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ABSTRACT

The main aspect of the work is to optimize the efficiency and performance of an
electrical device by capturing and analyzing its mechanical vibrations. This can be done with
various methods. Here mention various methods as fast Fourier transform, various
mathematical analysis like mean, variance, standard deviation, skewness, kurtosis and fuzzy
logic . In this work, some advanced method using Fast Fourier Transform Analysis is
discussed in detail.

The HVAC (Heating, Ventilation and Air Conditioning) system is analyzed here. The
concept of damping these vibrations is related to the analysis and modeling of these
vibrations. In generally, data is captured using the motion sensors or vibration sensors firstly,
then it is analyzed. On next, the controller decides the solution for the problem. Sometimes it
might be a control signal to the controller or a warning pop out in the monitoring system
depending up on the characteristics of the vibration. This action is related with the vibration
scales, frequency analysis bandwidth and the addition and subtraction of the decibels. The
bandwidth of the vibrations is also plays avital role in the controlling of the system.

In this work, a controller is designed to dea with the analysis of the vibration signals.
The simulation of the system is done with MATLAB. The requirement of these controllersis
to provide a more stable and reliable performance and helps the system to regain its normal
value after any disturbance.
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1. INTRODUCTION

The mechanical vibration analysis of electrical devices have became a major area in
improving the performance and efficiency of the system. In this work, a detailed study of
vibration data from an HVAC (Heating, Ventilation and Air Conditioning) system is carried
out and controller is designed for the optimized system. Various parameters like frequency
domain, mean, variance, standard deviation, etc are analysed for the optimized result. The
basic of these strategies include data capturing, analysis and formation of control signal to the
controller. In this work, discussion about these techniques and strategy used for the
controller action is carried out.

Consider any kind of mechanical vibration processed by any electrical machine.
What is a mechanical vibration? In simple words, it can say that mechanical vibrations are
oscillatory behaviour of mechanical bodies. For this oscillatory motion to exist, a body must
possess inertia and elasticity when an external force is applied. In case of electrical devices,
this force might be electrical or mechanical. ie, for generators, its mechanical and for motors,
its electrical. For alinear system, there is a direct relationship between the cause and effect of
the vibrations. If the force input doubles, the effective vibration also doubles. Hence if the
current flow is high, the noise can be high and vice versa for electrical motors. The amplitude
of this mechanical vibrations will be much smaller, compared with the physical dimensions
of the body. There will be normal vibrations due to the excitement of the coil of the device
and abnormal vibrations due to some faults in the system. Our aim is to distinguish these
vibrations and provide the control signal for optimised performance or give warning signals
to the system monitoring equipment for the occurrence of the error. These vibrations can be

(M periodic

(i) Non periodic

(i)  Harmonic

(iv)  Random.

The forced vibrations occur at the excitation frequencies, and it is important to note
that these frequencies are arbitrary and therefore independent of the natural frequencies of the
system.



The constrained vibrations happen at the excitation frequencies, and it is vital to note
that these frequencies are subjective and in this manner free of the natural frequencies of the
framework.

The part of mechanical vibration investigation ought to be to utilize mathematical
devices for demonstrating and foreseeing potential vibration issues and arrangements, which
are generally not clear in preliminary designing outlines. In the event that issues can be
anticipated, then outlines can be adjusted to aleviate vibration issues before frameworks are
produced. Vibrations can likewise be purposefully acquainted into outlines with exploit
advantages of relative mechanical movement and to resound frameworks. Unfortunately, the
vibrations in preliminary mechanical plans is infrequently viewed as fundamental, such a
large number of vibration studies are completed strictly when frameworks are fabricated. In
these cases, vibration issues must be tended to utilizing uninvolved or dynamic outline
alterations. Now and again a configuration alteration may be as basic as a thickness change in
avibrating board; added thickness has a tendency to push the instrument work in the ordinary
condition.

The concept of damping these vibrations is related to the analysis and modelling of
these vibrations. In generally, The data is captured using the motion sensors or vibration
sensors firstly ,then it is analysed, and on next, we have to decide what to done for making
the system under control. Sometimes it might be a control signal to the controller or some
kind of warning pop out in the monitoring system depending up on the characteristics of the
vibration. This action is related with the vibration scales, frequency analysis bandwidth and
the addition and subtraction of the decibels. The bandwidth of the vibrations is also plays a
vital role in the controlling of the system. The controlling through analysis of these signals
allows for fault detection and prediction of any anticipated failure, and it has significant
benefits including

() decreased maintenance costs

(i) increased availability of machinery
(iii)  reduced spare part sock holdings
(iv)  improved safety.

Not only the motors and generators, but the HVAC (Heating Ventilation and Air
Conditioning) system also posses vibration. It can cause secondary radiation of noise from
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walls, ducts, floors, etc. A close monitoring of these vibrations also required for the smooth
and improved working of the system. Components of the mechanical system (e.g., fans,
dampers, diffusers, duct junctions) is also important because it may produce sound by the
nature of the airflow through and around them. As a result, amost al HVAC components
must be considered. Because sound travels effectively in the same or opposite direction of
airflow, downstream and upstream paths are often equally important.

HVAC system is selected as the system to be analysed here. The vibrations are
measured using accelerometer sensors and analysis is done on the system the physical
system is mathematically modelled and vibration analysis is carried out using MATLAB. The
normal parameters considered in an HVAC system are return air flow, chilled water airflow,
humidity, real time temperature from the room etc. Here we are analysing the vibration data
of the system too. These data are collected from the shaft of blowing motor and the duct of
the system.

The failure mode analysis technique is commonly used to identify the faults in the
system and where the improvement in machinery is available. Reduction in the maintenance
costs can be achieved through the continuous monitoring of the system. And also focuses on
the optimisation of the system by achieving specified objectives.

The main problems that faced by HVAC system are given below. They are

Low heating/cooling capacity
Return air flow stuck
Valve leakage

Bearing fault of motor

A 0w DN PE

By analyzing the vibration data from the field, it is possible to find what is the current
status of the system. For this, we are using mainly two vibrations to the fuzzy controller. One
is from the shaft (shaft vibration) and second from duct (duct vibration). The vibration data is
then analyzed then. Mean, Standard deviation, Variance, Kurtosis, maximum and minimum
peaks and Fourier transform of the data is calculated for the analysis. We can compare these
data with a reference data and find out what is the current running status of the system.

Optimizing the system is meant by finding the most suitable solution for a problem detected.



A fuzzy set of rules are used in the controller designed. These rules are made on the
analysis and studies carried out on the physical system. The system is mathematically
modeled and the controller is added on this model. A MATLAB simulation is carried out to
find the more optimized output.

As per the above comments, it can understand that the vibration analysis of any
system is much important as temperature analysis, current — voltage analysis, metallurgical
failure analysis and wear debris analysis. Noise or vibration signal analysis can provide the
vital and exact running condition of the machine. But sometimes, the signal, which is to be
monitored might be submerged or interfered with other signals. Hence we have to find for an
improved method for the analysis of vibration signals.
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Fig 1.1 Schematic illustration of time and frequency components

The figure 1.1[1] shows the relation between the time and frequency components in
general. For making or attaining a control strategy, there is a need to distinguish the
vibrations from individual components of the system. In time domain it is not easy to carry
out this process. So usualy we make use of frequency domain for better results is necessay.



For that, we have to convert these time domain to frequency domain using Fourier transform

technique.
— M ﬂ ’\ Frequency
U v V Analyser
Time signal ¢
4
Q A C
5 B
%
Frequency

Fig 1.2 Conversion of signal from time domain to frequency domain

It is better to do frequency domain analysis is that we can identify the fault in the
system in earlier stage. In time domain, there is a chance of developing the fault before it
affect the overall rms vibration level or peak level. So it is better to make use of frequency
domain analysis for the optimised result of the system.

