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Abstract: This paper presents the theoretical analysis and experimental verification of a direct fault
harmonic identification approach in a converter-fed electric drive for automated diagnosis purposes.
On the basis of the analytical model of the proposed real-time direct fault diagnosis, the fault-related
harmonic component is calculated using recursive DFT (RDFT) and Goertzel DFT (GDFT), applied
instead of the full spectrum calculations required in the most popular FFT algorithm. The simulation
model of an inverter sensorlessly controlled induction motor drive is linked with the induction
machine rotor fault model for testing the sensitivity of the GDFT- and RDFT-based fault diagnosis to
state variable estimation errors. According to the presented simulation results, the accuracy of the
direct identification of a fault-related harmonic is sensitive to the quality of fault harmonic frequency
estimation. The sensitivity analysis with respect to RDFT and GDFT algorithms is included. Based
on the experimental setup with a sensorlessly controlled induction motor drive with the investigated
rotor fault, fault diagnosis algorithms were implemented in the microprocessor by integration with
the control system in one microcontroller and experimentally verified. The RDFT and GDFT approach
has shown accurate and fast direct automated fault identification at a significantly decreased number
of arithmetical operations in the microcontroller, which is convenient for the frequency-domain fault
diagnosis in electric drives and supports fault-tolerant control system implementation.

Keywords: fault diagnosis; automated diagnosis; real-time diagnosis; recursive DFT; Goertzel DFT;
induction motor; rotor fault; estimation; sensitivity analysis

1. Introduction

Increasing requirements are formulated for converter-fed variable-speed drives with
respect to their control quality, reliability and safety. These requirements are intended
to provide safe and reliable machine operation, including early fault detection and fault-
tolerant control to avoid critical faults and their consequences. In electrical machines, the
most convenient diagnosis methods in industrial applications are based on the frequency
domain analysis utilizing known analytical models of faults and their frequency depen-
dencies [1–12]. Due to measurement simplicity, the most popular method in recent years
for diagnosing induction motor drives was the Motor Current Signature Analysis (MCSA),
with reasoning based on the harmonic analysis using the Fast Fourier Transform (FFT) [1–5].
The induction motor diagnosis usually requires external current measurements and human
expert knowledge. According to the cited articles, the MCSA approach is convenient for
diagnosing stator and rotor faults, as well as eccentricity and bearing damages. The fault
diagnosis in the frequency domain is usually based on a known mathematical model ap-
plied for specified harmonic frequencies of the fault-related symptom and their amplitude
identification and analysis [13–19]. The bearing fault is the most common in induction
machines. However, rotor faults are also among the top three faults most often recorded in
induction motors [10,11,13]. Statistically, a stator fault is more probable [5]. Moreover, the
rotor fault occurrence probability is different for low- and high-power induction machines
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due to different manufacturing technology, i.e., cast alloy cage or soldered copper cage.
The nominal power of the induction motor is related to the specified size of the rotor and
its temperature gradient during operation, hence its vulnerability to the rotor fault is also
different [11]. A great deal of scientific interest has been focused on the rotor faults of
induction motors [6,8,10–20]. The computing speed of current microcontrollers makes
it possible to integrate the control, monitoring and automated diagnosis system in one
microprocessor, which can be further developed to the fault ride-through and fault-tolerant
control systems. When a rotor fault of the induction motor is slowly emerging, its com-
pensation or even elimination of its impact is possible by proper fault-tolerant control
application; therefore, the exact detection, identification and extraction of the fault is re-
quired [21]. Reported methods for the IM diagnosis are focused on early-stage detection
and fault range accuracy identification. Some diagnosis methods require a determined
operational state of the machine. For transient state operation diagnosis, the wavelet
method is proposed in [20] and based on stray flux observation in [21]. The automated
detection method for the rotor fault diagnosis is reported in [6], but it is dedicated only to
the standstill operation condition. In Methodology, the diagnosis is based on a registering
signal, e.g., motor current, offline or online frequency domain analysis by calculation all
harmonics in the spectra up to the Nyquist frequency, which is necessary in FFT due to the
butterfly algorithm principle [2,3,9,22–25]. The proposed diagnosis methodology is based
on direct fault-related harmonic calculation using GDFT and RDFT, therefore, calculations
are limited to the amplitude determination of the fault-related harmonics, significantly
increasing diagnosis time by decreasing the number of arithmetical operations. Motor slip
is estimated using the speed observer implemented for the sensorless operation of the drive.
The proposed approach is beneficial, assuming an online diagnosis in the microprocessor
with the implemented control system of the IM drive. In [9], a sliding window DFT is
proposed for online rotor fault diagnosis; however, in this report, the calculation of the
slip is based on the sidelobes leakage phenomenon observed from rotor slot harmonics,
and issues of amplitude errors compared to the FFT analysis and slip estimation error are
not addressed. In comparison to the method reported in [9], the proposed method does
not require identification of the number of rotor bars and the number of pairs of poles.
Moreover, the proposed method is verified in the vector control system. The vector control
system in the fault diagnosis, which affects the amplitudes of the identified fault symptoms,
is assumed in a few reports [13,21,22,26]. The inverter-fed electric drive control system
often uses FPGA and a microprocessor, along with the supply voltage vector generation
method, for ADC/DAC converter handling, state variable estimation and control system
variable calculation. Increasing the MIPS (Million Instructions per Second) of microproces-
sors increases the number of available instructions for the microprocessor in a specified
time between interrupts for ADC converter handling, which creates new possibilities for
real-time automated diagnostic algorithm applications. The available time Tdiag for of the
diagnosis, see Figure 1, depends on the processing time or the control system algorithms
and the assumed time between ADC interruptions Tdiag = TADC − TCS, where Tdiag is
the time between ADC handling interrupts for diagnosis purposes, TADC is the program
execution period between interrupts for ADC handling and TCS is the time of the control
system variable calculation.

