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Abstract. A non-invasive condition monitoring system for diagnosis of faults
is vital for induction motors to operate safely and reliably. The currently used
invasive techniques need direct access to the motor to collect and analyze data.
Furthermore, the sensors used in invasive techniques are relatively expensive.
This paper presents the development of hardware and software integrations for
non-invasive diagnostic system to monitor specifically motor-coupled gear
defects. The proposed system employs instantaneous power analysis, a unique
technique for diagnostic condition monitoring which allows real-time non-stop
tracking as well as assesses the severity of the defects. This technique can be
adopted for decision-making that is not only fast but reliable. The severity of
different gear defects have been studied experimentally, and the results were
analyzed. The effectiveness of the proposed method has been verified through
experimentation from the actual hardware implementation through the
system-design platform and development environment software tool, LabVIEW.

Keywords: System-design platform and development environment � Condition
monitoring � Instantaneous power analysis � Fault diagnosis � Gear faults

1 Introduction

In industry, induction motors are encompassing up to 95% of the prime movers [1, 2].
Several applications utilize these motors that include paper mills, power plants, mining
plants and process industry. Even though induction motors need simple maintenance,
faults may occur incidentally [2, 3]. These faults may in turn cause production loss.
Therefore, it is necessary to detect these emerging failures to avoid unexpected
breakdowns [2, 4]. By avoiding induction motor breakdowns, unpredicted downtime
and plant maintenance cost can be decreased [5].
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For applications based on electro-mechanical power transmission, gears play a
major role. In the case of wound rotor induction generators (WRIG) based wind
turbine, downtime depends greatly on multistage gearbox which connects the rotor
blades to the generator [6]. For railway traction systems, gearboxes link traction motors
to the wheels. Thus, proper working of gears is important to ensure reliability and
security [7]. Early fault detection in gear performance can avoid unpredicted break-
downs and in turn decreasing downtime and maintenance cost. Consequently, the
development of an efficient fault diagnosis and condition monitoring system is nec-
essary [8–10].

Notably, a non-invasive method for gear failure diagnosis will have the benefits of
easy installation and lower cost. It is because of these advantages that several
researchers have focused on non-invasive gear failure diagnosis methods [12–17].

Stator current monitoring was used for diagnosis of mechanical fault-related load
torque oscillations in induction motors, [18]. However, the theoretical model presented
in the work did not take into account the influence of gear stiffness on the stator current.
According to a study of gearbox specific frequencies in stator current, three different
shaft frequencies along with mesh frequencies emerge in the electromagnetic torque
spectrum. These sideband frequencies around the electric supply frequency of stator
current in the multi-stage gearbox are related to input, output and layer shafts. Some of
these frequencies are related to the gear tooth fault [11, 19, 20]. The effects of motor
coupled gear on stator current spectrum were studied in [21, 22]. This study has shown
that for healthy gears, harmonics occur at the mesh and mesh-related frequencies. On
the other hand, supplementary harmonics associated with fault-induced mechanical
effects appear at the rotational frequency for faulty gears.

In order to investigate the effect of gear torsional vibrations on a motor current
spectrum, a simplified dynamic model was used by taking into consideration the
realistic behavior of a gear under the minimum number of mechanical parameters for
the gear [23, 24]. The influence caused by the transmission error in the gear was found
to have a relation to the wheel and pinion eccentricities as well as the tooth profile
abnormalities. This had developed the sideband frequencies of the pinion and wheel
rotation around the fundamental and mesh frequencies in the spectrum of the stator
current. In [25], the same technique was used to investigate how the torsional vibrations
of the planetary gear box influence the electrical signatures of a generator with a wound
rotor induction. In [26], an attempt was made to join the experimental work with the
numerical simulations so that the tooth pitting defect in a gear that is multi-staged could
be detected. A model with a low-degree of freedom was used for the gear dynamic
modeling which was comparable to the one employed in an earlier work [24]. The
results in [27] verified that it is possible for the gear teeth faults to produce mechanical
effects which are observable in the torque and thus, are noticeable in the electrical
signatures of the machine. In a recent work, [28] has focused on extracting operating
point independent fault signatures by using a kinematic error observer, spatial domain
sampling methods, and spatial domain signal filtering methods for gear fault diag-
nostics of electromechanical actuators. The identification of mechanical vibrations due
to backlash phenomena appearing between the pinion gear and the girth gear rim of the
kiln using the motor current stator analysis (MCSA) was reported in [29]. The proposed
diagnostic method was tested on under-scale laboratory test rig. It was shown that due