A mathematical equivalent model of the physical system is to be simulated using
MATLAB. The HVAC system used to study the nature of the vibrations here is of “Al-Wakra
hospital” , Wakra-Doha, Qatar. The vibration data was captured from the onsite location of
the system . Standard sensors , that are used in industrial environment, are used for the
capturing of the data. Here two types of mechanical vibration data are taken for the analysis.
They are vibrations from the Shaft of the air blower and the vibration data from the return air
duct of the system. A three phase induction motor is used as the air blower for the system. A
platinum precision accelerometer is used for the shaft vibrations and a general purpose
accelerometer is used for the duct vibration. Platinum precision accelerometer is used
because of requirement of high precision data from a sensitive area like motor shaft.
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Frequency mode and time mode analysis are made on the vibration data captured from
the site. The vibration signals on time mode is of a vast set of data and more convenient way
to analyse the data are converting then in to frequency mode. The conversion is done by
using FFT algorithm on MATLAB. In addition to the frequency mode analysis, time domain
analysis of the same data are also done. The mean, variance, standard deviation, skewness,
maximum and minimum peaks , and kurtosis are calculated for an optimistic result. A better
result requires a more detailed analysis and studies of the captured data.

Optimisation — Analysis —

—— e e e e e e e e e e e e e e

Control Dynamic Building /
| algorithm E> system E> room model | T

model

Simulation environment
Fig 1.3 The Strategy followed

The figure 1.3 shows the strategy followed in this dissertation work. The vibration
signals are analysed in detailed manner. The captured data is used to form the control
algorithm of the controller. The dynamic system model is simulated using SIMULINK
software. An induction motor drive is modelled here to control the speed of the air
blower/induction motor. A speed controller and a direct torque and flux controller is used to
drive the induction motor. Here a fuzzy controller is used to control the speed controller
output.

The fuzzy controller works on a specific algorithm. This fuzzy set of rules are made by
the analysis of the vibration data that captured from the equipment. For a system to be
optimized , the problem or error in the system should be identified in a minimum time span



and a most suitable solution should be selected. There might be a number of solutions for a
single issue. The choice of selecting the exact one is up to controller. The controller decides
this by the rule set, which is developed according to the previous data logged from the
system. The optimized system should be economical, less energy consuming and fast
responding. The system is modelled and simulation tests are done in the SIMULINK.



2.REVIEW OF LITERATURE

21 V. Muralidharan , V. Sugumaran, , 2013. Published by Elsevier Ltd.

Vibration based deficiency judgment for mono block divergent pump is mentioned
about. Set of these highlights have been removed utilizing diverse wavelets and
characterized utilizing fuzzy rationale algorithm (99.84%). From the outcomes and
discussions as examined over one can say that highlight extraction utilizing discrete
wavelets, rule generation utilizing rough set, and classification through algorithm for
grouping are great contender for down to earth utilizations of issue analysis of mono block
centrifugal pump. In any case, the outcomes acquired are pertinent for the agent information
focuses. For grouping, just trapezoidal membership function is utilized for fuzzy motor as a
part of this contextual investigation and different functions might likewise perform smilarly
well. Inthe event that we demonstrated that these outcomes are predictable, then they can be
considered as arule for realtime applications.

22 Vijay Prakash Pandey and Prashant Kumar Choudhary | SSN 2231-1297,
Volume 3, Number 6 (2013), © Research India Publications.

A fuzzy approach is used in this paper to diagnose the current status of induction
motor. A fuzzy subset and membership function describing a model of induction motor
monitoring system is designed here. The study of different parameters like Magnetic flux,
vibration and current flow is considered for the analysis of the problem or current status of
the system. The main data diagnosed in this paper is the stator current amplitude. The
decision is made as per the condition of the stator current. The vibration data is just referred
for the confirmation of the status.



2.3 Vishwanath Hegde, Maruthi.G.S,2011 International Conference on Advances
in Energy Engineering (ICAEE).

Usage of MEMS(Micro Electro Mechanial System) technology in condition checking of
electrical machines is another thought of identifying the issues in utilizing vibration signals.
Air gap eccentricity in induction machine is distinguished carefully and contrasted the
outcomes and purported engine current signature investigation utilizing Hall Effect current
transducer. The hypothetical results accepted experimentally by both the techniques are
introduced and found that eccentricity frequencies ,fecc = ( fs+ K fr ) around essential can
be utilized as areasonable marker of air gap eccentricity flaws. Further highlights of MEMS,
for example, ease, conservative, less power for its operation, light in weight, adaptable in
estimation of vibration i.e. a few axis vibration, has drawn the consideration of specialists in
adding to afinancially good condition checking instrument.

24 D.-H. LeeJ.H. Lee J.-W. Ahn, Published in IET Electric Power Applications,
20th October 2011.

A servo drive framework with a permanant magnet synchronous motor (PMSM), ball-
screw, gear and timing-belt is broadly utilized as a part of industrial applications, for
example, numerical control (NC) machine, machine apparatus, robot and processing plant
robotization. These frameworks have torsional vibration in the torque transmission from the
engine to the mechanical weight owing to the mechanical couplings. This vibration decreases
the components of the pace responses and may realize mischief to the mechanical plant. This
study give a channel programmed looking of the deafening repeat and data exchange limit
from the pace botch with no mechanical sign input to reject the mechanical vibration of the
direct feeder framework. The proposed control arrangement can smother the torque request
indication of a PMSM in the full repeat domain to reject the mechanical torsional vibration.
As the resonating repeat can be moved by the mechanical plans and weight conditions, the
channel is planned to interest the vibration repeat commonly and consequently smother the
mechanical vibration.



25 In Soo Lee, HCI International 2011

A fault diagnosis method for induction motors based on DWT (Discrete Wavelet
Transform) and artificial Neural Network is discussed . The proposed algorithm is based on
the ART2 NN (adaptive resonance theory 2 neural network) with uneven vigilance
parameters. Proposed fault diagnosis method consists of data pre processing part by
frequency analysis of vibration signal, and fault classifier for fault isolation by the ART2 NN.
Especially, the data pre-processing part which converts the sampled signals into the
frequency domain by DWT is very important to improve the performance of the fault
diagnosis..

2.6 Chenxing Shenga, Zhixiong Lia, Li Qinb, Zhiwel Guoa, Yuele Zhanga, CEIS
2011, Open accessunder CC BY-NC-ND license.

Recent progresses in the area of condition monitoring is done. Detection of mechanical
vibrations and fault analysisis very crucial to improve the performance of the system.

To attain to a dynamic system condition monitoring and issue finding, essential errand is
the need to get enough dependable trademark information from the system. Because of the
variance of the system itself and nature unsettling influence, dependable signal accumulation
is genuinely influenced. It is consequently extremely critical for cutting edge signal preparing
innovation to dispose of commotion to get genuine signal. Regardless of established or
development deficiency determination procedures, they have attained to extraordinary
advance in different applications.

2.7 A. Hossain Nezhad Shirazi, H. R. Owji, M. Rafeeyan , The Twelfth East Asia-
Pacific Conference on Structural Engineering and Construction, 2011.