Considering the high computational load of the control unit in modern electrical
drives, the integrated real-time diagnostic methods need to be optimized due to the increas-
ing switching frequency of inverter transistors in many applications, e.g., in SIC MOSFET
transistors, which implies decreased TADC, and the feasibility of additional diagnosis al-
gorithms [27]. Moreover, a simultaneous real-time diagnosis implementation for different
faults with additional functionalities, as shown in Figure 1, requires optimized and efficient
diagnostic algorithms. The application of Fast Fourier Transform is not efficient in this
case because it requires computing the full spectra of the harmonics, which is unnecessary
assuming that the mathematical equations for specified fault-related symptom harmonics
are known. The analysis of the mathematical description of the most common types of
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faults in an induction machine shows that the fault diagnosis is the identification prob-
lem of a single harmonic or a group of harmonics [13]. In this case, the application of
algorithms calculating all harmonics in the spectrum, as in the Fast Fourier Transform, is
not efficient in the context of the information needed for diagnostic reasoning. The idea
of the work presented in this article is to find, implement and verify efficient real-time
fault diagnosis methods for modern electric drives, with a variable-speed induction motor
drive used as an example. The real-time and automated fault diagnosis is assumed to be
implemented in the microprocessor. The diagnostic system is assumed to be integrated
with the control system as an extension of the control system program. The rotor fault
diagnosis in the voltage-source-inverter (VSI) fed induction motor drive has been selected
for the presentation and experimental verification of the proposed methods in a real-time
operation regime. The aim of the proposed direct real-time diagnosis is to obtain fast
and reliable fault diagnosis by significantly decreasing the computation time, which is
related to the number of necessary operations in the microprocessor. The advantages of
the proposed methodology are especially significant in the applied complex multi-fault
diagnosis system, e.g., in wind turbines, micro smart-grids or electric vehicles [20,28–30].
According to the proposed direct calculation of the fault harmonic amplitude, it is assumed
that the mathematical description of the fault is known and adequate to the state-of-the-art
in the field of electric machine fault modeling. The proposed fault diagnosis is based on
identification by estimating the fault-related harmonics in the control system. Inaccurate
fault harmonic frequency identification leads to an unreliable diagnosis, and therefore
the sensitivity analysis of fault harmonic estimation uncertainty is needed. The authors
propose an approach consisting of the application of GDFT and RDFT for fault diagnosis in
the direct real-time tracking of one or more fault-related harmonics, instead of registering
data for calculating all harmonics in spectra up to the Nyquist frequency as in the FFT-based
analyses. Moreover, a sensitivity analysis for rotor fault diagnosis is presented considering
rotor speed and slip estimation errors.
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Figure 1. Integrated control system and fault diagnostic algorithms between ADC interrupts of the
microcontroller.

