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Research for an enhanced fault-tolerant solution against the current sensor fault types
in induction motor drives

Introduction. Recently, three-phase induction motor drives have been widely used in industrial applications; however, the feedback
signal failures of current sensors can seriously degrade the operation performance of the entire drive system. Therefore, the motor
drives require a proper solution to prevent current sensor faults and improve the reliability of the motor drive systems. The novelty
of the proposed research includes integrating the current sensor fault-tolerant control (FTC) function according to enhanced
technique into the field-oriented control loop for speed control of the motor drive system. Purpose. This research proposes a hybrid
method involving a third difference operator and signal comparison algorithm to diagnose various types of current sensor faults as a
positive solution to enhance the stability of the induction motor drive system. Methods. A hybrid method involving a third difference
operator for the measured speed signals and a comparison algorithm between measured and estimated current signals are proposed
to diagnose the current sensors’ health status in the fault-tolerant process. After determining the faulty sensor, the estimated current
signals based on the Luenberger observer are used immediately to replace the defective sensor signal. Results. The current sensor is
simulated with various failure types, from standard to rare failures, to evaluate the performance of the FTC method implemented in
the MATLAB/Simulink environment. Simultaneously, a fault flag corresponding to a defective sensor should be presented as an
indicator to execute the repair process for faulty sensors at the proper time. Practical value. Positive results have proven the
feasibility and effectiveness of the proposed FTC integrated into the speed controller to improve reliability and ensure the stable
operation of the induction motor drive system even under current sensor fault conditions. References 29, tables 3, figures 10.

Key words: current sensor fault, estimated current, fault-tolerant control, field-oriented control, induction motor drive.

Bemyn. Ocmanniv yacom mpughasui npugoou 3 ACUHXPOHHUMU OBUSYHAMU WUPOKO GUKOPUCHIOBYIOMbCA Y NPOMUCIOB0CH, OOHAK
6I0MOBU CUSHATY 360POMHO20 36'A3KY OAMUUKIG CMPYMY MOICYMb NOIPUUMU eKCHIYAMAYiliHi Xapakmepucmuku 6ciei cucmemu
npusody. Tomy Ons enekmponpugodie nompioOHe HanexCHe pileHHs 01 3aNno0ieaHHA 8I0MO8 O0AMHYUKI6 CmMpyMy ma NiO8ULeHHs
naoitinocmi cucmem npugody. Hoeuzna npononosanozo 0ocniodcenns nonazac 6 inmezpayii yHkyii 610MOBOCMINKO20 YRPaGIiHHS
damuuxom cmpymy (FTC) 6i0nosiono 0o 800ckonanenoi Memoouku @ KOHmyp YRpagiiHHs noaem 051 YAPAsiHHsa WEUOKICIIO cucmemu
npusody. Mema. YV yvbomy 00CHIONCEHHI NPONOHYEMbCSL 2IOPUOHULL MEeMOO, WO BKIIOYAE ONePamop mpemvoi pisHuyl ma aieopumm
NOPIGHAHHA CUSHANG OJi OIASHOCMUKU DI3HUX MUnNieé 6i0M08 0amuyuKié Cmpymy 5K NO3umueHe piuteHHst 01 NiOGUWeHHs. CIIUKOCTI
cucmemu npueooy 3 ACUHXPOHHUM 0gucyHom. Memoou. IIpononyemucsa 2iopudHULl Memoo, Wo 6KII0YAE ONepamop mpemuvoi pisHuyi ona
BUMIPAHUX CUSHANIE WBUOKOCMI A AN2OPUMM NOPIGHAHHS MIdC GUMIDAHUMU MA OYIHOYHUMU CUSHANAMU CIPYMY, O OldeHOCMUKU
cmany cnpasnocmi 0amuukie cmpymy y giomosocmitikomy npoyeci. Ilicns gusnauenns HecnpagHo2o 0amuuka CUZHAIU OYIHKU CIPYMY
Ha ocHogi cnocmepizaua Jlioenbepeepa ne2aiino 6UKOPUCOBYIOMbCA ONsL 3AMIHU CUSHATY HechpasHozco Oamuuka. Pezynomamu.
Jamuux cmpymy modentoemvcs 3 pisHumy munamu 6i0Mo8, 6i0 CMaHOAPMHUX 00 PIOKICHUX GI0OMO8, 3 MeMOK OYIHKU NPOOYKMUBHOCH
memoody FTC, peanizosanoco y cepedosuwi MATLAB/Simulink. Oonouacno npanopeysb nechpasHocmi, wjo 6i0n06I0A€ HeCnpaGHOMY
0amuuKy, noguner OGymu npeocmaeienuti K iIHOUKAmop 0N GUKOHAHHA NpOYecy PeMOHMY HeCHpasHUX Oamyuxie y HANedCHULl yac.
Ilpakmuuna yinnicme. [losumueni pesyiomamu 006enu 30iticHeHHicmb ma egexmusHicmos nponornosanozo FTC, inmeeposanozo 6
pe2yaamop weuoKocmi, Ona nioguujeHHs HaodiuHocmi ma 3a0e3nedyenHss cmabinbHoi pobomu cucmemu npueoody 3 ACUHXPOHHUM
08U2YHOM HABIMb 8 YMOBAX HecnpasHocmi oamuuxa cmpymy.. bion. 29, tabn. 3, puc. 10.

