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ABSTRACT 

Continuous operation of induction motors is essential to the function of petrochemicals process plants.  

Fortunately, induction motors are inherently quite reliable. They are so reliable that standard practice had 
been simply to run the motors until they fail. Periodic visual inspection and lubrication have been the limit of 

maintenance practice.  As petrochemicals plants have become larger and more integrated, requirements for 

reliable motor operation have increased. Many plants have induction motor populations in the thousands. Of 

these, several induction motors are vital to the continuous function of the plant. These critical motors have 

become the focus of reliability assurance programs. In addition to the necessity for continuous output from the 
plant, some induction motors are essential to safety.  On-line condition monitoring of induction motor in 

critical applications has become increasingly necessary to improve their reliability and to minimize 

catastrophic failures.  A method for the evaluation of the improvement of induction motor reliability made by 
such monitoring systems is presented. Simple probabilistic models are used to estimate the reliability levels, 

based on data collected from Indorama Eleme Petrochemicals Limited, Nigeria (IEPL) for a period of five 
years (2006-2011). Estimates are given for the reliability improvement of induction motors with monitoring 

systems.  The results clearly indicate the viability of the comprehensive monitoring systems, in terms of the 

improvement in the reliability index. Comprehensive monitoring system is expected to raise the average 
annual reliability levels of induction motors operating in petrochemicals industries to over 97.44% for all the 

categories of squirrel cage induction motors with ratings in the range of 15 to 375Hp. 
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1. INTRODUCTION 

Condition monitoring of engineering plant has 

increased in importance as more and more 

engineering processes are automated and manpower 

needed to operate and supervise plant is reduced.  

Induction motors are traditionally being thought as 

reliable and requiring very little attention, except at 

infrequent intervals when the plant is shut down for 

inspection.  This might however lead to unpredictable 

plant shutdown.  Induction motors, however, account 

for over 80% of energy conversion in industrial and 

commercial engineering processes [1], thus the need 

to monitor their behavior and performance so as to 

enhance their reliability.  The failures of induction 

motors in engineering plants have frequently led to 

loss of production, high maintenance and operation 

costs [2].  

The monitoring of the condition of induction motors 

can significantly reduce the costs of maintenance.  It 

can allow early detection of potentially catastrophic 

faults which could be extremely expensive to repair. 

It also allows the implementation of condition based 

maintenance rather than periodic or failure based 

maintenance.  In these cases significant savings can 

be made by delaying scheduled maintenance until 

when convenient or necessary. 

It is very important that a distinction between 

monitoring and protection is highlighted at this point.  

Motor protection is generally achieved via installed 

devices to intercept performance variables criticalities 

as quickly as possible after they occur.  Condition 

monitors are designed to pre-empt the occurrence of 

such criticalities and give an early indication of the 

possible malfunctions. 

To obtain an accurate measure of the condition of 

induction motor, a wide range of approaches are 

employed to extract features indicative of the 

condition.  The approaches used vary from measuring 

vibrations, which yields signals often requiring a 

significant amount of processing, to oil debris 

analysis where the metal worn off the machine can be 

analyzed. Other approaches include monitoring 

acoustic emission, electrical currents, temperature 

and system input/output relations. 
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A survey [1-3] of all published work on condition 

monitoring cannot be reviewed in this paper, and so 

the general methods will be broadly categorized and 

only those major methods used with induction motors 

will be considered in some details. 

The objective of using condition monitoring systems 

on induction motors is primarily to improve the 

motors reliability, while the motive of reducing costs 

of repair and downtime is also important. 

Induction motors have their own levels of reliability 

and causes of failures.  The monitoring systems 

which are designed to provide prior warning about 

faults are also liable to fail while in service.  This 

aspect must be considered in evaluating their 

contribution to the improvement of the induction 

motor reliability.  A method of accounting for this 

factor and a general method of quantifying the 

reliability improvement that can be brought about by 

condition monitoring systems for induction motors 

are developed in this paper.  Simple probabilistic 

models are used to estimate the reliability levels, 

based on data collected from Indorama Eleme 

Petrochemicals Limited, Nigeria (IEPL) for a period 

of five years (2006-2011). 

2.0 TYPE OF CONDITION MONITORING 

METHODS 

 

The categories into which condition monitoring 

methods may be conveniently classified are: visual 

monitoring; electrical current monitoring; vibration 

monitoring; acoustic emission monitoring; wear 

debris monitoring; performance monitoring and 

thermal monitoring [1]. 

2.1 Visual monitoring 

This method ranges from a simple visual inspection 

by the unaided eye, through to the use of borescopes 

for better access, microscopes to increase 

magnification, and closed circuit television cameras. 