2. Asymmetric Induction Machine Modelling

Faults of induction motors can be divided into those originating from electromagnetic
or mechanical sources. According to statistical reports, bearing, stator winding and rotor
faults occur most often in induction machines. The probability of a rotor fault depends on
the nominal power and rotor construction. For high-power induction motors with soldered
rotor bars, the probability of rotor fault occurrence is higher compared to low-power
machines with cast squirrel-cage rotors due to the higher temperature gradient between the
end rings and the rotor bars in the rotor. Considering the broken rotor fault (e.g., broken
rotor bars or end rings) in a squirrel-cage induction motor drive, the harmonics observed
in the phase stator current are identified at the following frequencies [9,13,21,29]:

fb = (1 ± 2ks) f0 (1)
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where fb is the frequency of the rotor fault harmonic, f 0 is the supply stator voltage fre-
quency, s is the motor slip and k is the damped fault harmonic multiplications related to
the reflection induced by stator-rotor magnetic coupling.

The left sideband harmonic (LSH) at frequency (1 − 2ks)f 0 is related to the rotor fault,
while the right sideband harmonic (HSH) at higher frequency (1 + 2ks)f 0 is related to
the rotor speed oscillations induced by the rotor fault [9,13]. The modeling methodology
assuming a 3-phase circuit representation is reported in [19]. An automated diagnosis
requires the exact identification of rotor fault frequency. According to (1), the expected rotor
fault symptoms emerge as harmonics in the Fourier transform spectrum. For qualitative
and quantitative analysis, a detailed mathematical model of an asymmetrical 3-phase
squirrel cage induction motor is considered. For simulation analysis, simplifying the
assumptions needs to be considered, including the symmetrical air gap and the machine
operation at the linear part of the magnetizing current. A multiphase representation of the
rotor equivalent circuit is needed for rotor internal asymmetry modeling, i.e., rotor bar or
end ring fault, where the number of phases depends on the number of rotor bars.

In the presented asynchronous machine, the mathematical representation of the broken
rotor is modeled by increasing the rotor bar resistance. The presented detailed model
provides accurate results and is dedicated to modeling cast-cage or slip-ring asynchronous
machines. It allows for the direct setting of the parameters of the equivalent circuit model
parameters. The simulation of the operation of an induction machine operation with a
modeled broken rotor and including a sensorless control system is reported in [31] for a
Tamel SG132-S4 induction motor with 28 bars.

3. Control System

The assumed control system for the variable speed induction motor drive is based
on the multiscalar control. An advantage of the multiscalar control versus Field-Oriented
Control (FOC)is related to the fact that the representation of the variables is independent of
the adopted reference frame in the mathematical model, as reported in [32].

In the experimental application of the closed-loop control system, the synthesis flux
vector needs to be estimated. Therefore, all state variables in the feedback calculated on the
basis of estimated flux are also marked as estimated values

For rotor flux estimation and optional rotor speed estimation, a state observer is
applied [33,34]. Therefore, all variables calculated using the estimated flux are also marked
as estimated variables. For variable estimation, a speed observer model is applied. The
quality of state variable estimation in the state observer depends on the adopted model
of the object. In Section 2, the model of the induction machine was considered, where the
currents in the stator windings and those currents in individual rotor bars are state variables.
This leads to a complex system of differential equations, the number of which depends
on the number of rotor bars. The state observer designed for this model would need to
estimate all unmeasured state variables, i.e., currents in all rotor bars, which is inconvenient.
To describe the dynamics of the object for the observer’s needs, the induction machine
model with the stator current vector and the rotor flux vector assumed as state variables
is sufficient. The state observer synthesis based on the extended model for an induction
machine as reported in [32–34] is performed by applying the following mathematical
representation [33]:

