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An Implementation of Risk-Based Inspection for Elevator Optimum

Maintenance

Seung-Tae Park

UR Interdisciplinary Program Mechanical Engineering,
The Graduate School,
Pukyong National University

Abstract

This dissertation presents an investigation of risk management, elevator risk
assessment and reduction’ methodology, elevator fault analysis and life cycle
assessment based on studying and surveying about the elevator component
replacement life . cycle. It also provides the elevator performance management
development as well as elevator evaluation criteria. to apply the condition
prognosis and the inspection/maintenance. The risk management by RBI method
gives the proposed guidance for optimal risk-based inspection/maintenance.

Elevator maintenance is very important to decide the best solution of the
management about the inspection periodic, replacement time and evaluation
method. The fault feature of elevator is obtained from studying, diagnosing and
surveying the elevator component cycle assessment in the site.

The replacement life cycle of elevator component was surveyed through the
elevator maker and the maintenance company, also the design cycle life was

studied through the literature and maker design documents. The replacement life

Xii



cycle of the elevator component was proposed through the effective data by
comparing and analyzing the domestic maker, elevator world data and survey data
through the makers and the maintenance company.

The evaluation of ride quality and rotating machinery are the important
techniques when maintaining elevator. Through the development of performance
measurement device, it is possible to prognosis the condition of the characteristic
features which indicate the fault event, and feature representation is a process
where the features are calculated on time domain, frequency domain and waterfall
function. The proposed evaluation criteria are conducted by the statistical analysis
on the measured value of ride quality and vibration of traction machine. Thus it is
necessary to use the analysis as performance assessment standards. If such
standards are exceeded, the causes need to be analyzed through FFT analysis. It is
deemed that the measurement and analysis on elevator ride quality and vibration
of traction machine in combination with prevention maintenance and prediction
maintenance would guarantee the higher stability and reliability. The reliability of
Dr. Elevator system has been evaluated by Korea Research Institute of Standards
and Science through experimental work that used the measured frequencies are
2.5, 5, 10, 20, 40, 63,80 Hz, and the maximum relative standard uncertainty and
tolerance range are 0.054% and under 5%, respectively. Dr. Elevator is validated
by applying it to diagnosis and predicts the elevator fault cases of car resonance,
rail installment, reducer fault, bearing fault, unbalance, misalignment and guide
roller vibration etc.

This work studied the risk assessment by using the elevator accident and
breakdown statistics data based on FMEA techniques and we tried an
implementation of risk based inspection for the elevator maintenance in the site.
This study has carried out the risk based inspection for elevator and has proposed

the method on how to prevent elevator safety accident and make the premium
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management and maintenance.




I. Introduction

1. Background

The advent of high-rise buildings in modern cities requires high-speed elevator
systems to provide quick access within the buildings. These buildings require that
elevators run at speeds faster than ever before. To meet this requirement, elevators
achieve the super high speed of 1010 m/min, and handles.capacity loads from 900
to 2000 kg.

Elevators have various mechanical structures according to the rating speed and
the maximum load capacity. Generally elevators have three principal mechanical
parts: the traction machine, the cage, and the counterweight. The traction machine
is installed in a machine room, which is located on the top of a building, and
composed of the traction motor, thel main sheave, and the breaker. The
counterweight is used to balance with the cage and-connected to the second
sheave of the traction machine-through-a. moving pulley. The compensation rope
and sheave are utilized to eliminate the weight difference of both side ropes
according to the cage position [1].

Building owners and managers have their work cut out when it comes to ensuring
that those rides are uneventful. Proper installation and ongoing maintenance and
inspection are a must. Long-time continuous usage increases fault-occurrence
probability, which requires troubleshooting quickly [2]. To assess the reliability
and efficiency of the elevators a maintenance program is a significant part of

overall elevator system. The safe and reliable operation of the elevator is of



paramount importance to the owners, the management company and, ultimately,
to the tenants and visitors who travel throughout these buildings daily. The target
of elevator maintenance is as follows:
» Prolong equipment life
» Improve equipment safety and reliability
» Reduce the cost of major repairs
* Minimize the inconvenience of equipment downtime
Since the early 1910s when the elevator was introduced, the Korean elevator
industry has its remarkable growth with 2,000,000 housing constructions in 1990
as well as in 1986 Seoul Asian games and 1988 Seoul Olympics. Currently, about
360,000 elevators are working in Korea which is ranking 9th-in the world.
Meanwhile, the number of people who have been rescued by 911 rescue team,
owing to elevator accidents, reaches the second-highest level following traffic
accidents. The data by the National Statistics Office on elevator accidents shows
that there were 90 and 97 accidents in the year of 2006 and 2007, respectively.

These accidents are increasing annually as indicated in Table 1.1 [3].

Table 1.1 The number of accident and installation

Year Total number Number of | Theincidence of | Accident number
of installation accident accident (%) per 10,000 persons
1998 159,230 28 0.0176 1.76
1999 174,261 12 0.0069 0.69
2000 190,187 22 0.0116 1.16
2001 208,497 28 0.0134 1.34
2002 231,562 16 0.0069 0.69
2003 259,850 40 0.0154 1.54
2004 289,808 25 0.0086 0.86
2005 314,495 42 0.0134 1.34
2006 336,311 90 0.0268 2.68
2007 359,098 97 0.0270 2.70




There is a need for new technical solutions to lessen the safety accidents and
break-down. It has to be provided as a technical guide to promote the progressive
and selective maintenance and improvement of the safety of existing elevator. So,
the ageing elevators should be made more effective, safer, more reliable and more
comfortable through effective maintenance and improvement [4].

Therefore, the aim of this research is to develop the performance measurement
device, to decide the performance evaluation criteria as classifying the defect kind
through the test of elevator tower, also the diagnosis in the site using the
developed device (Dr.Elevator). There is need to survey the life cycle of elevator
parts through the elevator-accidents data and fault and to analysis the fault
characteristic of elevator main parts to maintain elevator more economic and safe.
So finally, the aim is to develop the optimum maintenance guide of elevator and
to implement in the site. The result is respected to reduce the probability of

breakdowns and accidents of elevator, and be much safer to elevator users [5, 6].

2. Motivation of This Research

Machines are critical part inwindustry. Industrial machines are complex and
consist of many components that could potentially fail. The issue of reliability and
robustness of machines has received a deep attention from researchers and
practitioners maintenance. There has been an increased interest in machine
condition monitoring because of the potential benefits to be obtained from
reduced maintenance costs, improved operating efficiency, increased machine
reliability and availability

Elevator accidents increase gradually every year in Republic of Korea.
Elevator consists of many components that will be degraded the operating

condition and could be failed due to wear and fatigue during the operating time.
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Sustaining their condition or avoiding their failure leading to stoppage of elevator
is of vital importance to be taken into consideration. Risk-based inspection (RBI)
and maintenance has been progressively received much interest for their potential
benefits as mentioned in the previous section. Hence, the development of risk
management for elevator inspection and maintenance based on fault diagnosis and

risk-based inspection are the motivation of this research.