A Hardware and Software Integration Approach 643



to fault in pinion gear, the pinion rotation frequencies appear around fundamental
supply frequency.

Although the MCSA technique has been proven to be non-invasive and economical
for the motor gear fault detection, however, the amplitudes changes at characteristic
defect frequencies are affected by highest amplitude peak at fundamental frequency
especially when fault frequencies lie in a region near to the fundamental frequency.
This factor could influence the reliability of the on-line fault diagnosis system and
could lead to wrong decisions. As related to this, the instantaneous power analysis
(IPA) carries three characteristic defect frequencies two side band components and one
component directly at vibration frequency. The amplitude of this extra frequency
component is not affected by the highest peak at the fundamental frequency and thus
could be utilized to enhance the decision making capability of the on-line fault diag-
nosis system. The usage of the IPA method for analysis of gear defects in induction
motors has not being investigated previously, and this paper addresses this new
approach for the analysis of various gear defects for on-line condition monitoring of
motors. This technique provides continuous real-time tracking of faults and estimates
the severity through visual indication [33–38].

In this work, a real condition monitoring system are integrated with the
system-design platform and development environment software tool, LabVIEW, for
analysis and design of a non-invasive condition monitoring systems. This has involved
in brief the work undertaken in developing the program routine in LabVIEW, engi-
neering analyses, system data, and all other qualitative and quantitative engineering
data related to conditioning and monitoring operation, focusing on motor-coupled gear
defects fault detections.

This paper first highlights the issues in induction motor fault diagnosis and thus
Sect. 1 gives an overview of motor-coupled gears fault analysis techniques. Section 2
discusses the software and hardware for the system. Section 3 highlights the experi-
mental procedures of the proposed non-invasive fault diagnosis system and gives the
mathematical formulation of gear defect frequencies. Section 4 presents the imple-
mentation of the proposed technique to analyze various gear defects. Finally, Sect. 5
presents the conclusions of this paper.

2 Software and Hardware for the On-Line Condition
Monitoring System

This section provides an overview of the software and hardware module used in the
development of experimental test rig for the non-invasive diagnostic condition moni-
toring system. The experimental test rig has been developed using the commonly used
firm-wares in industry i.e. induction motor, current and voltage transducers, data
acquisition module (DAQ) and LabVIEW software. The DAQ is interfaced with
LabVIEW to acquire and process the data coming from the transducers. LabVIEW was
interfaced with power switching circuit to turn-off the motor if a fault exceeds some
threshold values.

The experimental test rig is developed that allows performing 3-phase currents and
voltage measurements and can be used as the data to analyze and detect any faults as
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defined in the study. From these experimental data, the mathematical equation or the
algorithm representing instantaneous power analysis (IPA) can be realized and eval-
uated. The IPA technique has been employed to recognize the characteristic frequen-
cies related to gears defects. The amplitude at characteristic frequencies utilized as the
indices to indicate faulty or healthy conditions of the motor. In this work, a code was
created in LabVIEW so that the fault frequencies from the instantaneous power
spectrum could be identified. The LabVIEW block diagram window was used to write
the code for the acquisition of real time data from the current (SCT-013-005) and
voltage transducers (LF-AV12-T4A25-0.5/400 V). The main purpose for this software
is to collect real time data, perform analysis and display results on the screen. The data
coming from the current and voltage transducers was read by the LabVIEW program
and processed to record the instantaneous power spectrum. The hanning window was
applied to avoid spectral leakages. The spectrum was normalized with respect to the
highest peak (fundamental element). The noise and DC bias variations have been
calculated based-on the design thresholds for reliable decision on the existence of fault
signatures.