dîs

dτ
= a1 îs + a2ψ̂r + ja3ζ̂ + a4us + k11

~
ζ + jk12

~
ζ + k13

~
is + jk14

~
is (2)

dψ̂r

dτ
= a5 îs + a6ψ̂r + jζ̂ + k21

~
ζ + jk22

~
ζ + k23

~
is + jk24

~
is (3)
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where ˆ means the estimated values, k11 − k34 are the gain values of the speed observer and
~
is,

~
ζ are the stator current and EMF estimation error vectors, respectively, defined as:

~
is = is − îs (4)

~
ζ = ω̂rψ̂r − ζ̂ (5)

The estimated rotor speed is then determined as:

ω̂r =
ψ̂rα ζ̂α + ψ̂rβ ζ̂β

ψ̂2
r

(6)

where ψ̂rα,ψ̂rβ are the estimated orthogonal components of the rotor flux vector, ψ̂r is the
estimated rotor flux module and ζ̂α, ζ̂β are the estimated orthogonal components of the
EMF vector.

For 12 gain values k11 − k34 of the state observer, evolutionary optimization algo-
rithms are applied to provide stability of speed observer operation by properly placing the
eigenvalues according to the control system theory. The application of a genetic algorithm
for searching an optimized set of parameters is reported in [33,34]. An extended analysis
of the sensorless control system based on the proposed modeling approach is reported
in [13,21,29].

4. Direct DFT-Based Fault Diagnosis Approach

Considering the fault diagnosis approach in frequency domain, a discrete Fourier
transformation is applied to the registered stator current signal to convert a given sample
sequence window into a sequence of harmonics [34]:

Xk =
N−1

∑
n=0

xne−
i2π
N kn =

N−1

∑
n=0

xn[cos(2πkn/N)− i sin(2πkn/N)], (7)

where xn is the sequence of registered samples, and k/N is the frequency of the sinusoidal
wave-k cycles per N samples. DFT is usually calculated using the butterfly algorithm
for the Fast Fourier Transform invented by Cooley and Tukey [34], which provides the
increased efficiency of calculations by decreasing the computational complexity from O(N2)
to O(Nlog(N)). Most faults in AC machines can be identified on the basis of one or a group
of fault-related harmonics, thus it is more efficient to perform a diagnosis using algorithms
providing direct calculation of the fault harmonic, unless all harmonics in the spectrum are
needed. Efficient fault diagnosis algorithms are highly desired considering a limited time
between microprocessor interrupts, as presented in Figure 1, and the high computational
complexity resulting from the need to calculate state variable estimators required for both
sensor-based and sensorless control system topologies. The rotor fault diagnosis of the
induction motor can be identified by analyzing a selected state variable, e.g., phase stator
current, Park’s vector modulus of the stator current, estimated rotor flux, electromagnetic
torque or rotor speed during the steady-state operation of the machine [21,29]. The calcu-
lation of all harmonics in the spectrum using the FFT algorithm increases the number of
arithmetical operations, which, consequently, increases the overall time of calculations and
involves more memory resources in the microprocessor. Considering a known fault-related
harmonic frequency (2), the amplitude of the harmonic at the fault frequency is directly
calculated from the current stator phase measurement results using the recursive algorithm:

Ak =
N−1

∑
n=0

anwN
−kn, (8)
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where: N—number of samples, n—sample number, an—value of the n-th sample and
wN = ei 2π

N .
The output values of the DFT are updated using the recursive algorithm as follows:

Xk(n) = Xk(n − 1) + (x(n)− x(n − N))wN
−kn (9)