3. Research Objectives

This research focuses on the development of an-integrated risk management
system for elevator and risk-based inspection and maintenance as stated in the
introduction section, this research objectives are to developthe performance
evaluation of ‘elevator and to implement risk-based inspection for elevator
maintenance. The main objectives of this research are as follows:

* To develop the performance measurement and evaluation methodology of

elevator using Dr. Elevator.

* To apply the Dr. Elevator (elevator performance measurement device) in

the site and classify the defect kind and evaluation criteria

* To determine the life cycle of elevator component using the survey of

maintenance and manufacture.

* To apply the risk assessment of accident statistics and break-down data by

failure mode and effect analysis (FMEA) method.

* To develop the effective maintenance guide of elevator for using Dr.

Elevator diagnosis device and RBI system.

* To implement the Risk-Based Inspection for the optimum maintenance.



4. Research Method and Approach

In order to achieve the objectives of this research, the following methods have
been adopted:

¢ Performance measurement and evaluation device development that consists
of the elevator ride quality in car and rotating machinery parts in machine
room.

* Survey of maintenance and manufacturers about elevator component life
cycle.

* Elevator accident statistical analysis in Republic Korea and breakdown
data for three year in the maintenance site by FMEA analysis method

* Implementing the performance assessment of elevator in'the site to decide
the fault frequency feature and performance assessment criteria.

e Studying the feasibility of elevator component fault to develop the

effective maintenance guide.

5. Contribution of This Research

The main contribution-of this-tesearch is developing the elevator performance
measurement and evaluation device, applying the Dr. Elevator in the site and
classifying the defect kind and evaluation criteria. Several other significant
contributions of the developed risk management of elevator are as follows:

* The ability to obtain the optimal features for fault classification using Dr.
Elevator by the ride quality in the car and rotating machinery parts in the
machine.

* The developed system was successfully applied in real application to

diagnose and detect the faults of elevator system based on vibration.



* The component replacement life cycle of elevator was successfully applied
in real application by studying the fault characteristic and surveying the
component life cycle of the makers and the maintenance company.

* By implementing the proposed RBI process, the elevator maintenance is
ensure that significant risks are identified and appropriate action taken to
minimize them as much as is reasonably possible. So it result in less
downtime, and greater revenues, also the fatal accidents could be

prevented.

6. Organizational Overview of This Dissertation

Based on aforementioned aims and objectives of this research, this dissertation
is outlined as follows.

Chapter 1 introduces the background and motivation behind this research. It
also describes the main objectives and contributions of this research and outlines
an overview of this dissertation.

Chapter 2 outlines the preliminary literature review and maintenance
management knowledge; risk management, elevator risk assessment and reduction
methodology.

Chapter 3 reviews and studied the elevator fault analysis and life cycle
assessment.

Chapter 4 presents new concept of performance measurement and evaluation.
It outlines the description, composition, basic specification, analysis function of
the system, and also the reliability of the system has been proved by Korea
Research Institute of Standards and Science. To study the elevator fault features,
Dr.Elevator is used to analyze the vibration and frequency waveform, and they

were verified through elevator diagnosis in real site. It includes the proposed



standards by performance assessments of elevator. Furthermore, it describes the
case studies of performance assessment about fault prognosis in real site.

Chapter 5 applies Risk-based inspection of elevator. It addresses statistic
analysis of elevator accident and breakdown and elevator breakdown parts data by
FMEA method. Finally, it addresses the proposed guidance for optimal risk-based
maintenance.

Chapter 6 gives several conclusion based on the results obtained in this
research. This chapter also recommends some directions for further research in the

future.
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II. Preliminary Review

1. Introduction

Maintenance management techniques have been through a major process of
metamorphosis over recent years. Today, the maintenance process has been
provoked by the increase in complexity in manufacturing processes and variety of
products, growing awareness of the impact of maintenance on the environment
and safety of personnel, the profitability of the business and quality of product [1].
There i1s a paradigm shift in implementing maintenance strategies like
condition-based maintenance (RBM) has been emphasized. The development of
maintenance philosophies (is shown in Fig. 2.1 [2]. This figure reveals that
maintenance policies are evolved over time and can be categorized as first, second,

third and recent generations.

Recent generation:

-Risk based inspection

Third jon: . .
ird ier ol -Risk based maintenance

-Condition based maintenance

-Risk based life assessment

-Reliability centered T
4 -Reliability centered
Second Generation: maintenance .
maintenance
. . -Planned Preventive -Computer aided maintenance ..
First Generation: P -Condition based
. . i management and information L
-Fix it when it broke maintenance & monitoring
. . -Ti i system .
-Basic and Routine Time based maintenance 4 -Computer aided
. -System for planning and - Workforce multi-skilling and .
maintenance maintenance management
. . i teamworkin, . .
-Corrective maintenance controlling work J and information system
-Proactive and strategic

1940 1950 1960 1970 1980 1990 2000 Present

Fig. 2.1 Development of maintenance philosophies.



2. Review of Maintenance Management

General maintenance mission is mainly as follows:

To preserve the functions of our physical assets throughout their
technologically useful lives

To the satisfaction of their owners, of their users, and of society as a
whole

By selecting and applying the most-effective techniques

By managing failures and their consequences

With the active support of all the people involved

A maintenance strategy provides as follows:

A fixed, long-term reference for congruency and changing decision
criteria

A structure for relationships between maintenance’ environment
variables

Base-lining opportunities

Ensures-continuity

A clearly mapped growth path to maintenance process maturity

It identifies the “Right” things that needs doing, and presents a clear
choice.

Accelerated learning opportunity

The development of maintenance philosophies is divided by four generation as

shown in Fig. 2.1.
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2.1. First Generation

First generation typically belongs to the time before the World War 2.
Industries were not very highly mechanized. Equipment was simple and
redesigned which made them reliable and easy to repair. Machines were operated
until they broke down and no way to predict failures. Typical maintenance
practices were basic and routine maintenance, reactive breakdown service (fix it

when it broke), corrective maintenance [3].

2.2. Second Generation

Second generation belongs-to the time period in between the Second World
War and the late 1970s. Industries become more complex with great dependency
on machines. Maintenance cost became higher than other relative operating cost.
Maintenance policies adopted were planned preventive maintenance, time-based
maintenance, system for planning and controlling work. This period was criticized
for imposing quite often unnecessary treatments, which disrupted normal

operations, and also induced malfunctions due to missed operations [3].