Results are normally obtained immediately, but they 

are not recorded automatically, and photography or 

videotape may be required if trends are to be 

established. 

2.2 Electrical Current Monitoring 

In induction machines, some faults can be detected 

by measuring the currents or voltages in the machine 

windings. The magnetic field created near the 

machine changes when faults occur and therefore 

using induction loops to measure flux, it can also aid 

in condition monitoring. 

2.3 Vibration monitoring 

The general principle behind vibration monitoring is 

that energy is supplied to the machine, and some of 

this is dissipated as vibrations. The spectral content 

of these vibrations will depend upon the energy input 

and the resonant frequencies of different parts of the 

machine. When the machine’s condition changes due 

to wear or damage, the resonant frequencies of the 

machine and hence the vibrations will change. The 

vibrations will however also change if the input 

energy changes.  Most vibration monitoring systems 

can be divided into three distinct parts: data 

acquisition, feature extraction and condition 

classification [2]. Data is acquired using transducers. 

This is normally recorded in either analog or digital 

form on magnetic tape or computer disk. In simple 

systems it may however be possible to perform the 

analysis in real-time, removing the storage 

requirement and providing continuous monitoring. It 

is generally not possible to classify the condition 

based upon an individual sample of the vibration and 

therefore some transformation of the recorded 

vibration time-series is required to extract time-

invariant features. 

In many cases the feature extracting transform used is 

also time-invariant and therefore the vibration signal 

has to be stationary.  In many cases, the power 

spectrum changes when faults occur. Using FFT can 

provide a fast estimate of the power spectrum 

although more accurate methods can be employed. 

2.4 Monitoring Acoustic Emission 

Acoustic emission is the high frequency noise created 

when materials are structurally damaged. 

By monitoring this, the development of sudden 

cracks in the machine can be detected. 

2.5 Oil Debris Analysis 

Contact between different components in a machine 

causes wear such as when gear teeth mesh; small 

amounts of metal are removed and end up in the 

lubricant. By analyzing the lubricant the rate of wear 

can be estimated and hence the condition of the 

machine. 

 

 

2.6 Performance monitoring 

Performance monitoring is a general term applied to 

on-line measurements of machine parameters and, as 

such, it also includes methods in other categories. 

Measurement of input and output power is a simple, 

but informative, form of performance monitoring 

2.7 Thermal Monitoring 

Machine faults such as an unbalanced shaft will 

increase the friction in the bearings and therefore the 

temperature will increase. Thermal imaging cameras 

can be used to detect such changes in temperature and 

therefore detect the fault. 

3.0 MATERIAL AND METHOD 

Motors fail in two different ways [3]: mechanical 

failure due to improper installation, and improper or 

inadequate maintenance; and electrical failure due to 

overload and/or insulation deterioration that is 

detectable only through electrical and thermal 

monitoring. Understanding the various modes of 
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failures is key to detecting specific motor faults and 

scheduling maintenance efforts that prevent them.  

3.1 Mechanical failures 

A motor is an electro-mechanical device that converts 

electrical energy to mechanical energy. It is 

sometimes difficult to separate electrical faults from 

mechanical faults. However, the main mechanical 

conditions that can cause premature motor failures 

are: misalignment, unbalance, soft foot, bearing 

fatigue, overloading or overheating, inaccurate 

lubrication, and loss of cooling [4, 5]. 

Of all motor failures, approximately 40% are directly 

related to bearings [6]. This is why reducing stress on 

bearings is essential in preventive maintenance [6]. 

Minimizing bearing stresses begins before the motor 

is installed. Since the weight of the rotor is supported 

by the bearings, handling the motor carefully to 

prevent misalignments. 

Soft foot occurs when all four motor feet do not rest 

smoothly on the mounting surface. The condition can 

be caused by an improperly machined motor base or 

by an uneven mounting surface. This condition 

should be corrected by the use of shims. To force all 

four feet flush to the mounting surface without 

shimming the soft foot can twist the motor frame and 

either stress the bearings or distort the motor air gap. 

A distorted air gap [7] can cause an impedance 

unbalance, which can result in a current unbalance, 

thus lead to excessive and uneven heating and/or 

shaft currents that cause premature bearing failure. 

Too much lubrication can be as much of a problem as 

too little [8]. Greasing a bearing only helps when 

done correctly. It is actually better not to grease at all 

than to do it incorrectly. Ensure grease fittings are 

wiped clean to prevent the introduction of dirt or grit 

into the bearing.  