The data acquisition system consist of an electronic device designed to acquire data
from sensors and transducers and to monitor parameters such as voltage and current, by
conversion of physical analog quantities into digital data and rescaling them into
physical quantities according to the transducers sensitivities. A DAQ has two parts:
hardware and software. The hardware consists of the data acquisition card and a host
PC computer with control software and data storage space. Complementary, the soft-
ware controls the data collection process and has basic data analysis tools such as
spectrum calculation for on-line data inspection. The data acquisition and processing
system used in this work consists of National Instruments data acquisition card NI
6281, AC current and voltage transducers and LabVIEW.

Sampling is an essential process of data acquisition system in which the continuous
analog signal is converted to a discrete signal. The output of any transducer is a
continuously varying voltage. The ADC samples the analog signal as discrete values
and stores it in the computer. LabVIEW has the configuration utility known as Mea-
surement Automation Explorer (MAX) for the configuration and installation of all
external data acquisition devices. MAX reads the information from device manager
windows registry and assigns it specific device name from which the information is
collected. The relation between the MAX and data acquisition device is shown in
Fig. 1, [39].

Windows Configuration

MAX

LabVIEW for Windows

DAQ Library VIs 

Windows Registry

Fig. 1. Relation between DAQ and MAX.
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(b)

(c)

(a)

Fig. 2. The developed condition monitoring system (a) LabVIEW front panel display
(b) Subroutine of characteristic defect frequency calculations (c) Subroutine of IPA algorithm
(d) Subroutine for tracking amplitude values (e) Subroutine of threshold design algorithm.
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(d)

(e)

Fig. 2. (continued)
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Data acquisition (DAQ) assistant is used in continuous mode to configure the
LabVIEW window with the MAX. The DAQ assistant is placed inside the loop to
acquire data continuously from the data acquisition device.

2.1 Design of LabVIEW Program

This section discusses briefly the design of LabVIEW program for the diagnosis of
mechanical fault at various operating conditions of the induction motor. The developed
algorithm has five subroutines to perform various tasks related to condition monitoring
and fault diagnosis of induction motor. The LabVIEW front panel window and pro-
gram subroutines are shown in Fig. 2.

2.2 Subroutines of the Graphical Block in the LabVIEW Program

Data acquisition (DAQ) assistant was used in continuous mode to configure the
LabVIEW window with the MAX. The DAQ assistant was placed inside the loop to
acquire data continuously from the data acquisition device. A brief description of each
subroutines are as follows:

Subroutine for the Calculation of Characteristic Defect Frequencies:
This program subroutine collects the stator current and voltage data from DAQ
assistant and calculates the characteristic defect frequencies related to gear defects
based on the mathematical formulation.

Subroutine for the Measurement of Instantaneous Power Spectrum:
This subroutines measure the instantaneous power of the motor using the stator current
and voltage measurements. The built-in power spectrum density sub.vi inside Lab-
VIEW was used to plot the instantaneous power spectrum.

Subroutine for the Threshold Design:
The statistical analysis sub.vi inside the LabVIEW was utilized to calculate the
threshold through the analysis of the instantaneous power signal under various oper-
ating conditions.

Subroutine for the Tracking of Amplitude Values:
This subroutine track the amplitude values at specific characteristic defect frequencies
and set an alarm if amplitude value increases the set threshold limits.

3 On-Line Condition Monitoring System

The test rig developed for the on-line condition monitoring system consists of an
induction motor, data acquisition device, a current and a voltage transducer and Lab-
VIEW®. The schematic diagram of the experimental set-up is shown in Fig. 3. A gear
assembly has been used for the analysis of gear teeth faults.
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In normal situations, both gears have a smooth surface so contact of pinion with
wheel does not create any impact. However, fluctuations of air-gap are produced due to
presence of gear defect. Due to these fluctuations, gear defect frequencies (fg) are induced
in motor electric supply and could be calculated using (1) and are shown in Table 1.

fes ¼ fe � mfg
�
�

�
� ð1Þ

where:

fe, is the electric supply frequency
m, is the modulation index
fg, is the gear characteristic defect frequency

Fig. 3. The block diagram of the developed experimental test rig.

Table 1. Expected pinion gear defect frequencies under various loading conditions.

Load conditions Motor speed (rpm) Characteristic defect
frequency (Hz)
fg1 2fe�fg1

�
�

�
� 2fe þ fg1

�
�

�
�

No load 1480 24.6 75.4 124.6
Full load 1390 23.2 76.8 123.2
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4 Results and Analysis

A total of eight tests have been conducted on the healthy gear, 25% broken teeth (fault
type 1), 50% broken teeth (fault type 2) and full broken teeth (fault type 3) of the pinion
gear. The electric discharge machine (EDM) has been used to create faults in the gear
teeth. The healthy and defected gears are shown in Fig. 4.

The IPA spectrums of the defected pinion gear and the healthy pinion gear for the
conditions of both no-load and full-load are illustrated in Figs. 5 and 6, respectively.
Each spectrum has been normalized with regards to the highest peak of the fundamental
power element. In each spectrum, the highest peak is related to the fundamental ele-
ment of 100 Hz. It has been noticed that under the condition of no-load, the change in
amplitude value at the characteristic defect frequency is very small for fault type 1 as
compared to fault type 3. However, under the condition of a full-load, the change in
values of the amplitude shown to have much larger increased at the characteristic defect
frequency.

(a) 

(b) 

Full broken 

Healthy teeth

Fig. 4. Example (a) healthy gear (b) full broken teeth in pinion.

650 M. Irfan et al.



The analysis of the spectrums of the frequencies for all three types of defects under
a variety of loading conditions has been summarized in Table 2. The results show that
at the characteristic fault frequencies, the values of the amplitude grow larger as the
fault size of the gear teeth increased. Moreover, it has been observed that the increased
in the values of the amplitude was even more prominent under the conditions of
full-load.

It has been demonstrated that the IPA technique provides stronger fault frequencies
components. This implies that the IPA is a better alternative for diagnosing motor
coupled gear faults. This is due to the fact that the IPA has an additional element of the
characteristic vibration frequency, fg1, (other than just the two sideband elements). This
gives a bit of additional data for enhanced fault detection in an on-line diagnostic
system for defect determination.
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Fig. 5. The normalized instantaneous power spectrum of the motor for pinion gear defects under
no-load condition (a) Healthy motor (b) 100% broken teeth.
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5 Conclusions

This paper presents the development of a non-invasive condition monitoring system
using system-design platform and development software tool for fault diagnostic of
gears faults in induction motors. The fault analysis software created in LabVIEW is
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Fig. 6. The instantaneous power spectrum of the motor for pinion gear defects under full-load
condition (a) Healthy motor (b) 100% broken teeth.

Table 2. Summary of change in amplitude values at various defects levels.

Defect type (broken tooth) Characteristic defect
frequency (Hz)

Change in amplitude
(dB)

No load Full load No load Full load

25% 24.6 23.2 3 10
50% 75.4 76.8 5 16
100% 124.6 123.2 9 26
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used for the identification of the fault frequencies of the induction motor. The test rig is
designed to be flexible that facilitate the acquisition of experimental data in the form of
the 3-phase currents and voltages measurements containing information about the fault
types. The LabVIEW program has been designed and coded to represent the IPA
algorithm. As a demonstration platform and ‘proof-of-concept’, the on-line
non-invasive system for condition monitoring has been able to determine the various
motor-coupled gears defects using the IPA technique. A significant level of amplitude
(dB) value changes is observed at specific fault frequencies for both the no-load and
full-load conditions, which verifies the viability of the proposed method. In the IPA
spectrum, the additional information with regards to the characteristic vibration fre-
quency element (fg1) has given the relevant information on the detection of the gearing
fault. This has resulted in enhancement of the accuracy and the reliability of the
detection and diagnosis of the defects in motor-coupled gears.
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