Knwouoei cnosa: HecpaBHICTh JaTYHKA CTPYMY, PO3PAXYHKOBMIl CTPyM, BiIMOBOCTiilike KepyBaHHs, OpPi€HTOBaHe Ha IoOJe
KepYBaHHs1, IPHBIJl 3 ACHHXPOHHUM JBUT'YHOM.

Introduction. Three-phase induction motors (3~IM)
with the advantages of size, reliability, performance, and
flexible control are currently widely used electrical
machines in various fields [1, 2], such as industry,
transportation, agriculture and so on. A system that
includes a 3~IM connecting to the load, an inverter power,
a sensor system, and a controller is called the induction
motor drive (IMD). Modern speed control techniques
applying inverter technology for IMD include two primary
control groups: scalar and vector technique control [3, 4].
The principle of the scalar control method is based on
keeping the flux according to the V/fratio. This method has
advantages: it is a simple control algorithm and has a low
cost. However, the control performance is low and only
used for simple applications. In contrast, the group of
vector control methods, typically the field-oriented control
(FOC) method, has high performance, but complex control
algorithms and high costs are used for applications
requiring high precision [5, 6]. Modern 3~IMD structure
includes four main parts: motor, voltage source inverter,
controller integrated control algorithm, and sensor system.

Problems and the relevance. All of the parts in the
IMD’s structure play an essential role in the system’s stable

operation. Hence, the accuracy of the sensors is vital to
ensuring the stability of the drive system [7, 8]. Loss of
connection or accuracy of sensor feedback signals can lead to
function degradation or damage to the motor drive system.
Therefore, it is necessary to develop functions against sensor
faults to improve the reliability of the motor drive system; the
function is called the fault-tolerant control (FTC) technique
[9, 10]. A comprehensive sensor FTC function includes three
distinct processes: fault diagnosis, fault signal isolation, and
reconfiguration to maintain stable operation under fault
conditions. During the fault diagnosis stage, the health status
of the sensor should be determined, and any faulty sensor
needs to be accurately located. Faulty sensors must be
isolated immediately whenever a fault condition is identified.
Immediately, the signal from this faulty sensor must be
replaced with an estimated signal; in other words, switch
from sensor control mode to sensorless control [11, 12].
Review of recent publications about the FTC and
unsolved tasks. The sensor system in the motor drive
system includes two types of sensors: the current sensor
and the speed sensor. Therefore, research on sensor faults is
also divided into two subjects: the speed sensor fault (SSF)
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and the current sensor fault (CSF). Most research on sensor
FTC focuses on completely damaged or disconnected
faults, where the feedback signals to the controller become
zero. Corresponding to this fault type, with SSF cases,
diagnosis methods mainly rely on comparison algorithms
between measured and estimated signals [13—15]; with the
CSF cases, various techniques exist for diagnosing sensor
failures, such as relying on the difference between the
measured signal and the estimated signal [16], phase
imbalance and missing error phase [17], or sudden changes
in the measured signal [18, 19], or using a mixed
evaluation index [20]. However, besides total damaged
failure, several other types of fault can occur for current
sensors, but most studies pay little attention to them.

Purpose of the paper. This research proposes a
hybrid method involving a third difference operator
(TDO) and signal comparison algorithm [21] to diagnose
various types of current sensor faults, such as bias, drift,
and gain fault [22] as a positive solution to enhance the
stability of the IMD system. Once the faulty sensor is
identified, current signals estimated based on direct
estimators [23, 24] or observers like Luenberger [25, 26]
are used instead of the faulty current signal.

FTC solution against the current sensor failure for
3~IMDs. This section briefly describes an IMD model
integrating the current sensor-FTC function, various types of
CSF, and the applied FTC algorithm. The motor modeling
operations and the Clarke and Park transformations are also
summarized to clarify the proposed FTC solution.

A. IMD model integrating the current sensor
FTC function. The structure of the IMD includes a 3~IM
connecting to the load, an inverter power, a sensor
system, and a controller (Fig. 1). An FTC algorithm is
integrated into the controller function to enhance the CSF
protection feature (Fig. 1). FTC block receives the stator
current and rotor speed as input signals for calculating the
corresponding estimated quantities to implement the fault
diagnosis algorithm (Fig. 2).
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Fig. 2. FTC function block

In the FTC function block, the current estimator
receives the measured motor speed and calculated stator
voltage from the DC-link, combining inverter switching

impulse [27] to generate the estimated current by proper
methods. The estimated and measured current signals are
provided for implementing the CSF diagnosis algorithm
[21] and providing proper current signals to the FOC
controller. The estimation equation system of the virtual
currents based on the Luenberger observer [28, 29] is
presented briefly below:

di . * i j
% =—Ejigy + EyWRo + E3Wrp + Equsy — Liisq + Laisps (1
Fﬁ =—Ejisp — EWra + Egyrp + Eqisg — Liisp — Loisg s (2)
dy ) . .
dfa = Esisq = EcV ra = E7Wrp ~ Laisa + Laisp s 3)
dyp . ; ;
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Ry, Ry are the stator and rotor resistance; Lg, Lz, L,, are the
stator, rotor and magnetizing inductance; @, = p@,, is the
rotor speed; p is the number of pole pairs; is,, isp U sg
u sp Wra» Wep are the stator current, voltage and rotor flux
components in the stationary frame;

The real-time stator current can be converted to the
stationary coordinate system using the Clarke formula (5)
and the inverse transformation (6):

wlls valnl o

Eﬂ{—ll/z ﬁo/z}tﬂ (6)

B. Current sensor failure types. During the operation
of the IMD, under the influence of various factors of the
operating environment such as temperature, vibration,
electromagnetic field impact, and deterioration of
equipment life, sensors may be damaged or degraded
function. A sensor is considered faulty when its signal to the
controller seriously deviates beyond the available threshold
compared with the actual signal. Some typical types of
sensor faults considered in the FTC technique correspond to
soft fault type: drift, scale, bias, precision degradation, and

28

Electrical Engineering & Electromechanics, 2024, no. 6



hard fault type (total failures): constant feedback value,
constant feedback value with noise, and bottom noise [22].
Suppose the measurement standard deviation of the sensors
is ignored. In that case, the mathematical expressions
describing the sensor fault types are presented in Table 1
and Fig. 3 according to the types of CSF signals.

Table 1
Mathematical expressions according to sensor fault types
Type | Expression Note
Soft fault - in(?) is the measured phase
Drift in(f)=i(f)*a+bt|current corresponding to the fault
Scale in()=Ki(t) _|type;
Elas. . in(O=UOTK |_j(f) is the true value of the
recision . . .
! —i(f)+ measured phase current;
degradation in(0=i(t)re(?) P
Hard fault - a, b, K are the constants
Constant in()=K corresponding to the fault type;
Constant with | , - e(?) is the excessive random
noise inD)=K+e®) Inoise;
Bottom noise in()=0+e(?) |- tis the time variable

Normal current Precision degradation fault

i[A]
i[A]

i[A]
i[A]

i[A]
i[A]
4

Bottom noise fault

i[A]
i[A]
9

Fig. 3. Graphical signals of healthy state and fault state types of
the phase current

C. FTC against current sensor failures. A hybrid
method involving a TDO for the measured rotor speed
and a comparison algorithm of estimated and measured
current signals is applied to diagnose the current sensors’
health status. First, the TDO algorithm corresponding to
(7) is used to check whether there are signs of failure with
the speed sensor:

If(TDOw > Thw) { FTDOW = 1}, (7)

where TDO,, = ‘fw(pX ;

1% operator : Aw(p)=w(p)—w(p -1}
2" operator : Aw(p)= Aw(p)— Aw(p—1)
3 operator : A£4w(p)= £w(p)— L£w(p—1)

where p is the current sampling time; (p—1) is the previous
sampling time; 74, is the defined threshold selected to
determine the fault state of the speed sensors. The
threshold can be chosen with a value 10 % corresponding
to the reference speed, as shown in [21].

Then, suppose the measured speed signal is determined
the normality state. In that case, the estimated and measured

signal comparison algorithms are implemented to check the
current sensor faults, as in (8) and (9):

i et > Thi ) {Feony =1} else {Feous =0}, (8)

If ((!FTDOW)and FCO}Wj): 1, {Fj 21}, else {Fj :0}, (9)
where i;,, are the measured current signals of i,, iy; ij oy 1S
the estimated current signals of i, e, s ess £ is the fault
indication flag for each current sensor; 7%; is the threshold
selected to determine the fault state of the current sensor
with a value 10 %.

Remark: The «NOT» operator in (9) ensures that the
measured rotor speed signal is in good condition, which
means the estimated current signal is correct.

If the fault indication flags are low, the FTC
function will transfer the feedback-measured current to
the FOC controller. Otherwise, if the fault indication flags
are high, the FTC unit will provide the corresponding
estimated current signals for the speed control in IMD.
The principle of the FTC unit is shown in Table 2.

If Qi iem —

Table 2
Judgment of FTC function
Fault indication flag Current sensor status | The output
Fy=0,F=0 Normal Loans Lm
Fry=1,Fp=0 A-phase fault igests ipest
Fy=0,Fp=1 B-phase fault igests igest

Simulation results. The operation of the 3~IMD
using the FOC method is carried out in the normal speed
zones, and the failures corresponding to seven types of
current faults are simulated to evaluate the performance of
the FTC solution integrated into the controller. The
machine parameters of the motor are shown in Table 3.

Table 3
Parameters of the induction motor

Rated power, W 2200
Rated voltage, V 400
Nominal speed, rpm 1420
Pole pairs number 2
Stator resistance, Q 3.179
Rotor resistance, 2.118
Stator inductance, H 0.209
Rotor inductance, H 0.209
Magnetizing inductance, H 0.192

A reference speed will be set, including acceleration
from 0 to 500 rpm in 0.3 s, and kept constant throughout
the operation. CSF types are simulated to test the speed
controller’s FTC performance. Corresponding to the soft
faults of the current sensors, drift fault, scale fault, bias
fault, and precision degradation are simulated to
investigate the performance of the proposed FTC method.

In Fig. 4, the motor is operating stably; when 1.2 s
a drift-fault occurs at phase A (Fig. 4,a), the FTC function
immediately operates to diagnose the fault accurately and
quickly, and the phase A current fault flag is pushed high
while the corresponding phase B fault flag remains low
(Fig. 4,b). The estimated current replaces the measured
current signal, making the IMD stable.

In Fig. 5, similar to the first case, a scale fault occurs
at phase B (Fig. 5,a); the FTC function immediately
operates to diagnose the scale fault at the fault phase, and
the phase B current fault flag is pushed high while the
corresponding phase A fault flag remains low (Fig. 5,b).
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Fig. 5. FTC function according to the scale fault: (a) measured
phase currents and motor speed; () the fault-indication-flags

In Fig. 6, the bias fault occurs at phase A (Fig. 6,a),
the FTC function diagnoses the fault at phase A, and the
phase B fault flag remains low (Fig. 6,b).

In Fig. 7, the final fault in the soft fault group, the
precision degradation fault, occurs at phase B (Fig. 7,a),
and the FTC function operates precisely according to the
proper indication fault flags (Fig. 7,b).

Next simulation cases corresponding hard fault types: a
constant feedback value of the phase A current corresponds
to a value of 3 A (Fig. 8,a), constant feedback value with

noise, phase B current value is a noise around the value 3 A
(Fig. 9,a), bottom noise is around zero in phase A (Fig. 10,a).
The FTC function accurately identified the faulty sensor
locations in Fig. 8,b, 9,b, and 10,b, respectively. The
estimated current is used instead of the measured current to
supply the FOC loop and control the motor speed stably and
accurately.
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phase currents and motor speed; (b) the fault-indication-flags
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Conclusions. A hybrid method combining a third
difference operator for the measured rotor speed and
comparison algorithms of phase current signals is
proposed to be applied to induction motor drive against
various current sensor fault types. The third difference
operator is used to check the signal quality status of the
measured speed to ensure the estimated current calculated
from the measured speed is accurate.

iay Iy A

— A phase current: ia
— B phase current: ib

g

I

— — - reference speed
1 real speed

0 05 1 15 2 25 LS 3

A-phase Current sensor Fault_Flag: F_IA

05

o

L I | | |
0 05 1 15 2 25 [,S 3

b)

level B-phase Current sensor Fault_Flag: F_IB

1

05|

0

0 015 1 1J5 2 2}5 s s
Fig. 10. FTC function according to the bottom noise:
(a) measured phase currents and motor speed;
(b) the fault-indication-flags

Then, the comparison algorithm between the
measured and the estimated signals of each current phase
is used to determine whether a discrepancy occurs or not.
After determining the healthy status of each current
sensor, if both current sensors are healthy, the measured
currents are sent to the field-oriented control loop. If a
failure occurs with any current sensors, the feedback
signal corresponds to the estimated currents.

Through the results achieved, the proposed fault-
tolerant control method has proven to be effective in
accurately determining the health and location of the
faulty phase currents in all simulation cases. The
induction motor drive has enhanced stability and
reliability in the motor control process, corresponding to
the current sensor’s health status.
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