As a result of the application of the recursive direct Fourier transform, the amplitudes
of the fault-related harmonic are updated every sample of the acquired signal in the sliding
window. A significant drawback of this approach is the cumulation of numerical errors
related to the finite precision of numerical data representation in the microcontroller. Dif-
ferent approaches to compensate for this drawback can be named. Resetting the diagnostic
algorithm can be performed without disturbing its operation. According to the assump-
tion of continuous operation of the diagnostic algorithm, the recursive DFT algorithm is
periodically reset to reduce the cumulation of numerical errors. The application of the
recursive algorithm for DFT calculation decreases the number of arithmetical operations
from 2N multiplication and adding operations to four adding and two multiplication
operations for a single harmonic amplitude calculation. The computational complexity is
decreased from O(N) to O(1). Another considered approach for direct amplitude calculation
of a single harmonic is the Goertzel algorithm, which is known from application in the
dual-tone multi-frequency (DTMF) tone detection in telecommunication and in magnetic
coupling simulation [35]. According to the Goerzel algorithm, the DFT amplitude of a
single harmonic is obtained as follows [35]:

uk(n) = x(n) + 2 cos
(

2πk
N

)
uk(n − 1)− uk(n − 2) (10)

y(n) = uk(n)− wN
−kuk(n − 1) (11)

The application of the Goertzel algorithm decreases the computational complexity
because sample Equation (10) are only calculated, while Equation (11) is determined at the
end of full window acquisition. In Equation (10), the term: 2 cos(2πk/N) has a fixed value,
unlike the recursive DFT algorithm where the trigonometric functions converting wN

−kn

to real and imaginary values in Equation (9) require the information about the sample
number. It is possible to overcome this problem in the recursive DFT algorithm via the
tabularization of trigonometric values from 1 to N, however, it requires the allocation of
additional memory resources in the microprocessor.

5. Simulation Analysis

The direct real-time diagnosis approach was verified using the simulation model of
induction motor drive with broken rotor bars, which was extended by adding the recursive
(RDFT) and Goertzel DFT (GDFT) algorithms. The amplitudes calculated at the rotor fault
frequency according to (1) were analyzed and compared for different load torque and rotor
speed values. In the first part of the simulation analysis, no error was assumed for the state
variable estimation, so the analyzed rotor fault frequency was determined accurately. The
results of application of the recursive RDFT algorithm and Goertzel algorithm in steady-
state operation for different load torques and rotor speeds are presented in Figure 2. The
nominal range of rotor speed and load torque values was considered. Next, the amplitudes
at the rotor fault frequency were verified for different fault ranges related to the number
of broken rotor bars. These results for up to six broken bars are presented in Figure 3.
Limiting the number of broken bars to six resulted from the practical inoperability of
a three-phase induction motor with a higher number of broken rotor bars. According
to theoretical expectations, the obtained simulation results are similar for both RDFT
and GDFT algorithms, assuming no impact of ADC conversion and other numerical
errors and no assumption made about estimation errors. In industrial applications of
induction motor drives, these conditions cannot be considered realistic due to the presence
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of varying estimation and numerical errors related to the limited accuracy of digital data
representation. From the theoretical analysis of the idealized model calculated amplitudes,
the fault-related harmonics are the same for GDFT and RDFT. In the simulation model,
numerical and estimation errors do not exist. Expecting numerical and estimation errors
in a limited range in real applications, some differences in the values of the estimated
fault-related amplitudes are expected. Therefore, in the next step, the proposed direct fault
diagnosis approach was verified including the estimation errors and the sensitivity analysis.
The slip of the induction motor depends on the measured or estimated rotor speed, so the
speed measurement or estimation errors were also considered. Assuming three broken
rotor bars of the squirrel-cage induction motor, the amplitudes of the fault-related harmonic
as in (2) were determined in the space of the variable slip estimation error serr and the
variable load torque from zero to the nominal value. The results are presented in Figure 4.
Considering the induced slip estimation error conditions, there is significant sensitivity
difference between the RDFT and GDFT algorithms, which is an important observation for
real-time fault diagnosis applications.

The obtained results presented in Figure 4 show that during the identification of the
rotor-fault-related amplitude, the GDFT algorithm sensitivity to the slip estimation error
is more consistent. Moreover, the irregular character of the fault harmonic amplitude ob-
tained from RDFT for different slip estimation ranges as shown in Figure 4a makes accurate
amplitude prediction more difficult, which would result in increased fault diagnosis uncer-
tainty. For limited range of the slip estimation fault, the calculation of the fault harmonic
amplitude using GDFT algorithm provides more consistent results, which implies more
reliable fault diagnosis. This conclusion is useful when selecting a fault diagnosis algorithm
for an induction machine. The simulation results have revealed that the GDFT algorithm is
more convenient for real-time fault diagnosis, assuming slip estimation inaccuracy in the
control system and considering practical implementation constraints.
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6. Experimental Results

Considering the recursive and Goertzel’s algorithms for the direct DFT harmonic
calculation and analysis of the microprocessor computing time and memory availability, the
modified control system including fault algorithms was implemented in a microprocessor
as an application in C++ language, providing real-time fault diagnosis. The integration of
the diagnosis system with the control system allowed the use of both the measured and
estimated state variables to identify different faults, assuming that the frequencies of the
related induced harmonics are known. The fault diagnosis algorithms were executed at the
same frequency as the control system, which was set to 150 µs, being a compromise between
switching and conduction loses of IGBT transistors in the applied voltage source inverter
(VSI). The inverter was controlled using the SVPWM modulation. An induction motor
drive with nominal power of 5.5 kW and 3 broken rotor bars was used for experimental
verification, as shown in Figure 5a. The induction motor drive was fed by a voltage source
inverter, and the DC circuit was fed by an IGBT-transistor-based grid inverter providing
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DC-link voltage stabilization and two-directional power conversion in the experimental
model in Figure 5b. For comparison purposes, the experimental tests included the operation
of both scalar and vector control systems of the induction motor drive. The experimental
control system was based on the multiscalar model of the machine as presented in Section 3.
The recursive and Goertzel DFT algorithms implemented in the microprocessor unit were
tested and compared in the experimental setup of the induction motor drive. In the
experimental tests, the measured phase stator’s current signal was selected for analyzing
whether the rotor-related harmonic exists and estimating its amplitude for diagnostic
reasoning related to the assessment of the broken rotor range. The implementation of the
algorithm in the microprocessor is not complex, so it can be easily adopted in industrial
applications. However, for a broken rotor, according to the relevant equation, the motor
slip is required to be accurately measured or estimated.
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The real-time direct broken rotor fault diagnostics using recursive and Goertzel DFT
algorithms was tested using broken and healthy rotors in a scalar and vector-controlled
induction motor drive. The results of the real-time operation of the implemented diagnostic

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Energies 2022, 15, 1244 10 of 14

algorithms are presented in Figure 6. Both algorithms are convergent to the same value,
however, there are significant differences in instantaneous values. The recursive DFT
application corresponding to the initial assumptions of the implementation provides higher
frequency updates of the broken rotor’s fault-related amplitude, but the observed oscillating
character of the identification leads to higher oscillations of the instantaneous amplitude
values, especially for the vector-controlled topology of the induction motor drive, as shown
in Figure 6c. The Goertzel DFT algorithm application is updated after filling the window
of samples, thus providing a lower frequency of diagnostic signal update but also lower
deviation of the instantaneous rotor fault related amplitude from the mean value in steady-
state operation. In all cases, the real-time tracking of the fault related harmonic signal was
performed for a typical sampling frequency 3.3 kHz, imposed by the assumption for the
control system synthesis.
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The selection of the method and its parameters needs to be adapted to the type of
identified fault and assumed time constraints for the diagnosis. For the adopted imple-
mentation of direct harmonic calculation algorithms, RDFT provides shorter time of the
fault detection process, while GDFT provides higher accuracy and consistency of fault
range identification. A significant difference in the real-time direct fault diagnosis be-
tween RDFT and GDFT is related to the steady-state operation requirement during the
harmonic analysis, which is difficult to achieve in the industrial operation of the drive
due to non-ideal load torque and the impact of the control system on state variables. An
accurate estimation of harmonic fault frequency leads to identifying the rotor-fault-related
harmonic amplitude as being significantly higher compared to a healthy rotor, providing
that the broken rotor fault’s symptom is clearly identified. The proposed broken rotor fault
identification approach was tested in the full range of operation of the induction motor
drive. The results of the rotor fault diagnosis for scalar and vector control in the space of
variable rotor speed and load torque are compared in Tables 1 and 2. The selection of scalar-
(U/f = const.) and vector-controlled IM motor drives is justified by the analysis of the
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impact of the control system (PI controllers) on the accuracy of tracking the amplitude of
the fault related harmonic. In the simulations, the range of the load torque and rotor speed
values selected to verify the proposed approach for different frequencies of fault-related
harmonics and different amplitudes of machine operation was up to their nominal values.
The amplitude of the fault related harmonic can be scaled by load torque for diagnostic
reasoning about the range of the fault. In the real-time fault diagnosis application, when the
amplitudes of the fault-related harmonic are averaged for a longer period of time, for GDFT,
they are convergent to the true fault symptom value in accordance to the theory, while
in RDFT, an accumulation of the errors is observed, which requires periodical reset. The
experimental verification shown in Tables 1 and 2 proves the capability of fast diagnosis
using the proposed diagnosis approach, which can be useful for fault-tolerant control [27].

Table 1. Amplitudes of the rotor-fault-related harmonic at scalar control of rotor with 3 broken bars.

ωr Te GDFT (dB) RDFT (dB)

0.3 0.25 40.8 40.8
0.3 0.5 19.1 19.1
0.3 0.72 13.5 12.0

0.65 0.25 20.8 20.8
0.65 0.5 25.1 25.1
0.65 0.72 28.0 27.6

1 0.25 22.3 22.3
1 0.5 19.1 19.1
1 0.72 13.4 13.4

Table 2. Amplitudes of the rotor-fault-related harmonic at vector control.

ωr Te GDFT (dB) RDFT (dB)

0.3 0.25 40.8 40.8
0.3 0.5 19.1 19.1
0.3 0.72 13.5 12.0

0.65 0.25 20.8 20.8
0.65 0.5 25.1 25.1
0.65 0.72 28.0 27.6

1 0.25 22.3 22.3
1 0.5 19.1 19.1
1 0.72 13.4 13.4

7. Conclusions

The presented real-time fault diagnosis in the frequency domain using RDFT and
GDFT algorithms was theoretically investigated and experimentally verified, including
a sensitivity analysis, on an induction motor drive with a broken rotor as an example.
The experimental test results are presented for scalar and vector control systems of the
induction motor drive. The requirement of accurate motor slip estimation is discussed, and
the proposed approach is implemented for real-time rotor fault frequency determination.
The experimental tests have shown an acceptable slip estimation accuracy for broken rotor
fault harmonic frequency estimation, which provides accurate fault harmonic amplitude
identification and reliable real-time fault diagnosis. The model of an asymmetric induction
motor used for the sensitivity analysis has shown that the application of the proposed
method requires high-accuracy motor slip identification, which implies the need for a
high-resolution encoder in case of rotor speed measurement or an accurate speed estimator,
including transient states, in the sensorless induction motor drive. The experimentally veri-
fied algorithms for direct fast real-time diagnosis have proven the potential and improved
reliability of the early-stage fault diagnosis and therefore can be used for implementation
of the fault tolerant control for variable speed induction motor drives. Moreover, the
proposed approach can be used for fault detection, extraction, and identification processes.
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The presented frequency-domain direct fault diagnosis is not limited to induction motor
drives. Regarding the electric machine fault theory, it is also applicable for different electric
drives and different faults. By relying it on the mathematical model of fault, the complexity
of the real-time fault diagnosis has been decreased, which supports its capability of real-
time identification of other faults by the microprocessor. In the proposed approach, the
application of GDRFT and RDFT for fault diagnosis via direct real-time tracking of one or
more fault-related harmonics significantly improves the efficiency of the diagnosis because
registering the data for calculating all harmonics in the spectra up to the Nyquist frequency,
as in FFT, and further analysis of the spectra is omitted. The proposed approach has been
proven to be efficient and convenient for real-time automated diagnostics in a broad range
of applications.
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