Active vibration control of a simply supported rectangular plate made from functionally
graded materials (FGM) with fuzzy logic control (FLC) is investigated and compared to the
results obtained with the application of PID(Proportional Integral Derivative) control. As per
the significance of the vibration diminishment of plates as a real component of industrial
and aerospace structures numerous explores in this field have been done. Utilization of smart
materials specially, piezoelectric fixes as actuators and sensors can successfully diminish
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plate vibrations. Firstly differential mathematical statement of movement for a rectangular
plate made of FGM outfitted with piezoelectric patches is inferred utilizing a nearby capacity
to consider the impacts of piezoelectric mass and stiffness. Classical plate theory is utilized to
derive the comparison of movement. Double Fourier series is utilized to acquire the initial
nine characteristic frequencies and mode states of plate. Mathematical model analysis is
connected to get the framework reactions forced to a beginning condition and a correlation is
made between the use of PID control and FLC to hose the plate vibration. The exploration
shows FLC has more ability to hose the vibration of the smart plate contrasted with PID

control.

2.8 Prof. D E Adams, 2010.

The Fourier series is an important tool for representing excitation and response time
histories in analytical vibration analysis. The general idea of Fourier series isto decompose a
periodic signal, xd(t), with period T into a sum of simple harmonic signals with various
frequencies. Here Fourier series is used to decompose a nonperiodic signal into harmonics
over agiventimeinterval, T. The decomposition is given below for real and complex number
notations.

The conversion of time domain to frequency domain of the data and various analysing
strategies used for the interpretation of the fault. Non linear signals needs another kind of
strategy to study the characteristics.

29 ASHRAE, 2009.

The vibration analysis in HYAC system and its control strategies. It gives the detailed
system analysis for noise control. It explains how the source of the sound is called the noise-
generating mechanism. The sound travels from the source via a path, which can be through
the air (airborne) or through the structure (structure borne), or a combination of both paths,
until it reaches the receiver (building occupant or outdoor neighbour) and proper studies have
explained.

11



2.10 B. P. Dubey, SD. Dhodapkar and R.K. Patil, 2008

A software package, named ViSFOTA, has been developed for analysing vibration
signal using Fourier Transformation and Artificial Neural Network (ANN). The package has
been developed primarily for applications in seismology. It can also be used to perform
analysis of time series generated by any vibration signals in different frequency bands. The
package consists of two major parts — the pre-processor for the vibration signal and the ANN

module.

211 M. Ning, M. Zaheeruddin , Z. Chen, 1EEE, 2006.

A fuzzy based uncertainty analysis method is employed here. Uncertain parameters
like random vibration from motor, duct and casing are studied and the data is analysed for the
optimized working of the HVAC system. Other major factors considered are zone
temperature, discharge air temperature, humidity, temperature of chilled water and condenser
water. From the analysis of data from site, a fuzzy controller is designed. It would make the
system more stable, if a disturbance applied to it. From this paper, the idea of using the
vibration data on a controller is explained. Extended transformation approach is used to find
the logical solution of the problem.

2.12 Serdar HUGUL ,Dokuz Eyliil university graduate school of natural and
applied sciences (2005)

The finite element method and numerical time integration method (Newmark method)
are employed in the vibration analysis. The impact of the rate of the moving load on the
element amplification variable which is characterized as the proportion of the most extreme
element removal at the relating hub in the time history to the static relocation when the load
is at the mid — purpose of the structure is researched. The impact of the spring stiffness joined
to the casing at the conjunction purposes of bar and segments are likewise assessed. PC codes

written in Matlab are created to compute the element reactions. Dynamic reactions of the

12



building structures and basic load speeds can be found with high precision by utilizing the
limited component strategy

2.13 P. Riederer, Ninth International IBPSA Conference Montréal, 2005.

In this paper, the mathematical model of the physical system is simulated in
MATLAB/SIMULINK. It gives a synthesis of HVAC on the use of simulation software. The
control strategy and monitoring system of HVAC system is modelled here. This paper was
helpful for the designing of the controller. The paper deals with many parameters of the
system such as energy conception, airflow and hydraulic studies, contro strategies, sizing
problem, etc. the real controllers are being tested in the virtual system here. The results were
gathered for a more stable and optimized working of the system. Modelling and simulation of
physical phenomena is explained. The commissioning, fault detection and diagnosis of the
HVAC system is done here and coupling with outside of the tool box are also done in this

Paper.

214 T. 1. Salsbury, R. C. Diamond , |EEE, 2004.

In HVAC system, normally a PID controller is employed to control the action. In
this paper, the authors compares the typical PID controller with a model based feed forward
controller. The system in modelled mathematically and a feed forward system is designed to
detect errors and control the process. This paper is helpful to understand the scope of fuzzy
controller as feed forward controller. It makes the system more stable and consistent to
disturbance. BACnet communication protocol is used here for the communication of
controller with the field devices.

2.15 Norton M.P., Karczub D.G. ,(CUP, 2003)

Some of the more important fundamental considerations required for a systematic
approach to engineering noise and vibration analysis and control, the main emphasis being

the industrial environment. The main difference is the emphasis on the wave-mode duality,
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and the reader is encouraged to think in terms of both waves and modes of vibration. As such,
the introductory comments relate to both lumped parameter models and continuous system
models. The sections on the dynamics of a single oscillator, forced vibrations with random
excitation and multiple oscillator are presented using the traditional *mechanical vibrations
approach. The section on continuous systems utilises both the traditional ‘mechanical
vibrations' approach and the wave impedance approach. Magnitude and time domain signal
analysis techniques, frequency domain signal analysis techniques, sound intensity analysis
techniques, and other advanced signal analysis techniques are described. A review of design
concepts for a plant-wide condition monitoring system integrating performance monitoring,
safety monitoring, and on-line and off-line condition monitoring of electrical devices are also
there for the improved performance and optimization of the system.

2.16 Satomi Hattori, Muneaki Ishida and Takamasa Hori , Trans. of the
Society of Instrument and Control Engineers,(2002).

A suppression control method of vibration for brushless DC motor utilizing feed
forward compensation control, and a generation method of compensating signals for the feed
forward control by repetitive control with Fourier transform utilizing a vibration signal
acquired by an acceleration sensor attached to the motor frame. Because the vibration signals
detected by the acceleration sensor contain various complicated frequency components due to
motor torque vibrations and mechanical resonant vibrations around the motor load system,
stabilisation will be less for the repetitive control system. A generation method of the
compensating signals of the repetitive controller considering the periodicity of motor torque
ripples, and using Fourier transformer which can select particular frequency components. In
order to realize on-line generation of feed forward compensating signals to reduce the

vibration, auto-tuning method of the repetitive control parametersis also presented.

2.17 Tom Irvine, Sample Rate Criteria and the Nyquist Rule (2000)

Various transducers such as accelerometers and analysers are described. The methods
to change these time domain signals to frequency domain signals are also explained. The
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analysis of the signal will be more accurate if the sampling rate is high. Analysis will be
more accurate if we did a frequency mode analysis. The Fourier transform technique and
shock response spectrum are used to analyse the sampled data.

2.18 lan Howard , Acoustics Australia technical magazine (1995)

The advent of higher level interpretive based signal processing software products
like MATLAB has added a new dimension to vibration signal processing method. Here the
application of MATLAB to analysis of the vibration from rotating machinery such as
rotors, gears and bearings are explained with MATLAB simulations. Sophisticated signal
processing techniques can be developed within a very short period of time given and the
flexibility and interactive nature of MATLAB and the range of in-built functions such as

Fourier transforms, cubic interpolations and digital filters are also discussed.
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3 SCOPE OF THE STUDY

The scope of the vibration signal analysis and modelling is very important as it plays a
very important role in improving the performance of any electrical devices. Various AC
motors are used in industrial applications, because of simple structure, easy to use and less
maintenance purposes. These AC motors should be monitored continuously for a high end
production level of the plant. The following figure 3.1 [20] shows fuzzy controller on a

induction motor.

3 PHASE SUPFLY

INDUCTION
MOTOR
INDUCTION MOTOR
DRIVER. '

Fy SEMEORS

DATA
PROCESSING

I DATABASE |

Fig3.1 Schematic diagram of speed driver using fuzzy controller on induction motor

The control strategy include various stages.
e Detection of system mechanical vibration

e Extraction of specific component by Fourier transform
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e Analysisof this FFT signal using repetitive control algorithm
e Generation of control signal from the controller
e Comparison of control signal with the required parameter

e Final control element or actuator to control the equipment at the last stage.

The real life applications of vibration signal analysis are too much asit is very simple to
execute, easy to understand and almost zero maintenance equipments. The components used
for this purpose are very compact. The analysis is applicable for almost all electrical devices,
to which we give or take electrical power as input or output. The mechanical vibration of
these devices are monitored for not only fault detection but also optimised performance of the
system. If the vibration magnitude and bandwidths are under the pre set range , only
optimisation techniques are employed. Such as voltage or current control, frequency control,
etc. but if the vibration is out of the specific band or value, then these is a fault occurred
internally or externally. This might be electrical or mechanical. The vibration signals are
captured and analysed for these types of emergencies and analyser sends a control signal to
the controller as per the requirement.
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4 OBJECTIVE OF THE STUDY

4.1 M easurement of vibration on equipment.

Examination of equipment vibration generated by system components, such as bearings,
drives, pumps, etc. Measurement of the natural frequencies (resonances) of vibrating
equipment or connected structure(s) examination of equipment installation factors, such as
equipment alignment, vibration isolator placement, etc and measurement of the unbalance of
reciprocating or rotating equipment components gives the idea about what action to be done
to avoid that fault.

4.2  Determining the problem source

Determining the problem source is very important as to produce a control signal,
according to the fault. Various methods are used to carry out this process, such as Fourier
transform analysis, filtering methods, Fuzzy logic system, Artificial Neural Network,
Wavelet analysis, etc. It should be noted that if the problem source is not determined, then
optimisation of the system is not attained. ie, if the problem is from rotor section of an
induction motor, then the vibrations will be in a range such that we will be able to find that
the abnormality is in the rotor area. The same is applicable if a fault occurred there in any of
mechanical part. Identification of problem source is very important for a fast time reaction to
the problem.

4.3 Determining problem type

Once the source is identified, then next is to find the characteristics of the noise and have
to reach in to a point that what type of interference is occurred. Some of the normal
problems showed by the machines are given below.

4.16.1 Equipment improperly specified or installed, poorly balanced, misaligned, or
operating outside of design conditions

4.16.2 Equipment with inadequate or improper vibration isolation

4.16.3 Resonances in equipment, vibration isolation system

4.16.4 High/low rated voltage/current inflow to the equipment
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4.16.5 Faultsin any mechanical body part of the system

4.4  Taking action to the determined problem

The signals captured by sensors are given to controllers. Here general purpose
accelerometer vibration sensor are used. These signals are analyzed using Fourier transform.
An appropriate control signal or warning signal is generated according to the problem
detected. This may be to the controller or to the monitoring system for recording. if the
found out problem is something that cannot handle by the controller, i.e. requirement of any

mechanical body replacement etc. the warning signal is send to the monitoring system.

4.5 Continuous monitoring

Continuous monitoring of the system is required to make sure whether the analysis were
correct or not for monitoring. It is very important to to the continuous evaluation of the
parameters to make the quality assurance . Feedback control strategy is employed in
monitoring the system to make the system accurate. The performance is continuously
monitored and signals or pop outs are send to the controller in case of any abnormality is
detected.
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5 RESEARCH METHEDOLOGY

5.1VIBRATION MEASUREMENT

The advent of low-cost vibration measurement systems has made detailed vibration
evaluation much more practical. Any steady-state vibration frequency spectrum, such as that
generated by a machine operating at a fixed speed and operating condition, can be expressed
as either acceleration,, velocity, or displacement. A simple relationship makes it possible to

easily convert each of these quantities to the others. The relation between each is given below

d

V=— (D) (egn5.1.1)
A=(V) (eqn 5.1.2)
; Where
D - Displacement
V - Velocity
A - Acceleration

Vibration measurements must specify how the amplitudes are expressed. These can be
either peak (the maximum level), peak-to-peak (the range between minima and maxima), or
rms (root mean sguare). Several factors must be considered when making vibration
measurements such as reference signal, frequency range of measured signal, transducer to be
used, etc. An extremely rigid attachment method is used for tranducers, such as dental
cement, or a screwed connection with oil between the surfaces, is required for accurate
measurement at very high frequency (about 5 kHz). Epoxies or other high-quality glues tend
to be somewhat more limited but are acceptable in nearly all situations. Using magnetic
attachments, though convenient and fully acceptable in many cases, limits the upper
frequency range of accurate data (typically about 150 Hz). Another common but frequency-
l[imited method of attachment is wax, in which an external waxing is done over the
mechanical part along with the sensor. It is essential to validate that the attachment between
sensor and vibrating part in a given application is capable of measuring vibration to the
needed degree of accuracy.

Vibration monitoring and analysis is very much depended up on the machine mounted
sensor, as any wrong data can mislead to taking improper actions. Three parameters
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representing motion detected by vibration monitors are displacement, velocity, and
acceleration. These parameters are mathematically related and can be derived from a variety
of motion sensors as per equation 5.1.1 and equation 5.1.2. Selection of a sensor proportional
to displacement, velocity or acceleration depends on the frequencies of interest and the signal
levels involved. Sensor selection and installation is often the determining factor in accurate
diagnoses of machinery condition.

Some of the vibration measurement devices are following-

5.1.1 Transducer

It gives output electrical signal, proportional to the vibrations present in the body. It is
defined as a device that converts variations in a physical quantity, such as pressure or
brightness, into an electrical signal, or vice versa. The most commonly used transducer called
accelerometer measures vibratory acceleration and sends to the controller. They are compact,
relatively rugged, capable of a wide measurement range in terms of both vibration level and
frequency, and are easy to install. It is important to note that many transducers, including all
accelerometers, cannot measure vibration below a minimum frequency associated with the
transducer. The frequency range of transducers varies with the models and types used. The
practical implication of that limitation isthat, in many cases, measured acceleration cannot be
fully converted to displacement, and can never be used to quantify static displacement. For
that reason, in cases where very-low-frequency vibration measurements are required, special
transducers, such as displacement probes, are needed.

Accelerometer casing Rigid post

X,

Piezo element
M, K, and C

Surface for
measurement

j %0

s

Rigidly attached

%, - X O ~ X (©
Fig5.1 Schematic of single degree-of-freedom shear mode piezoel ectric accel erometer
In the figure, there are piezo electric elements M,K and C are moulded inside
accelerometer casing. And the whole instrument is rigidly attached to the surface
on which vibration measurement is to be done. If Xo(t) is the initial position and
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Xp(t) is the final position to the instrument, then the electric signal is send from
transducer , proportional to Xy,(t), where
Xo(t) = Xo(t) - Xaft) (eqn5.1.3)

5.1.2 Preamplifier
A preamplifier for the transducer, which amplifies the signal to alevel suitable to the data
acquisition system. Preamplifier amplifies the output signal from the transducer and it is fed
to the controller. It improves the quality of the signal to the controller and lead to a better
performance.

51.3 Analyzer

The most basic analyzers measure the overall vibration amplitude across a specified
frequency range. This frequency range depends up on the possible faults that can occur on the
system. The type of analyser to be used depends up on the frequency range of the reference
signals. It shows the vibration level on its LCD display. Many are capable of measuring
vibration as a function of frequency, with constant frequency spacing. These so-called
—narrowband, or fast Fourier transform (FFT), analyzers display the vibration frequency
spectrum with a very high degree of resolution, typically at hundreds or even thousands of
frequencies. Alternative analyzers of the constant-percentage bandwidth type measure the
vibration spectrum across a relatively small number of frequency bands, the widths of which
increase proportionally to the centre frequency of each band.

The data is given to FFT should be in the proper frequency range. It is achieve by
assigning suitable analysers. This significantly affects the spectral data toshow they are
affected. Among them are the window type , the number of averages, the window overlap, the

frequency resolution , and the maximum frequency.

Typical application of vibration measurements includes comparison of overall vibration
levels (the total across a defined frequency range) with general guidelines representing
typical levels to be expected from various classes of machinery. This most basic
measurement is often used in connection with routine machinery maintenance or monitoring.
Using a narrow band measurement system, we used to measure determination of exact
frequencies of tonal vibration sources. This information can be critical in identifying the

specific machine or vibration component responsible for excessive vibration or noise. In
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some cases, a high degree of measurement resolution is required to separate closely spaced
tones. For example, in 60 Hz applications, twice the motor or compressor running speeds are
typically close to 118 Hz, while twice the electrical line frequency is 120 Hz. Clearly, while
the difference between these frequencies is inaudible, knowing which source is responsible
for aproblem is essential to developing a solution.

5.2VIBRATION SIGNAL ANALYSIS

The mechanical vibrations thus obtained is of time domain for analysis. To convert them
in to frequency domain to determine the fault. This can be done by Fast Fourier Transform
method or some other suitable methods. Forces and responses in real world systems are we
need to understand how to express them in analytical terms. Here the focus is on
deterministic analytical forced vibration response analysis. Assume that the excitation or
force exactly at any moment in time is known. In random vibration analysis, we can only
describe the statistical properties of the excitation, which is not a continuous sample of data.
The datais randomly collected and analysed on this method.

An excitation (or response) is said to be harmonic when it contains a single frequency
component. A simple harmonic signal is a constant amplitude harmonic. Simple harmonic
signals are the simplest kind of periodic signals, which repeat themselves every T seconds.
For instance, a linear vibrating system exhibits a simple harmonic free response to a general
set of initial conditions:

Mi,+Kx, =0
for x,(7) = Acos(w”r + qo)
(egn5.2.1)
The quantity ont+e is called the instantaneous phase angle of the signal, xd(t), and ¢ is
called the initial phase angle. The velocity and acceleration of this system are at +90 and
+180 degrees, respectively, with respect to the displacement:
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x,(t) = Acos(w,t + @)
X, () =-Aw, sin(mnt + (p): Aw, COS((U”I +@+ %)

%,(t) = —Aw’ cos(w,t + @)= Aw? cos(w,t + @ + 1)

P 2
S0 X, = - X,

(egn5.2.2)

Thus, acceleration is proportional to displacement for ssmple harmonic motion. We can
also use complex numbers that rotate in the complex plane (phasors) and Euler’s formula to
describe harmonic signals. For instance, xd(t) from the equation above can be rewritten as

follows:

x,(t)= Acos(w"t + (p)=
= Re[Ae"("”"*‘T)]: Re[AdLw,t+¢]
Aej(u;,,lﬂ,' ) + Ae—i((uuﬂq‘)
2 (egn 5.2.3)
and then the 90 degree phase difference between the displacement-velocity and velocity-

acceleration is accounted for with a factor of jon, which introduces a +90 degree rotation in

the complex plane:

X, (1) = Rel_Ae,f(w,,Hq_n. )J

x, (1) = Re[(jg)n ) Aef(w»fw)]

X, (1) = Re[( jo, )2 A e,:‘(m,,m,))'
_ (ean 5.2.4)

We will develop this idea of using complex numbers to describe two different
characteristics in a signal, magnitude and phase (A and wnt+¢). The period of oscillation in
seconds, T, is inversely proportional to the circular frequency, o, in radians/second according
to o=2n/T. The frequency, f, in Hertz (cycles/second) is the inverse of the period of
oscillation, f=1/T. When two simple harmonic signals with slightly different frequencies are
added, the following result is obtained using trigonometry:
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x(D+x,(1) = Asin(wt)+ Asin(wt ¥+ Awt)
= A[sin(wt)+ sin(a)t + Awt)]
(a)t + Wt + Aan‘) (a)t—a)t—Awt‘)]
cos

= A[Zsin
2

=2Acos ﬂ sin a)i'+ﬂ
2 2

which exhibits the so-called beating phenomenon. The amplitude slowly varies from O to

(egn 5.2.5)

2A (where A is constant) according to the small frequency, Aw/2, as the signal frequency
remains constant at the larger value o+Aw/2.

The Fourier series is an important tool for representing excitation and response time
histories in analytical vibration analysis. The general idea of Fourier series isto decompose a
periodic signal, xd(t), with period T into a sum of simple harmonic signals with various
frequencies. We can also use Fourier series to decompose an aperiodic signal into harmonics
over agiventimeinterval, T. The decomposition is given below for real and complex number
notations. The response to each term in this series is calculated independently from all the
others and then the results are added as shown in Figure 5.1

X1 (t)

‘ x,(1) ‘
+

Single frequency Single frequency
X ()

Multiple frequencies

Figh.2.1 Ilustration of tempora super position in forced vibrations
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x, (1) = i [an cos(muﬂr)+ b, sin(nw(,t)]

n=0

2 g
where a, = ?fr‘ﬂx(,(t)cos(nwnl)it

2 12 . .
b, = Ffr” x‘_,(t)sm(nwot)dt with 7 = —

2
w! 3

]

Xa (t) = 2 Cne,”“:’f

n=—oo

where ¢, = lfm x,(t)e’™ dt with ¢, =<2 B, and ¢ =c =2 by
TJ-rn2 2 2 2 2
(egn 2.5.6)

By decomposing the vibration signals into separate harmonics as in equation (2.5.6), The
study can be made by multiple inputs. Using this formula, Solutions for the problems like
interfering of signals and merging of unwanted noices to the vibration signals can also be find
out. Linear superposition is what enables us to analyze the forced response of vibrating
systems in thisway. Superposition holds because stable linear vibrating systems only respond
at the excitation frequency in the steady state. Among other things, this guarantees that the
response to each harmonic is independent from the response to al other harmonics (see
Figure 4.2). In nonlinear systems, two individual response harmonics often conspire to create
new harmonic response components, which cannot be explained with linear models. The
analysis is primarily limited to stable linear vibration in which systems only respond at the
excitation frequency in the steady state.
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Figh5.22  Freguency response magnitude and phase characteristics of an accel erometer
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Various methods are used for the analysis of these vibration signals practically. Some of
them are explained below.

52.1 FAST FOURIER TRANSFORM

A periodic function can be represented as a sum of infinite number of (co-)sinusoidal
components at equally spaced frequencies with the interval of /T, where T is the period of
the function, the so called Fourier Series[4]

FREQUENCY SPECTRUM

At the point when harmonic segments of a signal are known, the signal can be
introduced in an alternate manner that highlights its frequency content instead of the ideal
time domain content. Presenting the third hub of frequency opposite to the sufficiency time
plane the harmonic parts can be plotted in the plane that compares to their frequencies. Figure
5.2.3 shows the frequency spectrum of arandom signal.

_____

) [P
-
0 4--
BT
.a o \
}\1(0 — 10 15
Time Frequency

Fig5.2.3 Time-Frequency-Amplitude representation of arandom signal

The purpose of frequency analysis is to devise a method to extract an estimate of
frequency components which are not known a priori. The process is known as the Discrete
Fourier Transform (DFT)[4].
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FOURIER TRANSFORM

So asto concentrate one of these vectors, one needs to make it stationary,
numerically talking, for the span of perception and after that integrate over the season
of perception. Multiplying a vector

j(ot+
e/(w #)

which rotates with frequency o, by

-j ot

produces a vector with the wt eliminated, i.e. stationary vector:

(@t+g) —jot _ j¢
= < = (egn5.2.7)

Vectors with different frequencies keep on turning and their integration (or
summation) will be near to zero.
It is now clear that the continuous Fourier Transform of signal g(t), which extractsits

component G at the frequency o, is defined as

+a0
G(w)= [g(t)e ™ dt
o (egn 5.2.8)
The equation isimpractical and for asignal sampled at discrete times tn and over the
finite duration kAt, the so called Discrete Fourier Transform (DFT) is used
k .
Gw)~) g(t,)e ™"
P (egn 5.2.9)

In practice, the circular frequency f in Hz is used instead of @ in rad/s. For such a case

G(f)~D gt,)e”™
n=l (eqn 5210)

These Fourier Transform equations must be applied to both the positive and the
negative frequency.
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FAST FOURIER TRANSFORM (FFT)

The Fast Fourier Transform (FFT) is an algorithm for calculation of
the DFT first published in 1965 by J.W.Cooley and J.W.Tuckey. It has revolutionised the
modern experimental mechanics, signal and system analysis, acoustics, and paved the way
for the introduction of modal analysis. The FFT algorithm applies only to signals comprising
anumber of elements which is equal to 2" (e.g. 28 = 256, 2'°=1024 etc.).

Its main advantage is that it significantly reduces the computation time by a factor of
the order m/log2m , i.e. more than 100 times for a sample of 1024 elements. From the earlier
discussion it is clear that the FFT should return a set of complex numbers, with exception of
the spectral components at =0 and f=f5/2 (the Nyquist frequency), which are both real.

The number of FFT elements is equal to the size of the time sample. The second half
of these complex numbers corresponds to negative frequencies and contains complete

conjugates of the first half for the positive frequencies, and does not carry any new

information.

I mplementations of FFT algorithm are commonly available:
* In MS Excel® the Fourier Analysis can be found under Tools->Data Analysis.

* In Matlab® there is a function fft()
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The following figure 5.2.4 shows algorithm of finding FFT for any mechanical

vibration signal obtained from any transducer.
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Figh.24 Algorithm for folding the FFT spectrum and producing a magnitude spectrum

In MATLAB , the FFT of a time varying signal is directly obtained. This data are
used for the analysis of the signal. The fuzzy rule sets are made on these analysis results.
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522 M ean

Finding the mean value after a specified set of vibration data from sample and
comparing it with the reference data will help usto define the error type and the magnitude of
the fault. The optimized output can be find out by analyzing the change in mean of the
vibration data.

(Peak value — Crust value)
2

Mean =

5.2.3 Variance

The variance for a sample set of data means how far the samples are spread out over the
entire range. It gives the amount of chance of any error to be occurred in the machine.
Variance of vibrations from a motor near to zero indicates that it is working in good
condition. Analysis on the vibrational data on its variance gives us the probabilty of running

the instrument on good condition.

U= ij(x)dx

And X isthe sample in data
P(x) isthe probabilistic function.

524 Standard deviation

The standard deviation of the sampled vibration data over atime period gives the
quantity of the error occurred in the field. It is defined as the closeness to the mean value of

specific set of sample data
o= jj(x — 1)?*p(x)dx

Where
U= j xP(x)dx

And X isthe sample in data
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P(x) isthe probabilistic function.

5.25 Kurtoss

Kurtosis is the measure of peak of the probabilistic function for a particular
arrangement of inspected information. One normal measure of kurtosis is in light of a scaled
adaptation of the fourth snippet of the information or population, however it has been
contended that this truly measures overwhelming tails. By and large a higher kurtosis shows a
high variance in the vibration signal information and henceforth an issue is recognized over
the field. A high kurtosis conveyance has a more honed crest and fatter tails which is implied
as mistake, while a low kurtosis dissemination has a more adjusted top and more slender tails
prompting the suspicion of smooth running of the machine.

526 Skewness

Skewness is a measure of the asymmetry of the probability distribution for a genuine
esteemed arbitrary variable about its mean. The skewness worth can be positive or negative,
or even unclear. The subjective understanding of the skew is muddled. Positive skew
demonstrates that the tail on the right side is longer or fatter than the left side. In situations
where one tail is long however the other tail is fat, skewness does not comply with a basic
rule. Case in point, a zero quality shows that the tails on both sides of the mean offset, which
is the situation both for a symmetric distribution, and for unbalanced distributions where the
asymmetries level out, for example, one tail being long however thin, and the other being
short yet fat. Further, in multimodal distributions and discrete distributions, skewness is
likewise hard to decipher. Imperatively, the skewness does not focus the relationship of mean
and middle.

527 Fuzzy Logic Control

A fuzzy concept is a concept of which the boundaries or range of application can vary
considerably according to context or conditions, instead of being fixed once and for all. Here
we make use of this technique for analysing the vibration signals. On this method undergo a
predefined algorithm and finds solution for the problem. The step by step procedure to be
followed in sequence is presented in Fig. 5.2.7. Firgt, the vibration data is acquired from the
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experimental setup using DAQ system. The features are then extracted using Discrete
Wavelet Transforms (DWTSs). Then, set of rulesis framed using rough set and fed as an input
to the fuzzy inference engine. Finally, the classification accuracy is achieved by means of

confusion matrix there by the faults are segregated.

EXPERIMENTAL SETUP
WITH SENSOR

DATA ACQUISITION AND
SIGNAL CONDITIONING

FEATURE EXTRACTION
USING WAVELETS

RULE GENERATION
USING ROUGH SETS

CLASSIFICATION USING
FUZZY LOGIC

FAULT DIAGNOSIS
RESULT

Fig5.2.5 Flow chart of HVAC fault diagnosis system.

The primary objective of this work is to find whether the induction motor is in good
condition or in faulty condition. This is done by looking at the current status of the
framework with references utilizing if-then algorithm. If the pump is found to be in faulty
condition, then it has to be segregated into cavitation, bearing fault, impeller fault, and both
bearing, impeller fault together. This study focuses on the use of rough set theory for fault

diagnosis of induction motor.
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5271  Fuzzy classifier

Fuzzy logic discovers applications in variety of spaces. It is turned out to be much
cheaper, stronger and dependable than the greater part of the classification algorithms.
Specifically, fuzzy logic is most utilized when the information data is not fresh in nature and
it gives ambiguous data. For the issue under study, the faulty vibration with bearing and
impeller won't happen abruptly, it comes progressively. All things considered, there is no
threshold quality (fresh data) in view of which the choice on the state of the bearing,
impeller—whether bearing or impeller is presently great or faulty—can be taken. The issues
of this kind can be demonstrated utilizing fluffy classifier all the more nearly. The purpose of
Fuzzy logic is to guide the data space to yield space with the assistance of set of "if-then"
proclamations called rules. The guidelines which were determined utilizing rough-set
algorithm are the inputs to fabricate a fuzzy inference motor utilizing membership function

There are five possible outcomes namely normal, reduced capacity, air stuck, valve
leakage and bearing fault. They indicates the conditions of the system as per their names.
Fig. 5.2.6 shows the triangular membership function for the outputs.

Memibership function plats plot points: 181
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Figh5.26  Membership function for output in fuzzy controller
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6 RESULTSAND DISCUSSIONS

The system taken here for the analysis is HVAC (Heating, Ventilation and Air

Conditioning). In present, no vibration data from the field plays a vital role for controlling

the system. In traditional HVAC system, temperature, humidity, air flow rate, etc are taken

for the design of the controller. Here, we are analyzing the vibration data and trying to put the

results on optimizing the design of the controller.

The main problems that faced by HV AC system are given below. They are

1.

2
3.
4

Low heating/cooling capacity
Return air flow stuck

Valve leakage

Bearing fault of motor

By analyzing the vibration data from the field, It is possible to find the current status of

the system. For this, only two vibrations are given to the fuzzy controller. One is from the
shaft (shaft vibration) and second from duct(duct vibration).

Fig6.1 Y2 series 3- phaseinduction motor
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The motor used for the case study is a “Y2 series 3- phase induction motor”
manufactured by Toptek private Ltd. And the vibration sensor used for the shaft vibration
datais Model 622B01 - Platinum Precision Industrial ICP® Accelerometer manufactured by
IMI sensors. For duct vibration data, ACC 320 general purpose accelerometer is used.

@ (b)

Fig. 6.2 (a) Accelerometer used for duct vibration data
(b) Accderometer used for shaft vibration data

The model used for shaft vibration isof very high precision. The main features of this
platinum precision industrial ICP are followed.

Full frequency sweep calibration: 5% sensitivity deviation tolerance

15 kHz high frequency response

Ideal for early detection of bearing fluting conditions
Ideal for route-based data collection
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The general purpose accelerometer isfixed at the duct. The location of the sensor is
shown in figure 6.3(a) and (b). The picture was shot from the site. Where the sensor is
installed by drilling the duct.

Test Location

(b)

Fig. 6.3 (a) Location for the vibration sensor
(b) Ingtalled sensor
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Various data sets are collected for the normal and faulty conditions of the system.
These data are then analyzed using MATLAB software. A sampling rate of 1000 was used
for the data collection. The following are the data from the shaft of the motor.
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Fig. 6.4 Normal vibration data from shaft
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Fig. 6.5 Vibration data on bearing fault from shaft
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The following figures shows the real time vibration datafrom the duct.
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Fig. 6.6 Vibration data on normal condition from duct
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Fig. 6.7 Vibration data on return air stuck from duct
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Fig 6.8 Vibration data on valve |eakage from the duct

These are the real time vibration data from the site. Analysis was done on these time
domain signals for the optimization of the system. The FFT of these signals are given
as follows
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Fig 6.9 FFT of normal vibration data from shaft
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FFT-Bearing Fault
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Fig 6.10 FFT of bearing fault data from shaft

By comparing the FFT of normal and bearing fault data, a clear difference in frequency
range is detected. The initial frequencies shoots in the range of 7000 for normal condition
while it shoots up to 18000 for the bearing fault condition. The same is repeated for the high
frequency range also.

The vibration data from duct were also converted in to frequency mode. The below

figure shows FFT of different conditions of the duct.
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Fig6.11 FFT of norma data from duct
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Amplitude
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Fig6.12 FFT of air stuck data from duct
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Fig 6.13 FFT of valve leakage data from duct

42



From frequency mode analysis of the duct vibrations, a classification for the two errors
are possible. Analysing the frequency range and the rate of change of the frequency givesrise
to easy way of calculating the error magnitude too.

Now consider some other time domain analysis for a better and fast controller. The data
set is again divided in to small subsets of 1000 values each and then the analysis is done.
The MATLAB program used for this also follows

Xm=[[;Y m=[];

Xs=[;Ys=l;

Xk=[];Yk=[];

Xsk=[];Ysk=[];

Xmn=[];Y mn=[];

Xmx=[];Y mx=[];

Xv=[];Yv=[];

B=1000

for i=1:100
x=normaldatal((i-1)* B+1:i* B);
y=bearingfault1((i-1)* B+1:i* B);
Xm= [Xm mean(x)]; Y m=[Y m mean(y)];
Xs=[Xsgtd(x)]; Ys=[Ysstd(y)];
Xk =[Xk kurtosis(x)]; Yk=[Yk kurtosis(y)];
Xsk =[Xsk skewness(x)]; Y'sk=[Y sk skewness(y)];
Xmn =[Xmn min(x)]; Y mn=[Y mn min(y)];
Xmx =[Xmx max(x)]; Y mx=[Y mx max(y)];
Xv =[Xvvar(x)]; Yv =[Yvvar(y)];

end

figure(1)

plot(Xm)

hold on

plot(Ym,'r’)

hold off

figure(2)
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plot(Xs)
hold on
plot(Ys, ')
hold off

figure(3)
plot(Xk)
hold on
plot(Yk,'r)
hold off

figure(4)
plot(Xsk)
hold on
plot(Ysk,'r)
hold off

figure(5)
plot(Xmn)
hold on
plot(Ymn,'r")
hold off

figure(6)
plot(Xmx)
hold on
plot(Y mx,'r")
hold off

figure(7)
plot(Xv)
hold on
plot(Yv,'r’)
hold off
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The following figure 6.14 shows the comparison of mean of the normal and bearing
fault from the shaft signal.
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Fig 6.14 Mean of normal data and bearing fault data
The following figure 6.15 shows the comparison of standard deviation of a normal and
bearing fault signal.
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Fig 6.15 Standard deviation of normal data and bearing fault data
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The following figure 6.16 shows the kurtosis analysis of the data for every 1000 set of
vibration data

Shaft- Mormal and Bearing Fault
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Fig6.16 Kurtosis of Normal and Bearing Fault data from shaft

For the analysis for the skewness of the shaft vibration, the following comparison of

graphs were analysed in figure 6.17
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Fig6.17 Skewness of normal data and bearing fault data from shaft
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The following figure 6.18 shows the comparison of maximum peals of the vibration
data for each 1000 samples.
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Fig 6.18 Maximum peaks value of normal data and bearing fault data from shaft

The following figure 6.19 shows the comparison between the minimum peaks of the
normal and bearing fault data.
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Fig 6.19 Minimum peaks of norma data and bearing fault data
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The comparison of the variance of normal and error mode vibration data is showed in
figure 6.20
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Fig 6.20 Variance of normal and bearing fault data from shaft

From the analysis, we will be able to find the difference between the two conditions of
the motor. From all these data analysis, a rule set is made for the fuzzy controller for an
optimized system. The fuzzy rules are made from the time and frequency mode analysis of
the data from the shaft and the duct.
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Fig. 6.21

The figure 6.21 shows the SIMULINK circuit for the speed control of induction motor.
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The induction motor used in the HVAC system is modelled here. A fuzzy controller is
designed using the above mentioned analysis and this controller is employed in the motor

drive. The input and output of the fuzzy controller is given below.



FIS Variables Membership function plots

Fig 6.22 Fuzzy input for duct vibration
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Fig 6.23 Fuzzy input for shaft
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Fig 6.24 Fuzzy output diagram

The following figure 6.25 shows the fuzzy surface of the system. The rules are made

from the analysis done on the vibration signal.

status

“shaft

Fig 6.25 Fuzzy surface
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The rules for the fuzzy controller in frequency mode is given below

If (shaft is mid) and (duct is low) then (status is Valvel eakage) (1)
If (shaft is mid) and (duct is mid) then (status is normal) (1)

If (shaft is mid) and (duct is high) then (statusis AirStuck) (1)

If (shaft is low) and (duct is mid) then (status is ReducedCapacity) (1)
If (shaft is high) and (duct is mid) then (statusis BearingFault) (1)
If (shaft is low) and (duct is low) then (statusis Valvel eakage) (1)
If (shaft is low) and (duct is high) then (statusis Valvel eakage) (1)
If (shaft is high) and (duct is low) then (statusis AirStuck) (1)

If (shaft is high) and (duct is high) then (statusis AirStuck) (1)

10. If (duct islow) then (statusis Valvel eakage) (1)

11. If (duct is mid) then (status is normal) (1)

12. If (duct is high) then (status is AirStuck) (1)

13. If (shaft is low) then (status is ReducedCapacity) (1)

14. If (shaft is mid) then (statusis normal) (1)

15. If (shaft is high) then (status is BearingFault) (1)

© o N o o bk~ w NP

Here the FFT of the vibration signal is analysed and decisions are made as per the rules.
The bearing fault results in a value between -100 to -80 at the output of the fuzzy controller.
this means it reduces the rotation of the motor to save the motor from unwanted condition
due to bearing fault. Th other values returned by controller for each faults are given below.

Bearing fault : -25010 -150
Air stuck : -150to -50
Normal : -50to 50
Valve leskage : 50 to 150
Reduced capacity : 150 to 250

Another controller is also designed as per the time domain analysis. The following
figure 6.26 showsthe input and output modules of the controller. The mean, standard

deviation, variance, minimum and maximum values are given as the input to the system
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Fig 6.26 Fuzzy controller for time domain signal control

Therule set are given below for that controller.

1. If (Smean is normal) and (Svar is normal) and (Sstd is normal) and (Smin is normal) and
(Smax is normal) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal)
then (outputl is normal) (1)

2. If (Smean is fault) and (Svar is normal) and (Sstd is normal) and (Smin is normal) and
(Smax is normal) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal)
then (outputl is speed _low) (1)

3. If (Smean is fault) and (Svar is fault) and (Sstd is normal) and (Smin is normal) and (Smax
is normal) and (Dmean is hormal) and (Dmin is normal) and (Dmax is normal) then
(outputl is speed low) (1)

4. If (Smean is fault) and (Svar is fault) and (Sstd is fault) and (Smin is normal) and (Smax is
normal) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal) then
(outputl is speed low) (1)

5. If (Smean is fault) and (Svar is fault) and (Sstd is fault) and (Smin is fault) and (Smax is
normal) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal) then
(outputl is speed low) (1)
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6. If (Smean is fault) and (Svar isfault) and (Sstd is fault) and (Smin is fault) and (Smax is
fault) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal) then
(outputl is speed low) (1)

7. If (Smean is fault) and (Svar is fault) and (Sstd is fault) and (Smin is normal) and (Smax is
fault) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal) then
(outputl is speed low) (1)

8. If (Smean is fault) and (Svar is fault) and (Sstd is normal) and (Smin is normal) and (Smax
is fault) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal) then
(outputl is speed low) (1)

9. If (Smean is fault) and (Svar is normal) and (Sstd is normal) and (Smin is normal) and
(Smax is fault) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal)
then (outputl is speed _low) (1)

10. If (Smean is normal) and (Svar is normal) and (Sstd is normal) and (Smin is normal) and
(Smax is fault) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal)
then (outputl is speed _low) (1)

11. If (Smean is normal) and (Svar is normal) and (Sstd is normal) and (Smin is fault) and
(Smax is normal) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal)
then (outputl is speed _low) (1)

12. If (Smean is normal) and (Svar is normal) and (Sstd is fault) and (Smin is normal) and
(Smax is normal) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal)
then (outputl is speed _low) (1)

13. If (Smean is normal) and (Svar is fault) and (Sstd is normal) and (Smin is normal) and
(Smax is normal) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal)
then (outputl is speed _low) (1)

14. If (Smean is normal) and (Svar isfault) and (Sstd is fault) and (Smin is normal) and
(Smax is normal) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal)
then (outputl is speed _low) (1)

15. If (Smean is normal) and (Svar is fault) and (Sstd is fault) and (Smin is fault) and (Smax
isnormal) and (Dmean is hormal) and (Dmin is normal) and (Dmax is hormal) then
(outputl is speed low) (1)

16. If (Smean is normal) and (Svar is fault) and (Sstd is fault) and (Smin is fault) and (Smax
is fault) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal) then
(outputl is speed low) (1)
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17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

If (Smean is normal) and (Svar is normal) and (Sstd is fault) and (Smin is fault) and
(Smax is fault) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal)
then (outputl is speed _low) (1)

If (Smean is normal) and (Svar is normal) and (Sstd is normal) and (Smin is fault) and
(Smax is fault) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal)
then (outputl is speed _low) (1)

If (Smean is normal) and (Svar is normal) and (Sstd is normal) and (Smin is normal) and
(Smax is fault) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal)
then (outputl is speed _low) (1)

If (Smean is normal) and (Svar is normal) and (Sstd is fault) and (Smin is normal) and
(Smax is normal) and (Dmean is normal) and (Dmin is normal) and (Dmax is normal)
then (outputl is speed _low) (1)

If (Smean is normal) and (Svar is normal) and (Sstd is normal) and (Smin is normal) and
(Smax is normal) and (Dmean is normal) and (Dmin is fault) and (Dmax is normal)
then (outputl is speed_high) (1)

If (Smean is normal) and (Svar is normal) and (Sstd is normal) and (Smin is normal) and
(Smax isnormal) and (Dmean is normal) and (Dmin is normal) and (Dmax is fault)
then (outputl is speed_high) (1)

If (Dmean isnormal) and (Dmin isnormal) and (Dmax is normal) then (outputl is
normal) (1)

If (Dmean isfault) and (Dmin isnormal) and (Dmax is normal) then (outputl is
speed_high) (1)

If (Dmean isnormal) and (Dmin is fault) and (Dmax is normal) then (outputl is
speed_high) (1)

If (Dmean isnormal) and (Dmin isnormal) and (Dmax is fault) then (outputl is
speed_low) (1)

If (Dmean isnormal) and (Dmin isnormal) and (Dmax is fault) then (outputl is
speed_high) (1)

55



The simulink diagram for the fuzzy controller is given below in figure 6.27.
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Fig 6.27 SIMULINK diagram for fuzzy controller
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The following output was got from the system. The RPM of rotor, stator current,
electromagnetic torque and DC bus voltage are plotted in the graph.
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Fig 6.29 Result of MATLAB/SIMUINK simulation

58



7/ CONCLUSIONS

Thus the vibration signals from the HVAC system are measured, analyzed and a fuzzy
controller is designed using the analytical data. The mathematical parameters of the vibration
data were analysed and classified the errors of the devices. A controller is designed as per the
analysis made on the vibration data collected from the field. A beginning has been made to
provide an integrated environment for analyzing vibration signals of various frequency bands.

The following conclusions were made from the experience.

» Spectral ordinate method of distinguishing signal from noise

* Prediction error method of distinguishing signal from noise. This will lead to
detection of fault on an earlier state and further improved performance.

* Estimation of magnitude of the vibrating signal.
* Distinction between different kind of vibrations.
* Online detection and estimation of the magnitude of vibrations.

* The characteristics of the electrical machines can be improved further more if a more

accurate vibration analyzing methodology is employed.

* The vibration monitoring can be interfaced with SCADA or any other monitoring

system and that can help for further improvement of the system.
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