Value

Rs 2.804 Ω Pn o m 2.2 kW
Rr 2.178 Ω ωn o m 1430 r/min
Ls 330.03 mH in o m 4.9 A
Lr 330.03 mH TeN 14 N·m
Lm 319.7 mH ψsN 0.6 Wb
p 2 ud 540 V

Switching state selection is made by means of a cost func-
tion which corresponds to a comparison between references to
their predicted values. The cost function is evaluated for every
prediction and the voltage vector that produces the lowest cost
function value is selected. The optimization times are eight in
normal mode, while they are four in fault-tolerant mode. The
cost function is valid for all operating conditions with the mod-
ification made by (21).

D. Emembedded Fault-Tolerant Unit

In order to make the software adaptation simple and compact
for the fault-tolerant operation, the fault-tolerant unit is designed
relatively independent to the control scheme, as shown in Fig. 4.
During healthy and faulty mode operation, (8) and (11) are
adopted for voltage calculation and switching pattern selection.
Equation (23) is adopted for cost function optimization. The
control schemes at prefault and postfault conditions are merged
into one scheme.

The triacs order produced by fault-diagnosis unit is utilized
to reconfigure the topology. For example, if leg-C fails, tc is
fired to connect the faulty phase to the capacitor midpoint.
The subscript x denotes the faulty leg. It is determined by the
fault diagnose unit. Applying the proposed software adaptation
and hardware reconfiguration method, the proposed scheme can
make the power switch fault easily managed by the controller
itself.

V. EXPERIMENTAL RESULTS

Although the fault-diagnosis and embedded fault-tolerant al-
gorithm have been first verified using numerical simulations, all
the following analyses are based entirely on the experimental re-
sults, since a better representation of the control performance is
given in the presence of model uncertainty, measurement noise,
inverter dead time, etc.

A test bench composed of a 32-bit floating DSP
TMS320F28335 controller and an IPM (PM25RSB120) con-
verter has been set up to verify the effectiveness of the proposed
fault-diagnosis and embedded fault-tolerant control strategy.
The fault-tolerant converter is consisted of an IPM converter
and additional Triacs, as shown in Fig. 6. Open-circuit fault em-
ulation has been realized by permanently inhibiting the gating
signal of the corresponding transistor. The triacs is utilized to re-
connect the faulted phase to the dc-link midpoint. An induction
motor parameters are given in Table II and a magnetic powder
brake has been utilized as a load. Sampling frequency is set
to 25 kHz and the converter dead time is 3.6μs. Computation
delay compensation [29] usually utilized in PTC is also applied
in the experimental implementation. The proposed scheme is
validated to be effective at a large amount of operating point;
only selective results are presented in the paper.

thf 2 is a threshold that is used to detect single-switch fault.
Single transistor open-circuit fault will cause no more than two
times relative variance between the remaining healthy legs cur-
rent and more than two times relative variance between the fault
leg current and the healthy ones. Therefore, thf 2 should be set
to around 0.5. Lower value of thf 2 will decrease the false alarm
caused by diode stream and transient disturbance. However, it
will increase the detection time.

thf 1 is a threshold that is used to detect entire-leg fault. Its
value should be lower than 0.1 for double-transistor open-circuit
fault in the same leg will cause more centralized distribution
around 0. The variance of the faulty leg current is very small in
comparison with the healthy one. Therefore, thf 1 should be set
to around 0.1. Similarly, lower value of thf 1 will decrease the
false alarm caused by diode stream and transient disturbance.
However, it will increase the detection time.

The threshold thf 1 and thf 2 is set to 0.1 and 0.5 in this paper,
respectively. The weighting factors are tuning experimentally,
λf is set to 8, and λcap is set to 0.012.

A. Fault Detection Results

Experimental results of a single fault (T6 fails) without fault-
tolerant operation are shown in Figs. 7 and 8. Fig. 7 shows
the performance of speed, torque, stator flux, and three-phase
current during healthy and faulty condition. The significant de-
terioration in performance is shown in faulty conditions. Fig. 8
shows the proposed fault-diagnosis method; when a fault oc-
curs, three variations of the phase currents are not approximately
equal again. Their values deviate from one. The relative vari-
ation of the faulty phase current εc drops to a lower value of
about 0.2, which is higher than thf 1 and lower than thf 2 . Rela-
tive variations of other phase currents εa and εb are higher than
thf 2 . Then, a fault is detected. According to the skewness of the
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Fig. 7. Control performance when T6 fails with 30% rated load torque at
500 r/min without fault-tolerant operation. (a) Speed. (b) Estimated torque.
(c) Stator flux. (d) Stator current.

faulty phase currents γc > 0, the faulty switch or switches can
be isolated by looking up Table I.

Experimental results of multiple fault in the same leg (T5T6)
without fault-tolerant operation are shown in Figs. 9 and 10.
Fig. 9 shows the performance of speed, torque, stator flux, and
three-phase current during healthy and faulty condition. The
significant deterioration in performance is shown in two-switch
faulty conditions. Fig. 10 shows the proposed fault-diagnosis
method; when the fault occurred, three variations of the phase
currents were not approximately equal again. Their values devi-
ated from one and relative variation of the faulty phase current
εc drops to a value of about 0, which is lower than thf 1 . Then, a
fault is detected. The faulty switch or switches can be isolated
by looking up Table I. Other faults cases can be detected and
isolated in the same way.

In order to clarify the concept of the proposed fault diagnose
algorithm, the probability density of the phase current in one
current cycle is shown in Fig. 11. Three different cases are
discussed separately.

1) Three legs of the inverter operate normally: The current
flowing across each phase can circulate during the whole
wave and the three-phase current has almost a homoge-
neous distribution as shown in Fig. 11(a).

2) An open-circuit fault only in one switch: The current flow-
ing across the faulty phase can circulate only during half
wave. The faulty phase current has a centralized distribu-
tion as shown in Fig. 11(b). It is also shown that the faulty

Fig. 8. Fault diagnostic process when T6 fails with 30% rated load torque at
500 r/min without fault-tolerant operation. (a) Variation (b) Skewness. (c) Fault
detection and fault isolation flag.

switch is the upper one. The mass of current sampling
point falls around zero and the mass of the distribution is
concentrated on the right. Remaining healthy leg currents
have almost a same homogeneous distribution.

3) In the case of short-circuit fault, the entire leg of the
inverter is disconnected due to the intervention of fast
fuses or another protection. The leg with faulty switches
is cut off from the converter. The motor becomes single
phase operating and the current flowing across the faulty
phase is zero. In the case of open-circuit fault, the cur-
rent corresponding to the faulty leg is supposed to be
highly pulsating due to the conducting of the healthy legs
and the freewheeling diodes. However, this highly pulsat-
ing current is attenuated by the large inductance of the
motor. Actually, current flowing through the freewheel-
ing diodes is almost zero in open-circuit fault condition.
In these cases, the faulty phase current has a more cen-
tralized distribution as shown in Fig. 11(c). Remaining
healthy leg currents have almost a same homogeneousbr
distribution.

B. Fault-Tolerant Results

To continue the operation of the faulted inverter, the hardware
reconfiguration and software adaptation are conducted after the
fault isolation. The control performance of the transient during
the transition from normal operation to single- and two-switch
fault mode operations is shown in Figs. 12 and 13, respec-
tively. In single-switch fault case, the transient from prefault to
postfault takes about 40ms during the operation, while in the
two-switch fault case, the transient takes about 30 ms during
the operation. Although the speed must be derated due to the
halved voltage utilization factor after hardware reconfiguration,
the fault-tolerant algorithm can achieve almost the same torque,
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Fig. 9. Control performance when T5T6 fails with 30% rated load torque
at 500 r/min without fault-tolerant operation. (a) Speed. (b) Estimated torque.
(c) Stator flux. (d) Stator current.

Fig. 10. Fault diagnostic process when T5T6 fails with 30% rated load
torque at 500 r/min without fault-tolerant operation. (a) Variation. (b) Skewness.
(c) Fault detection and fault isolation flag.

Fig. 11. Output current probability density in different cases. (a) Healthy case.
(b) One switch fault. (c) Entire leg fault.

Fig. 12. Control performance during the transition from normal operation
to the faulty mode operations when T6 fails. (a) Speed. (b) Estimated torque.
(c) Stator flux. (d) Stator current. (e) Capacitor voltages.
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Fig. 13. Control performance during the transition from normal operations to
the faulty mode operation when T5T6 fails. (a) Speed. (b) Estimated torque.
(c) Stator flux. (d) Stator current. (e) Capacitor voltages.

Fig. 14. Control performance at the fault-tolerant mode during capacitor
voltage deviation suppression term applied. (a) Speed. (b) Estimated torque.
(c) Stator flux. (d) Capacitor voltages.

stator flux, and current performance at normal condition. It is
clear to see that the fluctuation and deviation of the capacitor
voltages are presented after hardware reconfiguration in both
cases.

Fig. 14 displays the control performance at the fault-tolerant
mode during the capacitor voltage deviation suppression term
applied. As shown in Fig. 14, when the proposed strategy is
applied at 0.6 s, the voltage offset across the two capacitor in-
troduced by the speed variation is eliminated at 2.6 s. During
the transient, the performance of speed, torque, and stator flux
is barely affected.

VI. CONCLUSION

This paper has presented a comprehensive embedded fault-
tolerant algorithm for induction motor drives. A novel fault-
diagnosis algorithm for PTC scheme based on probability den-
sity analysis is proposed to isolate the fault. A generalized volt-
age model, switching combination, and cost function for prefault
and postfault are developed for compact software adaptation.
The flexible control structure of the PTC can make the pro-
posed fault-diagnosis and fault-tolerant control scheme easily
embedded within the normal control scheme. In this way, the
control schemes at prefault and postfault are merged into one.
This makes fault-tolerant operation of practical interests. Ex-
perimental results have shown that the seamless likely and rapid
transient processes from fault occurrence to postfault operation
are achieved.

With the proposed embedded fault-tolerant algorithm, induc-
tion motor drives can manage the power switch fault itself with-
out significantly changing the control scheme. The proposed
scheme has been found an easy and compact solution for appli-
cations where continuously operation is of great importance.
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