If a motor is properly lubricated, mounted and 

handled, most common causes of bearing failure 

except fatigue are eliminated. Vibration monitoring 

can detect bearing fatigue and most mechanical faults 

at a very early stage, along with some electrical 

faults. 

Loss of cooling can mainly occur due to obstructed 

air flow, fan damage, dust and debris on surface, 

cooling air short circuit, excessive altitude, and 

fouled heat exchangers. Many of these conditions can 

be detected by visual inspection but the symptom of 

excessive heat, which destroys motors, is best 

detected using infrared thermography which is an 

effective tool for detecting hot spots in the motor core 

and in some cases, hot bearings in motors. 

3.2 Electrical failures 

The main conditions that can contribute to premature 

failure due to electrical problems are: poor power 

quality, resistance unbalance, impedance unbalance, 

insulation failure, excessive loading/current, and 

overheating [9, 10]. These are conditions that, if 

detected, can be corrected to extend the life of the 

motor and prevent any type of noise and vibration. 

Poor power quality can manifest itself in many forms 

[11]. With the increased use of variable speed drive 

and non-linear loads, harmonics are a common cause 

of poor power quality [12]. The use of properly sized 

line reactors can be an effective tool for isolating the 

harmonic condition and preventing its effects 

throughout the distribution system. Improper voltage 

level is another form of poor power quality. 

Additionally the motor may suffer from a voltage 

unbalance condition can cause current unbalances 

within the motor and thus, more noise and vibrations. 

Another condition leading to current unbalance and 

thus to vibrations is unbalanced winding resistance 

[4]. This can be detected using a precision micro-ohm 

meter. Resistance unbalances can be a result of high 

resistance connections in starters, or at the motor 

terminals. High resistance connections typically 

result in excessive heating at the connection point for 

which infrared thermography is an effective 

diagnostic tool. 

The majority of motor electrical failures are due to 

breakdown of the winding insulation system. The 

winding condition can be evaluated by performing an 

insulation resistance measurement or sensing and 

analyzing with the motor on-line the voltage and 

vibration waveforms. 

3.3 Motor Reliability Improvement Using 

Condition Monitoring Systems 

 

A monitoring system is expected to change the 

existing failure statistics of electrical machines in a 

favorable manner. Based on data collected from 

Indorama Eleme Petrochemicals Limited, Nigeria 

(IEPL) about induction machine failure rates and on 

estimates for the effectiveness of presently available 

monitoring systems, this section describes the use of 

a probability analysis to examine the extent to which 

comprehensive on-line monitoring systems on 

induction machines can improve their reliability. 

Comprehensive monitoring means monitoring 

systems designed to indicate all types of known 

faults.  

The observed failure rate rF   for any piece of 

equipment in a plant is defined as [10]: 

nobservatioofdurationtime

failuresobservedofnumber

rF         (1) 

rF  is usually expressed in terms of failures per unit-

year. It may also be expressed in percentage terms, 
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which imply the number of faults within a period of 

100 unit-years [10].  

The failure rates for common measuring 

instrumentation systems are in the range 10 to 30% 

per year [13]. Reported failure rates are available 

only for common instrumentation systems such as 

those for temperature and vibration, but not for 

monitoring systems. 

Induction motor failures are discrete events occurring 

on a scale of time. Two probability distributions are 

generally used to model such events; the binomial 

distribution and the Poisson distribution. As the 

expected failure rates are small for induction 

machines on a per-annum basis, the Poisson 

distribution sufficiently describes the failure 

characteristics [14]. 

When considering a single induction motor, operating 

for a time , the probability that exactly x  failures 

occur within this period is given by [16]: 

  
 
!x

xe
xXP


          (2) 

X  identifies the event, which in this case, is the 

failure of a motor. x  is a non negative integer.   is 

the estimate for the average failure rate of the 

induction motors. Using the average failure rate of 

6.5833% for squirrel cage induction motors (100.5-

375Hp) as reported by IEPL, the probability that 

exactly one failure occurs in this category of motors 

within a period of one year is given by equation (2), 

with 1  and   = 0.0658, as: 

 
 

%16.6100
!1

10658.00658.0
1 




e
XP

              (3) 

and the probability that at least one failure occurs 

within one year is: 

     %37.601  XPxXP   (4) 

and the probability that no failures occur is: 

   %63.930 
o

PXP                   (5) 

The next step in evaluating the effectiveness of 

monitoring is to determine the probability that a 

given fault is accurately detected by the monitoring 

system in good time, so that only the primary cause 

of the failure needs to be repaired when the motor is 

withdrawn from service.  Available literatures 

reported that an induction motor with monitoring 

systems can identify almost all the faults for which it 

is intended. However, the difficulty is that most of 

the reported successes are about a single monitoring 

system designed to investigate one or, at most, a few 

faults, being used to monitor several induction 

motors. 

A comprehensive monitoring system is more of a 

dedicated type of equipment used on a single motor 

over a long period, possibly throughout its useful life. 

For the present evaluations, the probability that a 

given fault is identified in good time by the 

monitoring system designed for the purpose will be 

assumed to be 80 %. 

The occurrence of a fault and the identification by the 

monitoring system are generally two independent 

events. This is because the design of the monitoring 

system is such that the fault it is intended to monitor 

will not affect its diagnostic capabilities. If, within a 

specified period of time, as given by equation (4) 

Probability that at least one motor failure occurs = 

 
o

P
o

PxXP


 1  and let 

l
P = probability that a given failure is identified by 

the monitoring system. 

Then the probability that a possible failure within a 

specific period is detected by the monitoring system 

(i.e., the success rate
s

P ) is: 

 
l

P
o

P
s

P 


            (6) 

The monitoring systems themselves can also fail, so 

they may not be available when a fault occurs. 

Transducers are the most likely problem, and these 

fail at an average rate of 29% per year [13]. The 

probability that no fault occurs within a year in the 

monitoring system is given by a Poisson distribution 

similar to equation (2) as: 

 
 

%8.74100
!0

029.029.0
0 




e
YP  

              (7) 

where Y is the event that the monitoring system fails. 

Thus it is nearly 25% probable that the monitoring 

system will have at least one failure within a one-year 

period. Without extensive data from industry, it is 

difficult to attach a value to the probability that the 

monitoring system will be out of action exactly when 

it is needed. However, it will be reasonable to assume 

an extreme case such that if a fault in the monitoring 

system is probable, then that probability will apply to 

the entire period of time under investigation. This 

provides the worst estimate for the probability that 

the monitoring system is not available. It is now 

possible to redefine the probability that a given 

failure is identified by the monitoring system as: 

    BPBAP
l

P             (8) 

A is the event that the monitoring system identifies a 

fault and B is the event that the monitoring system is 

in working order. Also,  BAP  is the probability 
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that a fault is identified, given that the monitoring 

system is in working order and  BP  is the 

probability that the monitoring system is in working 

order, and equals  0YP . 

 BAP  is a measure of the capability of the 

monitoring system to detect a given fault. The values 

of  BAP  depend mainly on the monitoring 

techniques. Information contained in [l5-17] indicates 

that a monitoring system designed to detect a fault of 

which the symptoms are known has a very high level 

of success of identifying the fault in advance. A 

success rate of 80% or higher can be expected from 

such systems [16], thus,   %80BAP . 

It must also be remembered that any fault expected to 

be detected by a comprehensive monitoring system is 

generally picked up by a motor’s conventional 

protection systems, but at an advanced stage of 

deterioration. The lower bound for the success rate 

value is about 60% [16], which is the average level of 

capability of conventional and standard protection 

systems in providing prior warnings of possible 

failure. Monitoring systems are expected to perform 

better and more reliably than the traditional systems, 

hence the selection of the 80% value. 

 BAP  is assumed to be 80% as before and  BP  

is 74.8%. Hence 
l

P  is given by equation (8) as 

59.8%. Using equation (6) the success rate, 
s

P  that 

within a one-year period at least one fault occurs and 

is identified by the monitoring system is 3.809%. 

Reliability   is defined as the probability that no 

fault occurs in an induction motor within a specified 

period. Thus, without monitoring, 

  0 XP             (9) 

Now the reliability in a monitored induction motor is 

improved by the fact that some of the faults will be 

identified by the monitoring system. Therefore, 

including the monitoring successes, the probability 

that no fault occurs is now given by: 

  
s

PXP
m

 0          (10) 

where 
m

   is the reliability of the monitored 

induction motor. Thus, for the motor category with a 

6.58% failure rate, the reliability is improved from 

93.63% to 97.44%. Substituting equations (5) and (6) 

into equation (10) gives: 

    BPBAP
o

P
o

P
m




       (11) 

The calculations of reliability were done using the 

failure rate data for squirrel cage induction motors 

given in Table A-1 in Appendix. 

 

 

4.0 RESULTS & DISCUSSIONS 

The results are presented in Tables 1 to 5. These 

calculations were made using equation (11) for a one- 

and a five-year basis. The average reliability 

estimates for the induction motors in the speed range 

0-3000rpm are also presented in Figs. 1 and 2. 

 

Table 1: Expected Reliability Improvement with Comprehensive Condition Monitoring for induction motors 

in the speed range of 0 – 600 revolutions per minute 

 

Induction motors in 

speed range 0 – 600 

rpm 

% Reliability without monitoring % Reliability with monitoring 

1-year 5-year 1-year 5-year 

15 – 20Hp 97.73 89.18 99.09 95.65 

22 – 38Hp 93.38 70.99 97.34 88.35 

40 – 75Hp 92.88 69.10 97.14 87.59 

100.5 – 375Hp 91.49 64.11 96.58 85.58 

 
Table 2: Expected Reliability Improvement with Comprehensive Condition Monitoring for induction motors in the speed 

range of 601 – 1500 revolutions per minute 

 

Induction motors in 

speed range 601 – 

1500 rpm 

% Reliability without monitoring % Reliability with monitoring 

1-year 5-year 1-year 5-year 

15 – 20Hp 98.36 92.08 99.34 96.81 

22 – 38Hp 95.22 78.30 98.08 91.28 

40 – 75Hp 94.81 76.64 97.91 90.62 

100.5 – 375Hp 93.89 72.97 97.54 89.14 
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Table 3: Expected Reliability Improvement with Comprehensive Condition Monitoring for induction motors in the speed 

range of 1501– 3000 revolutions per minute 

 

Induction motors in 

speed range 1501 – 

3000 rpm 

% Reliability without monitoring % Reliability with monitoring 

1-year 5-year 1-year 5-year 

15 – 20Hp 98.82 94.27 99.52 97.69 

22 – 38Hp 96.50 83.69 98.59 93.45 

40 – 75Hp 96.24 82.57 98.49 93.00 

100.5 – 375Hp 95.54 79.61 98.20 91.81 

 

Table 4: Expected Average Reliability Improvement with Comprehensive Condition Monitoring for 

induction motors in the speed range of 0– 3000 revolutions per minute 

 

Induction motors in 

speed range 600 – 3000 

rpm 

Average failure rate 

(%) 

Average % Reliability without 

monitoring 

Average % Reliability with 

monitoring 

  1-year 5-year 1-year 5-year 

15 – 20Hp 1.7067 98.30 91.82 99.32 96.72 

22 – 38Hp 5.1000 95.03 77.49 98.00 91.03 

40 – 75Hp 5.5133 94.64 75.91 97.85 90.40 

100.5 – 375Hp 6.5833 93.63 71.95 97.44 88.84 

Fig. 1: Reliability Improvements from Comprehensive Monitoring for 1-year 

 

Fig. 2: Reliability Improvements from Comprehensive Monitoring for 5 years 
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5.0 CONCLUSION 
The paper describes the methods of evaluating 

reliability of comprehensive monitoring systems for 

induction motors. The results clearly indicate the 

viability of the comprehensive monitoring systems, in 

terms of the improvement in the reliability index. 

Monitoring system is expected to raise the average 

annual reliability levels to over 97.44% for all the 

categories of squirrel cage induction motors above 

15Hp. However, it is worth noting that any reduction 

in the capability of the monitoring system to detect a 

given fault given by  BAP  will largely reduce the 

expected reliability improvements. For example, if

  %60BAP , the maximum annual average 

reliability of the induction motor with the monitoring 

system reduces to 96.49% for the induction motors 

under the category (101.5 - 375Hp). 

The monitoring of the condition of induction motors 

can significantly reduce the costs of maintenance.  It 

can allow early detection of potentially catastrophic 

faults which could be extremely expensive to repair. 

It also allows the implementation of condition based 

maintenance rather than periodic or failure based 

maintenance.  In these cases significant savings can 

be made by delaying scheduled maintenance until 

when convenient or necessary. 

 

APPENDIX 

 

Table A-1:  Average Failure Rates and Ratings of Induction Motors 

Motor Rating Number of failures Unit years Failure rate(per unit-

year) 

0 – 600 rpm 

15 – 20Hp 

22 – 38Hp 

40 – 75Hp 

100.5 – 375Hp 

 

11 

12 

135 

6 

 

480.5 

175.1 

1825.6 

742.4 

 

0.0229 

0.0685 

0.0739 

0.0889 

601 – 1500 rpm 

15 – 20Hp 

22 – 38Hp 

40 – 75Hp 

100.5 – 375Hp 

 

17 

15 

53 

48 

 

1030.3 

306.7 

996.2 

761.9 

 

0.0165 

0.0489 

0.0532 

0.0630 

1501 - 3000rpm 

15 – 20Hp 

22 – 38Hp 

40 – 75Hp 

100.5 – 375Hp 

 

23 

12 

104 

53 

 

1949.2 

337.1 

2715.4 

1162.3 

 

0.0118 

0.0356 

0.0383 

0.0456 
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