2.3. Third Generation

The maintenance strategies- within- 1980 "and 2000 are termed as third
generation policies. This generation is typically characterized by continued
growth in plant complexity, accelerating use of automation, just-in-time
production system, rising demand for standard of product and service quality,
more tight legislation on service quality. Condition based maintenance (CBM),
reliability centered maintenance (RCM), and computer aided maintenance

management were adopted for maintenance during this period.
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2.4. Recent Generation

In 1990s, risk-based inspection and maintenance methodologies started to
emerge, and gain popularity beyond 2000, highly characterized by the inception
of risk-based inspection and maintenance in addition to RCM and CBM. Up to
2000, maintenance and safety were treated as separate and independent activities
[4]. An integrated approach incorporating maintenance and safety is appropriate
mean for optimizing plant capacity, as safety and maintenance are not mutually
exclusive functions. Overall objective of maintenance process is to increase the
probability of operation and optimize the total life cycle cost without
compromising safety or environmental issues. Inspection and maintenance
planning based on risk analysis minimizes probability of system failure and its
consequences. It helps management in making correct decisions concerning

investment in maintenance and related fields.

3. Risk Management

Risk is inherent part of business and public and life. Dynamic market relations
increase the uncertainty -of the environment where business and public
organizations work. Keeping high competitiveness requires the organizations to
start initiatives that may have different possible outputs. The possibility of these
outputs occurring determines the risk in organizations’ activity. Risk covers all
aspects of organizational activities and its main aim is to help all other
management activities to reach the organization’ aims directly and efficiently.
Risk management is a continuous process that depends directly on the changes of
the internal and external environment of the organization. In reality the changes in

the environment require continuous attention for identification and control of risks

[5].
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3.1 Sources of Risk

Different definitions and classifications can be used in managerial practice. A
classification may use physical, social and economic sources. But an in-depth
investigation of the problem of risk identification may need classification that can
cover all types of risk in more detail. Therefore the sources of risk can be
represented depending on the environment in which they arise as follows:

¢ Physical environment

* Social environment

* Political environment

* Operational environment

* Legal environment

* Legal environment

* Cognitive environment

1) Physical Environment

The physical environment is an important source of risk. Natural disasters like
earthquakes, storms, flooding, “landslides, etc. lead to serious losses. The
environmental influence ~on the people and people’s -influences on the
environment are important aspects of this. source of risk. The physical
environment can be a source of profitable opportunities, for example real estate as

an investment, or appropriate climate for agriculture business or tourism.

2) Social Environment

The changes in people’ values, human behavior and state of social structures
are another source of risk. Civil unrest, social riots and strikes are events
underlining the importance of the social environment as a source of risk. The level

of worker skills and loyalty to the organization determine to a large extent the
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success of the organization. The difference in social values and culture, for
example, in many countries the equal opportunities of minorities lead to faster

development.

3) Political Environment

The political environment is an important source of risk in all countries. The
ruling party can affect organizations in different ways, for example by cutting aid
to some industry branches or protecting some branch or region, by implementing
strict rules about the environment, etc. The political environment is a more
complex and important source of risk in an international aspect. The difference in
the ruling system raises different attitudes and policies toward business. For
example, foreign investment might be confiscated, or taxation systems might
change significantly, ‘which® will hurt the investor’s interests. The political
environment can present opportunities as well, for example the change in the

political system and transfer to the market economy in Bulgaria.

4) Operational Environment

Operational activities -of the organization create risk and uncertainty. For
example, damage in installation-or production processes might result in fiscal
injuries of workers. Unfavorable working conditions can threaten both the
physical and mental health of the workers. The formal procedures of hiring or
firing employees may generate a legal problem. The manufacturing processes may
produce harm to the environment. In this case the organization is a source of risk.
The international business can suffer from risks in the transport system. The
operational environment also provides opportunities, because the results of

organizational activities improve the level of life and work of the people.
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5) Economic Environment

The economic environment usually is hardly influenced by the political
environment in al single country, but the globalization of the market creates a
market that is greater than a single market and needs to be considered separately.
Although a particular activity of the government can affect the international
capital market, the control of the market is impossible for a single government.
Examples of sources of risk generated from the economic environment are, in a
global aspect, economic recession and depression, and at a local level, interest rate,

credit policy, etc.

6) Legal Environment

The legal environment creates risk and uncertainly in business. The legal
system creates risk by disparity of current or new laws to the environment. In the
international domain, complexity increases because of the variation of legal
standards in different countries and can lead to conflict among the partners. The
legal system creates opportunities also by stabilizing the society and, due to that,
organizations know the restrictions in their work. The legal system provides also a

protection of rights as author’s right, copy right, unemployment protection.

7) Cognitive Environment

The risk manager’s ability to reveal, understand and assess risk is not perfect.
The difference between perception and reality for different people is an important
source of risk for an organization. The cognitive environment is a big challenge to
the risk manager. The questions of how to assess the effect of the uncertainty on
the organization and how to understand whether the perception of risk is real are
considered. The Chernobyl accident and a lot of production accidents caused by

carelessness and human factors are clear examples of the risk arising from the
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cognitive environment.

3.2 Resources Exposed to Risk

A particular peril or hazard factor can arise in more than one of several
considered environments, for example environmental pollution can originate in
human error (social environment), or fail in the control system (operational
environment). Risk management investigates only these sources of risk that can
raise perils for the organization and threaten its resources. That is why the analysis
of resources exposed to risk is so important. In fact the organization is what is
exposed to risk because the occurrence of an undesirable event can affect the
organization as a whole. Nevertheless, bearing in mind the resource exposed to

risk can be grouped as follows: physical, financial, human.

1) Physical Resource Exposures

Physical resources may cover machines, buildings, equipment, etc. Clearly
they can be damaged or destroyed and therefore they are exposed to risk. A
damage or failure leads to losses. An important feature here is that a big
production line can stop-if .even a small part of it is out of order. This can lead to
losses higher than the price of this single piece of equipment. The positive aspect
here is that the material resources exposed to risk offer the possibility of gain. For
example, the ownership of property — buildings, equipment — that can be used is
an credit from a bank or similar financial institution are good advantages for
starting a business, especially in countries with still changing economies, as in

Bulgaria.

2) Human Resource Exposure

Human resources are the wealth of each organization. The success and
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competitiveness of the organization depend to a large extent on its staff and on the
ability of creativity. Risk regarding human resources can be expressed by the
injuries leading to partial working inability including physical and psychological
health or death of someone in the organization. Even hiring new workers is a risk
for the organization. At the same time human resources can be profitable sources
as well. The increase of product quality, generation of action can be considered as
a negative or positive aspect. For example, at the same time it will provide a
possibility of larger gain. In this case the manager’s task is to integrate the
element that maximizes probability of gain. Employee training is the increasing
the workers’ skills and decreasing the probability of failures and injuries. The

loyalty of workers has to be included in the human resource exposure too.

3) Financial Resources Exposure

Money and other financial assets, such as mortgages, are subject to financial
risk. Here the risk is associated with some external effects, but not always with a
clear physical change in the assets. In contrast to physical resources, financial
resources can increase or decrease their value without direct physical change.
Usually losses or gains -are associated with the results of changing market
conditions. A specific risk related to the financial resources is investment risk. It
is connected with investment procedures in new projects possible peril is that

invested money will not be returned at the expected rate or will be lost in full.

4. Risk Based Inspection and Maintenance Procedure for European

Industry

Risk Based Inspection and Maintenance Procedures for European Industry

(RIMAP) is a European project that aims at developing a unified approach to
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making risk based decisions within inspection and maintenance. Current practice
to inspection and maintenance planning is for most industries based tradition and
prescriptive rules, rather than being an optimized process where risk measures for
safety and economy are integrated. New technology for taking risk based
decisions is emerging within a broad range of sectors, and has been proven to be a
very efficient tool shown as Fig. 2.2. However, there is a great need to define the
technical content, links to local legislation and to integrate this approach with the

day-to-day operation [6].

A
Profitability

Long term goal
Integration of tools &

best practice

Excellence:

Short term goals Plant lifetime

Best practices and analysis tools:
- risk based inspection (RBI)

- reliability centered maintenance (RCM)
- life cycle cost

Previous practice

Detailed requirements:
- owner own and
- authorities requirements

v

Past regime Current Future

Fig. 2.2 The evolution of decision making in inspection and maintenance.

The objective of the project is to define a unified approach to making risk
based decisions, within the field of inspection and maintenance (Fig. 2.3). Risk is
here understood as the combined effect of probability of failure and the
consequence of a failure (personnel safety, quality of product, environmental

damage, and economic loss).
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Wanted situation:
Current status: ..
- -Cost optimized plants
-Prescriptive rules

“No accepted standard -Safe and rgllable operations
I -Extended lifetime of old plants
-Old plants

-Enhanced competitiveness
Means:

-Uniform legislation in Europe
-Structured risk based decisions process
-Use of modern risk analysis tools
-Standardization of best practice
-Experience transfer between industry sectors
-Damage model development

-Cost constrain for investment

Fig. 2.3 RIMAP objective.

The main benefit of the work will be cost-optimized inspection/maintenance
plans that will save operational and risk costs in the order of 10 to 40% for the
involved industries, improved safety for plant personnel and the society en-large

and a technical framework for a European standard.

4.1 RIMAP Work Process

The RIMAP procedure is shown in Fig. 2.4, which is said to be generic, since
it is industry independent and applicable to different equipment types (static,
safety systems, etc). The steps in the procedure are the same for different
industrial sectors (chemical, petrochemical and power) and for different
equipment types even if the techniques (e.g. tools for assessing probability or
consequence of failure) may vary from one application to another. So, within the
generic RIMAP procedure it is possible to meet the requirements of other already

existing risk related programs like EN 1050 for machinery or IEC 61 508 for
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electrical safety systems. As it can be depicted from the Fig. 2.4 above, the core of
the procedure — the multilevel risk analysis includes a seamless transition from
screening to detailed analysis. Here, it is obvious that for a certain level of risk a

sufficient depth of the analysis is required.

Preparatory Analysis ]" -

v

Data collection and validation

A 4

Multilevel Risk Analysis
- PoF
- CoF
- Risk

v

Decision Making and Optimization
- Operation
- Monitoring
- Inspection
- Maintenance

T—

O[0AD [eOIUYO3 I

y
Implementation
- Operation
--Monitoring
- Inspection
- Maintenance

v

Assessment / Evaluation of efficiency

91949 [eUONEZIUBSIO-OUYDI ],

Fig. 2.4 RIMAP procedure.
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4.2 The RIMAP description of Risk, PoF, CoF

The RIMAP project provides guidelines on how to perform risk based

inspection and maintenance planning for all types of equipment: active

components, static components, and safety critical equipment. The steps required

to perform maintenance and inspection planning are similar for each type of

equipment. The steps in the analysis are similar for all equipment classes:

Plant hierarchy: The plant hierarchy is a prerequisite for an efficient risk
assessment and maintenance and inspection planning, since the plant is divided
into manageable sections.

Failure mode: Assigning-functions and sub functions to the physical items at
the plant simplifies the identification of failure modes. The failure modes are
then used to identify failure cause, root causes, and damage mechanisms.
Probability of failure (PoF): A number of methods for determining the
probability of failure is'discussed (expert judgement, rate models, statistical,
physical models, etc.)

Consequence of failure (CoF): Consequence of failure is divides into four
categories. Safety — instant consequences on humans within or outside the
plant’s area. Health consequences — long term effects on humans within or
outside the plant’s -area. - Environmental - consequences and business
consequences of failure. Methods are provided for making this type of
assessment.

Risk assessment: Risk is the combinations of the probability of failure and
consequence of failure. The level of risk is compared to the company
acceptance criteria regarding safety and environmental risk. For financial and
cost consequences, a cost-benefit assessment is proposed. The cost related to
the mitigation cost, the benefit is the reduced risk related to the mitigation.

Mitigating activities and risk reduction: Based on the risk assessment (safety,
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health, environment, business) mitigating activities are proposed for the
high-risk items as illustrated in the figure below. Mitigation activities can be
maintenance/inspection, redesign, operational constrains depending on the

actual case [6].

5. Elevator Risk Assessment and Reduction Methodology

Safety is considered as freedom from unacceptable risk. There can be no
absolute safety. Some risks may remain as “residual risk”. Therefore a product or
process (e.g., operation, use, inspection, testing, -or servicing) can only be
relatively safe. Safety is achieved by sufficient mitigation or.reduction of the risk
as shown in Fig. 2.5.

Safety is achieved by the search for an optimal balance between the ideal of
absolute safety, the demand to be met by a product or process, and factors such as
benefit to the user, suitability for purpose, cost effectiveness, and conventions of
the society concerned. Consequently, there is a need to review continually the
established safety levels, in particular when experience necessitates review of the
pre-set safety levels-and when developments, both in‘technology and knowledge,
can lead to feasible improvements to attain sufficient mitigation of the risk
compatible with the use of a product, process, or service.

Risk assessment is a series of logical steps that enables, in a systematic way,
the examination of hazards associated with lifts. Risk assessment is followed,
whenever necessary, by the risk reduction process. When this process is repeated,
it gives the iterative process for eliminating hazards as far as possible and for
implementing protective measures. Risk assessment includes determination of the
subject of analysis, identification of scenarios: hazardous situations cause, and

effects, risk estimation and risk evaluation. Risk analysis provides the information
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required for the risk evaluation, which in turn allows judgments to be made on the
level of safety of the lift, lift component, and any relevant process (e.g. operation,
use, inspection, testing, or servicing). Risk assessment relies on judgmental
decisions. These decisions should be supported by qualitative methods
complemented, as far as possible, by quantitative methods. Quantitative methods
are particularly appropriate when the foreseeable severity and extent of harm are
high. Qualitative methods are useful to assess alternative safety measures and to
determine which one gives better protection. The risk assessment shall be

conducted so that it is possible to document the procedure, that has been followed

and the results that have been achieved [7].

Determination of reason for RA

v

Formation of RA team

! N

Determination of RA subject

v

Identification of scenarios:
Hazardous situation, harmful event (cause)

and effect

\ 4

SISATeuy YSry

v
Risk estimation _J
v
Risk evaluation
v

Has the risk been

JUIWISSISSY WSTY

Yes
End

sufficiently mitigated?

¢N0 j

Risk reduction

Fig. 2.5 Iterative process of risk assessment and risk reduction
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Risk analysis procedure is as the follows:
Step 1: Determination of the reason for conducting a risk assessment

Before a risk assessment process can start, the reason for the assessment should
be determined. It can be, but is not limited to, any of the following: verification
that the risks are eliminated or sufficiently mitigated in relation to design for, or
installation of, a lift, or a component, or a subsystem thereof; the operation and
use of a lift; or procedures for testing, inspection, servicing, or performing any
other work with intent to maintain the lift or a lift component in its intended
operating conditions.
Step 2: Formation of a risk assessment team

Considering the variety in designs, processes, and technologies relevant to lifts
and the diversity in the interests and working experience of lift experts, and in
order to minimize any bias, a team approach for this risk assessment process is
preferable. Selection of the members of the team, including the team moderator, is
of paramount importance for the success of this risk assessment process. The team
should comprise. individuals with varied interests and having experience in all
fields that could be.affected by the product or process being assessed. Experts
with specialized knowledge can be engaged. in a consulting role for all or
appropriate portions of the risk assessment process. Such participation can
significantly enhance the quality of the results. The team moderator should have
an overall understanding of the product or process being assessed; understand the
risk assessment process; be able to assume an impartial view free of any bias;
have “facilitating" abilities; act as a facilitator rather than participant in the
debates of the team, and be able to facilitate arbitration when no team consensus

agreement can be reached.

24



Step 3: Determination of the subject of risk assessment and related factors

Once the reason for a risk assessment process is determined in accordance with
5.1, the subject of the assessment shall be determined as precisely as possible.
Without limiting generalities, the subject can include one or more of the
following: complete lift system, component or subsystem of a lift, persons in
relation to a lift, processes related to a lift or its components, such as installation,
servicing, repairs, cleaning, testing, modernization and replacement. The intended
life cycle is an important factor in determining the probability that a given event
can occur. It does not, however, always come into play. If a standard is being
written to address intrinsic-safety, the life cycle need not apply. Life cycle does
have a role when considering the probability that a particular event will occur due
to a component failure. In this situation, the life cycle of the system incorporating
the component shall be considered. If, for example, the system is to perform its
function for 8 years, then the life of components must at least match this to avoid
a high probability of failure and, therefore, the occurrence of a given event. If,
however, the component, through preventive maintenance, is replaced before
failure occurs the probability of the occurrence of a given event is low. Any
available information and data that could assist in the qualitative and quantitative
analysis should be taken-into account, such as-accident and incident history,
including causes and effects, that is relevant to the subject of the assessment or to
similar products or procedures. The absence of an accident history, a small
number of accidents, or the low severity of the effects of the accidents should not
lead to an automatic presumption of low risk. Quantitative data can be used to
supplement the data, based on the consensus of expert opinion derived from

experience, as described in this document.

Step4: Identification of scenarios: hazardous situations, causes, and effects
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The focal point of a scenario is the identification of hazards that could be
associated with the subject being assessed. Table B.1 in Annex B lists typical
hazards that could be associated with lifts, including details and examples of the
hazards. The list can be used as a starting point when formulating a scenario. The
formulation of a scenario includes the identification of a hazard and the
formulation of a hazardous situation, cause, and effect. It is important to identify
and record the hazards before the formulation of scenario proceeds. It is critical
for a scenario to be formulated in the sequence of occurrence of each part of the
scenario. All situations or other circumstances in which people (or property or
environment) could be exposed to one or more hazards should be identified. This
applies to all hazardous situations associated with the subject being assessed. It is
not always necessary to list always all hazards before formulating relevant
hazardous situations and harmful events, because in most cases the description of
the hazardous situation, cause, and effect states the type of hazard being
considered. It is, however, important that all members of the risk assessment team
agree on the type of hazard, hazardous situation, cause, and effect before the

estimation of the risk elements and the risk evaluation proceed.

Step 5: Risk estimation

Through step 4 the scenarios have been formulated, including the hazard,
hazardous situation, and cause, as well as the potential effects that can result in
harm. The possibility of harm has been identified, but the level of the risk of harm
remains to be determined. The risk estimation process is used to establish the level
of risk elements and hence the level of risk. When determining elements of risk,
and in particular the probability of the occurrence of harm, only one lift shall be
considered, rather than multiple installations of the same kind or the whole

population of lifts. The risk associated with a particular scenario is derived from a
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combination of the following elements: the severity of harm; and the probability
of the occurrence of that harm, which can be a function of the frequency and
duration of the exposure of persons to the hazard, the probability of occurrence of
the scenario, and the technical and human possibilities to avoid or limit the harm.

The elements are shown in Fig. 2.6.

Risk Severity Probability of occurrence of
Related Isa Possible the harms
to the function harm that can and Which can be a function of
considered of the result from the - the frequency and duration of
hazard considered the exposure
scenario - the probability of harmful
events; and
- the possibility of avoiding or
limiting the harm

Fig.2.6 Elements of risk

For the purpose of this risk assessment process, the level of severity of harm
that can occur in a scenario should be estimated by considering possible effects on
human life, or property, or the environment, depending on the reason and the
subject of the risk assessment.

Level “1”: high

Level “2”: medium

Level “3”: low; and

Level “4”: negligible

When estimating the level of harm, the following should be taken into account:
the nature of what is affected: persons, property, environment, and other factors as

appropriate.
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Probability of occurrence of harm: For the purpose of this risk assessment
methodology, the level of probability of occurrence of harm should be estimated
as one of the following:

Level “A”: highly probable

Level “B”: probable

Level “C”: occasional

Level “D”: remote

Level “E”: improbable; and

Level “F”: highly improbable.

Probability of occurrence of a scenario: When estimating the probability of
occurrence of a harmful event (cause and effect) and of persons being in
hazardous situations when the event occurs, the following factors may be useful:
statistical data; accident history; history of nature and degree 'of harm; and
comparisons with similar lifting devices, or components, or processes.

Frequency and duration of exposure to hazard: The exposure of all persons
working on or using the lift to the hazards relevant to a specific lift situation or
event should be considered.. The exposure of lift users or mechanics should be
estimated in relation to ene lift; not to multiple lifts.: There are continuously
existing hazardous situations, but exposure to a hazard can be very infrequent and

of short duration, which implies a lower level of probability.

Step 6: Risk evaluation

Once the level of risk is estimated, evaluation of the risk is to be carried out to
determine if any protective measures need be taken to reduce the risk. The risk is
evaluated by identifying the corresponding “risk group” based on the estimated

risk level. The risk levels are grouped as presented in Table 2.1.
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Table 2.1 The risk level

Risk group Measures to be taken

I Protective measures are required to reduce risk.

II Review is required to determine whether any further
protective measure is appropriate to reduce risk, taking
into account the practicability of the solution and
societal values.

11 No action is required.

When selecting the risk to be evaluated, the risk assessment team shall select

the highest level of risk, not necessarily the highest severity level.

Step 7: Has the risk been sufficiently reduced?

If the risk evaluation in 6 indicates that the risk belongs to Group I or II, then
appropriate protective measures shall be selected. Once the protective measure is

implemented, the risk assessment process shall be repeated, starting with Step 4,

to verify that risk has been sufficiently reduced.

Step 8: Documentation

The process and results of the risk analysis and assessment shall be

documented using the templates.
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III. Elevator Fault Analysis and Life Cycle
Assessment

1. The Definition of Elevator

An elevator or lift (in British English) is vertical transport vehicle that
efficiently moves people or goods between floors of a building. They are
generally powered by electric motors that either-drive traction cables and

counterweight systems, or pump hydraulic fluid to raise a cylindrical piston.
2. The Structure and Principle of Elevator

An elevator is defined as permanent lifting equipment serving two or more
landing levels, including a car for transportation of passengers and other loads,
running at least"partially between rigid guide rails vertically. Elevator may be
classified according-to several characteristics. The most important characteristic
of an elevator is its drive-method, with different-design principles and different
elevator component construction. Classification is usually divided by electric
elevators and hydraulic elevators.

ISO Standard 4190 distinguishes five classes of electric traction elevators and
specifies their outline dimensions related to loads, speeds and installation
arrangements. The main parts of traction elevators are:

(a) Suspension means for car and counterweight, which are represented by
steel wire ropes.

(b) Driving machine, which is the power unit, consisting of:
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(©)

Electric motor

Mechanical gearing

Brake

Traction sheave

Couplings, shafts, journals and bearings

Machine frame (bedplate).
Car, which carries passengers and other loads. It is composed of the sling,
a metal framework connected to the means of suspension, the platform
which forms the floor of the car and directly supports the load and the car
enclosure attached to the car platform. Its mechanical accessories are:

Suspension-gear

Guide shoes providing guiding for the car sling along the car trajectory

Safety gear

Car door and door operator.

(d) Counterweight for balancing the mass of the complete car and a porting of

(e)

6]

the rated load.

Elevator well (hoist way), the space completely or partially enclosed,
extending from the. pit floor to the roof,in. which the car and the
counterweight, if there is-one, travels. It is equipped with guide rails for
both the car and counterweight, landing doors and buffers or bumpers in
the pit.

Safety gear, a mechanical device for stopping and landing the car or
counterweight on guide rails in the event of breakage, slackening of
suspension ropes or if the speed of a descending car (cwt) exceeds the
rated speed by a predetermined value. The braking action of the safety
gear is initiated by the over speed governor, usually located in the

machine room.
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(g) Buffers representing a resilient stop beyond the normal bottom limit of the
car or counterweight travel. They may be of polyurethane, spring or oil
type in respect of the rated speed and are designed to store (accumulate)
or dissipate the kinetic energy of the car or counterweight.

(h) Electric installations including electric safety devices and lighting.

(1) Control system.

A typically installation of a traction passenger elevator is shown in Fig. 3.1.
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Main sheave

Controller . .
M “Traction machine
otor
Brake
Top final limit switch Fixed pulley
Main rope
Car door operation device
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Safety shoe Car door
Landing door ————Car platform
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—Safety gear
Travelling cable—
Car guiderail -
Buttom safety limit switch-
Buttom final limit switch— "
: E - Counterweight
Balancing chain ~ -
Car buffer Counterweight guide rail

“~Counterweight buffer

Fig. 3.1 Rope type elevator [1] (adopted from Dong Yang Elevator Co.,Ltd.).
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3. Main Component Element of Elevator

3.1. Traction Machine

Gearless machine are usually used for rated speeds over 2.5 m/s, while geared
machines are applied for lower speeds. Spur gears were used occasionally in the
past, but with the advancement of design and production techniques, worm
gearing became the accepted standard for conventional geared elevator machines.
The application of a worm gear speed reducer brings several advantages:

* it is very compact and of very small dimensions for the given ratio and

transmitted power,

* it has a minimum number of moving parts, thus minimizing maintenance

and replacement,

* sliding action of worm gearing results in quiet operation,

* it has an inherently high shock load resistance.

The worm is usually cut from forgings of alloy steel which provides a hard
working surface. The material is nickel-chromium or nickel-chromium-
molybdenum steel. The hardened worms are ground of the surface to minimize
friction and wear. The rims-of worm wheels are made of centrifugally cast bronze,
machined to mate with the worm. The worm shaft is always supported by two
radial bearings and one axial bearing for sustaining the axial trust. It can be places
either in the upper position (over-driven worm gear) or the lower position
(under-driven worm gear) below the worm wheel. The upper position seems to be
used frequently with light-duty and medium-duty machines. The advantages are
easy sealing of the gearbox, easy control of the gearing and the worm wheel shaft
located low above the machine framework. However, the lubrication of the worm
is generally worse than with under-driven worm gears, particularly during starting

periods when metal-to-metal contact may occur under high loads. A typical

35



under-driven worm gear is shown in Fig. 3.2.

Helical gear

Worm gear

Sheave

o /Motor

(a) Worm gear type (b) Helical gear type

Fig. 3.2 Traction machine of geared type [2].

The gearless machine is equipped with a high speed, with speeds in the range
of 100-220 rpm. The speed control is accomplished by a frequency converter.
There is no gearing between the rotor and the traction sheave. All principal
components of the machine, ie, the rotor, traction sheave and brake drum and
mounted on the same shaft, supported by two bearings. The shaft and the bearings
must sustain the load-imposed on the sheave as well as the weight of components
mentioned above and transmit the complete load to the building structure. The
traction sheave and brake drum are usually made as one piece. With no gearing
employed, the mechanical efficiency is higher compared to geared elevator

machines. A typical AC gearless traction machine is shown in Fig. 3.3.
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Brake

Sheave

Fig. 3.3 AC Traction machine-of gearless type [3].

a) Reducer

The reducer of geared type is‘generally used worm gear and helical gear type.
Worm reducer can do reducer ratio largely, easy to process but it is necessary
large motor because the torque transmission efficiency is low. The worm gear
usually has an efficiency of 70 to 75% as compared to the helical gear of around
90%. Helical reducer has large torque transmission efficiency, but because it occur

high sound more than worm reducer, so worm reducer is used usually.

b) Electric Motor

Electric motor is the device to convert an electric energy by a mechanical
energy. A three-phase induction motor, presented in Fig. 3.4 has two main parts: a
stationary stator and a revolving rotor. The rotor is separated from the stator by a
small air gap that ranges from 0.4 mm to 4 mm, depending on the power of motor.

The stator consists of a steel frame that supports a hollow cylindrical core
made up of stacked laminations. A number of evenly spaced slots, punched out of
the internal circumference of the laminations, provide the space for the stator

winding.
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The rotor is also composed of punched laminations. These are carefully
stacked to create a series of rotor slots to provide space for the rotor winding.
There are two types of rotor windings: conventional 3-phase windings made of
insulated wire and squirrel-cage windings. The type of winding give rise two main
classes of motors: squirrel-cage induction motors and wound-rotor induction

motors.

Fig. 3.4 Exploded view of cage motor: Stator (1), Rotor (2) End-caps (3),
Cooling fan (4), Ball bearings (5), Terminal box (6) [4].

A squirrel-cage rotor.is composed of bare per bars,slightly longer than rotor,
which are pushed into-the slots. The opposite ends are-welded to two copper
end-rings, so that all the bars short-circuited together. The entire construction
resembles a squirrel-cage, from which the name is derived. In small and medium
size of motors, the bars and end-rings are made of die-cast aluminum, molded to
form an integral block

Another type is a wound-rotor has a 3-phase winding, similar to the one of the
stator. The winding is uniformly distributed in the slot and is usually connected in
3-wire. This motor is, however, less efficient than the squirrel-cage induction
motor, and it is used only when a squirrel-cage induction motor cannot deliver the

high enough starting torque.
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When the stator winding of a three-phase induction motor is connected to a
three-phase power source, it produces a magnetic field that is a constant in
magnitude and revolves around the rotor at the synchronous speed. If f is the
frequency of the current in the stator winding and P is the number of poles, the

synchronous speed of the revolving field is

nY=120f
Top

3.1
where 7, is synchronous speed (r/min), f'is frequency of the source (Hz) and P is
number of poles. This equation shows that the synchronous speed increases with
frequency and decreases with number of poles.

The revolving field induces electromotive force (EMF) in the rotor winding.
Since the rotor winding forms a closed loop, the induced EMF in each coil gives
rise to an induced current in that coil. When a current-carrying coil is in a
magnetic field, it experiences a force that tends to rotate it. The rotor receives its
power by induction only when there is a relative motion between the rotor speed
and the revolving field:: Since the rotor rotates at.a speed lower than the
synchronous speed of-the revolving field, an-induction motor is also called an
asynchronous motor.

The slip of induction motor s, is defined as the difference between the
synchronous speed and the rotor speed, expressed as a percent (or per unit) of

synchronous speed. The per unit slip is given by equation

5= (3.2)

where 7 is rotor speed (r/min), The slip s is practically zero at no-load and is equal
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to 1 (or 100%) when rotor is locked.

c) Brakes

The elevator braking system, which must be set in operation automatically in
the event of loss of power supply and loss of supply to the control circuits, must
be provided with an electromechanical friction brake. This brake must be capable
of stopping the machine when the car with 125% of rated load is traveling at its
rated speed and must hold the system at rest afterwards. The retardation must not
be in excess of that resulting from the operation of the safety gear or by stopping
the car on its buffers. During the stopping action, the kinetic energy of the moving
parts of the elevator is converted into thermal energy; the holding function of the
brake prevents a change in potential energy.

The brake is usually mounted on the high-speed shaft (motor shaft), because the
braking torque is relatively small here, providing that the shaft is coupled on the
sheave (drum, sprockets) by direct mechanical means. With indirect-drive
machines, utilizing V-belts, toothed drive belts or drive chains, the brake must be
located on the traction sheave (drum) assembly side of the machine to be fully
effective in the event of'a belt set or chain set failure.

The brake must be applied by compression springs or by gravity. It can be
released either electromagnetically or electrohydraulically (Fig.3.5). The
interruption of the current must be controlled by at least two independent electric
devices. Braking should occur when the electric circuit operating the brake is
interrupted. When the machine is fitted with a manual emergency operating
device, the brake must be so designed to enable releasing by hand and constant
effort must be exerted to keep the brake open. Elevator brakes are mostly
provided with a drum; however, the application of disc brakes has become more

frequent [5].
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Fig. 3.5 DC brake system.

3.2. Safety Gear

The car of every elevator which is suspended by wire ropes or chains, and
which may be entered by persons for the purpose of transportation or mechanical
handling of goods at landings, must be provided with a safety gear. The
counterweight must be equipped with a safety gear when occupied spaces are
located under the hoist way.

The safety gear is a mechanical device for stopping the car (or counterweight)
by gripping the guide rails in the event of the car speed attaining a predetermined
value in a downward direction of travel, irrespective of what the reason for the
increase in speed may be. The safety gear is preferably located below the lower
members of the car frame and operates on one pair of guide rails. The operation
should be simultaneous on both guide rails; the floor of the car with the load
uniformly distributed must not incline more than 5% from its normal position.

The predetermined value of the car (counterweight) speed at which it must be

stopped is the tripping speed of the over speed governor. The counterweight
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safety gear may be either tripped by the failure of the suspension gear, or by a
safety rope, if the rated speed does not exceed 1 m/s. A device (overspeed switch)
must be mounted on the governor that would initiate cutting off the control circuit
before or at the moment of safety gear operation.
Car safety gear is classified on the basis of their performance characteristics.
They are as follows:
(1) Instantaneous type, which exerts a rapidly increasing pressure on the guide
rails during the stopping period. The stopping time and distance are very short;
no flexible medium is introduced to limit the retarding force and the stopping
distance. This type can be-employed for rated speeds not exceeding 0.63 m/s in
Europe, but up to 0.76 m/s in the U.S. The behavior of a-car or counterweight
on the application of this kind of safety gear cannot be exactly predicted nor
calculated and must be examined experimentally.
(2) Progressive type applies limited pressure on the guide rails during the
stopping interval. After the safety gear is fully applied, retarding forces are
reasonably uniform. The stopping time and distance are related to the mass of
the movable system being stopped and the speed at which the application of the
safety gear is initiated. This type must be used for rated speeds in excess of 1
m/s.

3.3. Overspeed Governor

The governor is usually located in the machine room. If governor is located in
the hoist way, it must be easily accessible from outside the hoist way. A schematic
arrangement of the overspeed governor system is shown in Fig. 3.6. The governor
is provided with the governor rope (1), passing round the governor pulley (2),
down to a tensioning pulley (3) in the pit and back again to the governor rope is

attached at the point (4). When the tripping speed of the governor rope is achieved,
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the governor stops the rope. Since the car continues in a downward motion, the
tension in the governor rope is increased; exceeding the value necessary to engage

the safety gear and, consequently, the safety gear is set in operation.

T

=% ]
/3

el e
=gl /.
|

Fig. 3.6 Operating mechanism of flexible guide clamp safety gear:
1. Governor rope 2. & 5. Levers 3. Shaft 4 and 6. Operating rods
7 and 8. Gibs 9. Clamp 10. Connecting rod

In compliance with EN 81-1,the tripping speed of the governor for car safety
gear should be at least 115% of the rated speed and less than
(a) 0.8 m/s for instantaneous. safety gears except for the captive roller type,
(b) 1,0 m/s for safety gears of the captive roller type,
(c) 1.5 m/s for instantaneous safety gears with buffered effect or progressive
safety gear used for rated speeds < 1.0 m/s
(d) 1.25v + (0.25/v), where v is rated speed (m/s), for other types of safety

gears.

3.4. Bufters
Elevator must be equipped with buffers located in the pit at the bottom limit of
travel for both cars and counterweights, to constitute the final emergency device.
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If the buffers are attached to the car or counterweight, pedestals at least 0.5m high
must be provided at the end of the travel. Pedestals are not required for the
counterweight buffers if it is impossible to gain involuntary access under the
counterweight.

Positive drive elevators must also be provided with buffers on the car top to
function at the upper limit of travel. If a counterweight is provided, the car bufters
must not function until the counterweight buffers are fully compressed. There are
two principal types of buffers in existence:

(1) Energy accumulation buffers, with or without buffered return movement, can
be used for rated speeds up-to 1.0 m/s or 1.6 m/s, respectively. The total possible
stroke must not be less twice the gravity stopping distance corresponding to 115%

of the rated speed v, i.e.,

2
2><(l.lSv)

=0.135/° (3.3)
2g,

The stroke must be covered under a static load of between 2.5 and four times
the mass of the car plus its rated load in Europe, while the multiples are two and
three in the U.S.

(2) Energy dissipation buffers may be used irrespective of the rated speed of the
elevator. The total possible stroke must be at least equal to the gravity stopping
distance corresponding to 115% of the rated speed, i.e., 0.0674v*. Reduced stoke
buffers may be used when a device is provided that checks the effective
slowdown of the machine before arrival at terminal landings. Reduced speed may
be used instead of the rated speed when calculating the buffer travel; however, the
stroke must be at least

(a) 50% of 0.0674v*, if the rated speed v does not exceed 4 m/s

(b) 33% of 0.0674v7, if the rated speed v exceeds 4 m/s
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4. Survey of Elevator Parts Life Cycle

4.1. Maker Survey of Elevator Parts Life

* Purpose of survey: survey to manufacture about life cycle and replacement

cycle of parts of elevator.

* Propose of survey: five elevator manufacturers in position of more than
enterprise of middle standing.

* Means of survey: by fixed questionnaire.

1) Maker Survey Related to Life of Main Parts

This survey was conducted for the elevator parts presented in Table 3.1.
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Table 3.1 Survey related to life of elevator parts

Name of parts Maximum life Life expectancy
Main rope 9.2 4.4
Motor 24 16.4
Sheave 10.4 4.4
Oil Seal 10.0 54
Brake 23.0 16.6
Lining 9.6 6.2
Relay 6.8 5.4
Door safety shoe 19.6 13.6
Door guide shoe 5.9 3.7
Hanger roller 127 7.6
Interlock switch 11.8 7.4
Door gate switch 11.8 7.4
Door motor and controller 18.0 10.4
Door spring colser 12.8 8.4
Balancing weight 17.2 13.6
Absorbing rubber 14.4 11.4
Leveling sensor 12.0 8.0
Limit switch 14.0 11.0
Button and Ramp 6.7 4.4
Indicator 10.4 6.2
Car or Counter weight guide shoe 8.0 5.2
Traction machine bearing 13.2 8.8
PC Board 12.0 7.8
Main contactor 7.8 6.2
brake contactor 9.0 7.6

2) Maker Survey Related to Elevator Parts Life

For this survey, we asked some questions related to elevator parts life. The

questions for the maker are presented as follows:
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= How long is the life of mentioned parts in comparison with your expected
life?
@ Usually appeared that the life was same the expected life (1)
@ Usually appeared that the life was more longer than the expected life
Approximately 5~10% in comparison with expected life (1)

(® Usually appeared that the life was less longer than the expected life

Approximately 80~90% in comparison with expected life (3)

= If the life is less long than the expected life, which is the factors as follows?
(Write all of relevant data according to priority order )
@ Poor produce (23%)
@ Poorquality control (14%)
(® Poor design (low safety factor and overload etc.) (2%)
@ Use environment (34%)

(® Poor maintenance (insufficient of maintenance and fuel) (27%)
= How do you think that technological level of domestic elevator parts manufacture
companies is how?
(D International'level (2)
(@ It is technological level that pass in domestic (2)
@ It is middle (1)
= What is the motivation of Modernization by changing of purpose, control
type, rated speed, rated load etc. (Write all of relevant data according to
priorityorder: _ )
(D _For the performance improvement of elevator (39%)
@ Life is expired (28%)
@ For safety (31%)
@ The others (2%)
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= Which of the parts is replaced when life is expired?

& Guide shoe (2) & Hanger roller (0)
& Relay (3) & Door shoe (2)

& Main contactor (2) & Button Switch (3)
& Brake lining (1) < Qil sill (0)

& Bearing (1) & Interlock (2)

& Limit Switch (1) & The others (8)

= What is your thinking that condition of replaced parts of elevator when Modernization
be conducted?
(D Decelerator [good (1), slight defect (3), critical defect (1)]
@ Motor [good (2), slight defect (1), critical defect (2)]
(3 Control panel [good (0), slight defect (3), critical defect (2)]
@ Cage [good (0), slight defect (5), eritical defect (0)]
(® Door system [good (0), slight defect (4), critical defect (1)]

= What is the mainly cause to determine the changing time of parts?
(D Condition of parts (2)
(2) Working condition of parts (4)

(3 Code of replacement and maintenance (1)
@ Code from experience (1)
(5 The others (0)
= If you judge to replace time by experience, how much reliable it has?
(D More than 90% (2)
(2 More than 80% (2)
(3 More than 60% (0)
@ More than 40% (1)
(5 The others (0)
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= Each what thing do you have by parts changed in dimension of preventive
maintenance at replace of parts and changed parts when breakdown or
failure happens (Write all of relevant data)

(D Which of the parts is(are) replaced in dimension of preventive

maintenance?
# Main shave (5) & Door guide shoe (2)
& Relay (1) & Car and counterweight guide shoe (2)
® Main contactor (0) < Door hanger roller (2)
&~ Brake lining (3) < Interlock switch (0)
<" Button (0) < The others (7)
(2 Which of the parts is(are) replaced when damaging or trouble are
occurred
< Button (4) < