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A No-Reconstruction Fault-Tolerant Control Method
for Open-Switch Faults in Standard IM Drives

Lei WANG, Yingying SHE, Yujin SONG, Weikang WANG, and Zhixi WU

Abstract—The power switch faults in standard two-level three-
phase inverter-fed motor drives cause severe speed oscillation,
and decline the system stability. The fault-tolerant methods which
require topology reconstruction have the disadvantages of ad-
ditional cost and unreliability. It is of great significance to study
the no-reconstruction fault-tolerant (NFT) method, which only
changes the control algorithm. In this paper, a novel NFT meth-
od is proposed for induction motor (IM) drive, which consists
of the two-mode control algorithm and the algorithm transition
strategy. In the healthy mode, conventional model predictive
flux control (MPFC) is adopted; in the tolerant mode, a novel
MPFC algorithm is proposed to eliminate the effect of the fault
power switch by setting the reference fault phase current as zero.
The two modes alternate in each current cycle. An algorithm
transition strategy is proposed for the smooth transition of two
modes, which has the ability to revert to healthy operation even if
misdiagnoses occur. The proposed NFT method can significantly
reduce the speed oscillation after the fault occurs, and experiment
results verify its effectiveness.

Index Terms—Algorithm transition strategy, no-reconstruction
fault-tolerant method, standard induction motor drive, two-mode
model predictive flux control algorithm.

1. INTRODUCTION

'WO-LEVEL three-phase inverter-fed motor drives are
most widely used in many industrial occasions due to their
simple structure and low cost. However, the reliability of the
two-level three-phase inverter is not enough because of the
topology limitation. The inverter faults, which can be divided
into short-switch and open-switch faults, account for a large
percentage of motor drive faults [1]. The short-switch faults are
usually converted to open-switch faults by hardware protection
[2]. The open-switch faults cause the loss of inverter voltage
vector, leading to severe speed oscillation or even the motor
drive shutdown.
With the increasing demand for high reliability, the research
on inverter fault tolerance is of great significance. Researchers
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have proposed some more complex topologies to improve
the inverter fault-tolerant ability, such as four-leg inverter [3],
[4], dual inverter [5], [6], and multilevel inverter [7], [8]. This
scheme aims to increase the number of voltage vectors so that
the motor drive can still operate after missing part of the volt-
age vector, called the passive fault tolerance (PFT). However,
the cost of these topologies is greatly higher than standard
motor drives. In recent years, the fault-tolerant methods of the
standard motor drive have attracted more and more attention,
whose idea is to adjust inverter topology and control algorithm
after the fault diagnosis, called the active fault tolerance (AFT).
Fault diagnosis can detect and locate the fault switch, whose
scheme generally includes data processing, feature extraction,
and fault classification [9], [10]. It is the precondition of AFT.

The most simple AFT method is to add redundant legs or
inverters. After fault diagnosis, the fault leg or inverter is re-
placed by a redundant one. Further, switch-reduced fault-toler-
ant methods have been proposed to avoid the cost of redundant
legs or inverters, such as four-switch inverter [11]-[13], four-
switch four leg inverter [14], mono-inverter dual motor drive
[15]-[17], four-leg inverter dual motor drive [18], [19], and
five-leg inverter dual motor drive [20], [21]. After fault diagno-
sis, the fault leg is isolated, and the inverter topology turns to
the suitable tolerant topologies by certain switches. Generally,
the motor phase terminal or the neutral point is reconnected to
the capacitor mid-point or healthy leg. Although the AFT can
save high costs compared to PFT, it still has many disadvantag-
es: it needs lots of redundant switches to realize the topology
reconstruction; the other healthy power switch in the isolated
leg is wasted; designing suitable fault-tolerant topologies and
control methods for different fault situations is also a big chal-
lenge.

Hence, realizing the fault tolerance of standard motor drives
without topology reconstruction is of great meaning, called the
no-reconstruction fault tolerance (NFT). The NFT method only
changes the control algorithm after fault diagnosis at no extra
cost. Researchers have realized NFT for open-phase faults
of PMSM drive based on finite control set model predictive
control [22], [23]. A fault-tolerant current control method has
been proposed for open-switch faults of permanent-magnet
generator system [24]. However, these methods ignore the
healthy power switch in the fault leg, causing big torque loss.
To fully utilize the remaining healthy power switches in stan-
dard PMSM drive, research in [25] has proposed a current
optimization-based NFT method for open-switch and open-
phase faults, and research in [26] has proposed a field-oriented
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Fig. 1. The circuit diagram of standard IM drive.

control-based NFT method to improve the current tracking and
algorithm transition for open-switch faults. In these methods,
the five healthy power switches are all used in fault tolerance.
Thus, the system can work in the healthy state for half of each
current cycle and in the tolerant state for the other half, obtain-
ing a better control performance. However, both researches di-
rectly control the currents in the two-phase rotating coordinate
system. It means that electrical angle estimation is unavoidable,
whose accuracy can affect the reference tracking and the con-
trol algorithm transition. Besides, the fault type is considered
known, meaning additional fault diagnosis is required in practice.

In this paper, a model predictive flux control (MPFC)-based
NFT method for standard induction motor (IM) drive is pro-
posed, where the five healthy power switches are all used in
fault tolerance. The contributions can be listed as follows:

1. The proposed two-mode control algorithm directly con-
trols the stator flux vector in the static coordinate system,
avoiding the requirement of static-to-rotating coordinate trans-
formation and electrical angle estimation. It is general for any
switch faults.

2. The proposed algorithm transition strategy can realize not
only the fast fault diagnosis but also the smooth control algo-
rithm transition. Especially, it has the ability to revert to healthy
operation even if misdiagnoses occur.

This paper is organized as follows. The proposed two-mode
control algorithm is presented in Section II, and the algorithm
transition strategy is discussed in Section III. Then, Section IV
shows the experiment results, and Section V gives the conclusion.

II. PROPOSED TWO-MODE CONTROL ALGORITHM

The topology of the standard IM drive is shown in Fig. 1.
C is the DC bus capacitor. a, b, ¢ are three inverter legs. o is
the capacitor mid-point. n is the motor neutral point. i,, 7, i,
are phase currents. T, (x =1 — 6) are six power switches. Each
inverter leg has two switching states S, (x = a, b, ¢), where ‘1’
means upper switch on, and ‘0’ means lower switch on.

A. IM Model

The model of IM in the static coordinate system can be ex-
pressed as

x=Ax+ By, )

-MR.L. +R.L)+jo., AR, -jLw,)
-R. 0 ’

where A = A=1/

healthy

®

(@) (b

Fig. 2. The current circuits of inverter leg a. (a) S,= 1,7,>0, (b) S,= 1, 4,<0, (c)
S.=0,i,>0, (d)S,=0,i,<0.
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(LL-L:),x=T[i, o]  B=[AL, 1]\, i, ¢, and v, are stator
current, stator flux, and voltage vectors, respectively. L., L,
and L, are mutual, stator, and rotor inductance, R, and R, are
stator and rotor resistance, @, is electrical rotor speed.

The output torque 7, can be calculated as

T=15n/L, (9. @ p) @

where 7, is the number of pole pairs, ® means cross-product
operation, ¢, is the rotor flux vector.

Fig. 3. The control diagram of proposed NFT method.

B. Control Basic

Inverter leg a as an example, the current circuits under dif-
ferent switching states are shown in Fig. 2. It shows that the T,
fault doesn’t affect the control of IM drive when i, is negative,
and the T, fault doesn’t affect the control of IM drive when i,
is positive. Thus, after a power switch fault occurs, the current
cycle of the fault leg can be divided into two parts: healthy and
fault parts. In the fault part, the control algorithm must be ad-
justed for fault tolerance.

The control diagram of the proposed NFT method is shown
in Fig. 3. First, the reference torque is obtained by Propor-
tional-Integral (PI) regulator. Then, the inverter voltage vector
is directly calculated by the proposed two-mode control al-
gorithm, which consists of the control algorithms in healthy
and tolerant modes. Here, the stator flux vector is used for the
smooth algorithm transition. Last, the control signals of power
switches are generated by space vector pulse width modulation
(SVM).



L. WANG et al.: ANO-RECONSTRUCTION FAULT-TOLERANT CONTROL METHOD FOR OPEN-SWITCH FAULTS IN STANDARD IM DRIVES 425

C. Control Algorithm of Healthy Mode

The predictive model of (1) can be derived by Euler-forward
method as

x=(1+AT)x'+ BT, )

where T} is sampling period. The superscript £ means the value
at the step £.

According to (2), the output torque at step &+1 can be pre-
dicted as

T =15nL, (0, ®@¢.") “4)
Substituting 75" and ¢*"' by their reference values, the pre-
dictive model of (2) can be expressed by

T.=15n,L, (9, ®@9,) (5)
The rotor flux at step k+1 can be predicted by

Rer . Rr M
L. lf_( L. _Jwr)(ol:) (6)

ket _

o' =i+ T.(

Taking "' as known, the reference stator flux can be calcu-
lated by (5)

0.= 0 exp(iLe), Lo, = Lo +0"

" . T
ek 1_ arcsin 1.5n,,)\Lm|(ﬂff” |(p; (7)

where ¢ is the reference value of stator flux amplitude, 8" is
the angle difference of ¢, and ¢!

According to (3), the stator flux at step k+1 can be predicted
as

9. = (- Ri)T.+ g, ®)

Substituting @™ and v, by their reference values, the refer-
ence voltage vector can be calculated as
ok
=t PRl ©

S

D. Control Algorithm of Tolerant Mode

When IM operates in the fault part, the current circuit is
changed as Fig. 2 shows. It makes the actual and reference
inverter vectors different. Since the fault leg current in the fault
part can be approximated to zero, T, and | ¢, | can’t be constant
simultaneously.

Hence, in the proposed algorithm, the | ¢, | is no longer
controlled constantly. Instead, the reference fault leg current is
set to zero under tolerant mode to eliminate the effect of fault
switch.

According to (3), the relationship between X" and ¢
be rewrote as

ft1
s

can

T

o+l _ L ok s .
! _(1 * Ty L+ (T, + 75)R,

S

([ k, . ok — gk )
 _Jw.k, |+ T s k
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where k=L /L, R,= R+ k'R, t,= 1/(ALR,), .= L/R.

Substituting i and ¢ by their reference values in (10),
the components of ¢, in the two-phase static coordinate system
can be calculated as
P i) M
e emn Y]
where M = ¢ls(aRc(Ts + ,[0)2/ Toi](;_ (kr / T fa+ wrkr(o];ﬂ+ Rsi];)Tss N=
(oi"ﬁ - R(T.+ 16)2/rci;§ - (k,/r,qofﬂ— ket RJ;)TS. The subscripts
a, f mean the components of variables in the two-phase static
coordinate system.

The components of ¢ in the three-phase static coordinate
system can be represented as

1 0
9. i1 1 /3 "
o\ =(Tr )R L[+ "2 2 [ 0] (12)
* LR N
P idl 1 /3
2 2

where the subscripts a, b, ¢ mean the components of variables
in the three-phase static coordinate system.

Once the reference fault leg current is set to zero, the corre-
sponding component of @, can be obtained. For example, if i,
is set zero, p.,can be calculated by (12). Substituting ¢, into (5),
the other components of ¢, can be finally obtained. The cases
of leg b and c are similar.

Then, the reference stator flux in the two-phase static coordi-
nate system can be calculated as
P
T./(1.5n,AL, ) + @ 0

(01;;1 ,Lfl,(,:()

y * k+1 _ *
0l V3 T/ (9" 1.5n,\L,) 29, i =0
T 1-V/3 ol /gt 13
Dsp . . (13)
(¢su +2¢sh) V 3
V3 T:/(qof;‘l.Snl,?\Lm)+2¢f(,
V'3 gl /gl
- (¢jm +2¢:b) / \V4 3

Substituting (13) into (9), the reference voltage vector under
tolerant mode can be obtained.

il =0

E. Phase Current Protection

According to the above analysis, the control logic of the
proposed algorithm is to maintain the phase current of the
fault leg as zero by controlling the corresponding phase com-
ponent of @, in the three-phase static coordinate system. And
the reference torque is generated by the other healthy phases.
However, when the denominator in (13) is near zero, the cal-
culated healthy phase components of ¢, will be too large. As
(10) shows, the healthy phase currents will also come to a high
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Fig. 5. The flow chart of control algorithm transition strategy.

value.

In actual application, the current protection must be consid-
ered. Meanwhile, the phase current of the fault leg should still
be controlled to zero. Hence, when the phase current of the
healthy leg is over the current limit, the fault phase component
of v, remains unchanged, and the healthy phase components
of v, are set to zero. The adjusted reference voltage vector
is shown in Fig. 4. In Fig. 4, v:(a), v:(b), and v:(c) represent the
reference voltage vector. v:(a), v:(b), or v;c) is set to 0 under the
fault conditions of inverter leg a, b, and c fault, respectively.

III. CONTROL ALGORITHM TRANSITION

Since the control algorithms under healthy and tolerant
modes execute alternately in each current cycle, the smooth
transition of control algorithms is one key point of the NFT.

In this paper, a control algorithm transition strategy is de-
signed, which consists of the transition from healthy to tolerant
mode and the transition from tolerant to healthy mode. Unlike

TABLE I
THE FAauLT D1aGNosis Lookup TABLE

F, F, ' F. it
<-T >T >T, 1 =0
>T <-T <-T 1 =0
>T <-T >T 1 =0
<, >, <, ! i,=0
>T >T <-T, 1 ii=0
<-T <-T >T 1 =0

the existing NFT methods, the fault switch is no longer seen as
known. A MPFC-based fault diagnosis algorithm in our previ-
ous work [27] is used to realize the algorithm transition from
healthy to tolerant mode for any switch fault. The deviation of
the estimated stator flux amplitude and its reference value is
used for the algorithm transition from tolerant to healthy mode.
The flow chart is shown in Fig. 5, where F; means the fault flag
(‘0" is healthy and “1” is faulty), and i, means the reference val-
ue of fault phase current.
The fault diagnosis signals can be obtained by [27] as

F ot —
E) = ¢ﬁ) - ¢:Vk_l (14)
Floolot -

where F,, Fy, and F, are three phase fault diagnosis signals.
Then, F; and i, can be obtained by the fault diagnosis lookup
table shown in Table I, where 7, is the fault diagnosis threshold
value.

Since the above fault diagnosis is based on the error between
the calculated ¢, and the actual ¢, the fault diagnosis will be
disabled when the control algorithm of tolerant mode executes.
It is because the error is slight under this algorithm. Hence, if
no additional transition is used, the control algorithm of toler-
ant mode will always execute in the current cycle, wasting the
healthy power switch.

Considering that the stator flux amplitude is constant in the
control algorithm of healthy mode and variational in the tol-
erant mode, the transition can be smooth when they reach the
same value. The judge of transition from tolerant to healthy
mode can be expressed as

Ff:091f||¢:|_(0:1|<Tz (15)

Based on the combination of two transitions, even if there is
a mistake in one transition, it can be corrected by another. This
transition strategy has the ability to revert to healthy operation
even if misdiagnoses occur. For example, when F; is generated
as ‘17, the control algorithm of tolerant mode is executed. After
half the current cycle, it will automatically turn into the healthy
mode with F;as ‘0. This process is repeated during each cur-
rent cycle, which can greatly increase the reliability of the con-
trol algorithm transition.
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Fig. 6. The experimental platform.

TABLE II
PARAMETERS OF EXPERIMENTAL PLATFORM

Parameter Value Parameter Value
DC-link voltage 400V Rotor inductance 330.03 mH
DC-link capacitor 2040 pF Mutual inductance 319.7 mH
Sampling frequency 10 kHz Rated power 22 kW
Dead time 2.5us Rated speed 1430 r/min
Stator resistance 2.804 Q Rated current 49A
Rotor resistance 2178 Q Pole pairs 2
Stator inductance 330.03 mH Rated Torque 10 Nm

1V. EXPERIMENTS

The experimental platform consists of a Speedgoat control-
ler, one three-phase inverter (using IGBT PM25RSB120) with
its power supply, sampling and control boards, and IM with
magnetic powder brake, as Fig. 6 shows. The parameters of the
experimental platform are presented in Table II.

Since the fault tolerance performances of six power switch-
es are similar, T, fault is selected as the example to verify the
effectiveness of the proposed method. The open-switch fault is
simulated by putting the corresponding control signal as open.
Fig. 7 presents the ability of anti-misdiagnosis of proposed
NFT method. A misdiagnosis signal of T, is set at 0.19 s. It
shows that even if misdiagnoses occur, the IM can automati-
cally revert to the healthy operation state.

Fig. 8 presents the comparison of steady-state performance
under the reference speed of 500 rpm and the load of 3 Nm.
Here, the fault diagnosis threshold value 7, is set as a suitable
value of 0.02. This value was determined through extensive
experimental tests under various operating conditions (differ-
ent speeds and loads) to ensure it was always greater than the

10 | .

misdiagnosis of T; recover to healthy state

0.5 B

0.0 L
0.0 0.2 0.4

time(s)
Fig. 7. The ability of anti-misdiagnosis of proposed NFT method.

maximum observed steady-state flux tracking error in healthy
operation, thus preventing false alarms, while remaining small
enough to enable rapid fault detection. The current limit value
is set as 15 A to ensure safe operation. The reference value of
stator flux amplitude is set as 0.6. The fault flag F; shows the
execution time of the control algorithms of healthy and tolerant
modes. The speed oscillation is nearly 90 rpm (18% of refer-
ence speed) in Fig. 8(a). And the speed oscillation is nearly 40
rpm (8% of reference speed) in Fig. 8(b), which is nearly half
of Fig. 8(a).

Fig. 9 presents the comparison of steady-state performance
under the reference speed of 300 rpm and the load of 3 Nm.
The speed oscillation is nearly 160 rpm (53.3% of reference
speed) in Fig. 9(a). And the speed oscillation is reduced to
nearly 25 rpm (8% of reference speed) in Fig. 9(b), which is
much smoother than the former. It shows that when the ref-
erence speed is lower, the improvement of the proposed NFT
method over fault operation is more significant.

Fig. 10 presents the comparison of steady-state performance
under the reference speed of 500 rpm and the load of 7 Nm.
The speed oscillation is nearly 220 rpm (44% of reference
speed) in Fig. 10(a). And the speed oscillation is reduced to
nearly 100 rpm (20% of reference speed) in Fig. 10(b). Com-
pared to Fig. 8, the speed oscillations are increased because of
the bigger load. The speed oscillation of proposed NFT method
is still less than half of the case without tolerance.

Fig. 11 presents the speed-change performance under the
reference speed of 300 to 500 rpm and the load of 3 Nm. Fig.
12 presents the load-change performance under the reference
speed of 500 rpm and load of 3 to 7 Nm. It can be seen that the
proposed NFT method is still effective during the dynamic pro-
cess. Its response time is similar to the case without tolerance,
and the dynamic response curve is much smoother.
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Fig. 8. The current, speed, torque, stator flux, and fault flag comparison of steady-state performance under the reference speed of 500 rpm and the load of 3 Nm: (a)

without tolerance, (b) with proposed NFT method.
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Fig. 9. The current, speed, torque, stator flux, and fault flag comparison of steady-state performance under the reference speed of 300 rpm and the load of 3 Nm: (a)

without tolerance, (b) with proposed NFT method.

V. COMPARED WITH OTHER METHODS

The proposed method is compared with other methods as
shown in TABLE III. Traditional AFT methods often involve
hardware reconfiguration (e.g., switching to a four-switch to-
pology), which requires additional hardware (switches, relays)
and complex control re-synthesis for each topology. In contrast,
the proposed NFT method requires no hardware modification

or reconfiguration, significantly reducing cost and complexity.
The performance comparison is thus multifaceted: while some
reconfiguration methods might achieve better post-fault perfor-
mance theoretically, the proposed method offers a cost-to-per-
formance ratio and simplicity of implementation, making it
highly suitable for cost-sensitive applications where ultra-high
post-fault performance is not the primary goal but continuous
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Fig. 10. The current, speed, torque, stator flux, and fault flag comparison of steady-state performance under the reference speed of 500 rpm and the load of 7 Nm: (a)

without tolerance, (b) with proposed NFT method.

15 F i B

o)

2. s MU U Ve

< 0.5

0.0 - B
1
0.0 0.5 1.0

time(s)
(@

)
g
< 05 .

0.0 |- 4

1
0.0 0.5 1.0
time(s)
(b)

Fig. 11. The current, speed, torque, and stator flux comparison of speed-change performance under the reference speed of 300 to 500 rpm and the load of 3 Nm: (a)

without tolerance, (b) with proposed NFT method.

operation is. The experimental results provided demonstrate
the significant performance gain over the non-tolerant case,
which is the key benchmark for a fault-tolerant scheme.

The proposed method has the following advantages. Firstly,
it avoids the transformation from a static to a rotating coordi-
nate system and the estimation of electrical angles. Secondly,
the existing methods all directly perform fault tolerance after

obtaining the location of the power switch failure, without
considering the impact of incorrect diagnosis. Once the fault
diagnosis is incorrect, it will inevitably enter the fault-toler-
ant mode, wasting the power switches that are still healthy.
However, the proposed method has the ability to automatically
switch back to the healthy mode even if incorrect diagnosis
occurs.
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Fig. 12. The current, speed, torque, and stator flux comparison of load-change performance under the reference speed of 500 rpm and the load of 3 to 7 Nm: (a)

without tolerance, (b) with proposed NFT method.

TABLE IIT
COMPARED WITH OTHER METHODS

. .. Fault location Hardwar Remaining healthy

Method Topology System signals needed Transition stralegy meeded Jsoftware cost switches utilixed
[3] Four-leg inverter Basic control signals Recomstruction Yes High No
[5] Dual inverler Basic control signals Recomstruction Yes High No
[7] Multilevel inverter Basic control signals No-reconstruction Yes High No
[11] Four-switch inwerler Basic control signals Recomstruction Yes High No
[14] Four-switch four leg inverter Basic control signals Recomstruction Yes High No
[24] Basic tapology inwerler Basic control mgnfals 3rec1se No-reconstruction Yes Low No

rodor angle estimation
[26] Basic tapology inwerler Basic control s1gn'als BTCCISC No-reconstruction Yes Low No

rodor angle estimation

roposed Basic tapology inwerler Basic control signals No-reconstruction No Low Yes
prop POTogy & srnouth trarsition
VI. CONCLUSION REFERENCES

This paper proposes a novel no-reconstruction fault-tolerant
method, which can realize the fault tolerance of standard IM
drives without the requirement of topology reconstruction. Five
healthy power switches are all used in fault tolerance. Thus, the
system can work in the healthy state for half of each current
cycle and in the tolerant state for the other half. Compared to
existing NFT methods which also utilize five healthy power
switches, the proposed method has the following contributions:
first, the requirement of static-to-rotating coordinate transfor-
mation and electrical angle estimation is avoided based on the
proposed two-mode control algorithm; second, a control al-
gorithm transition strategy is designed, which can realize both
the fast fault diagnosis and the smooth algorithm transition.
Especially, it has the ability to revert to healthy operation even
if misdiagnoses occur.
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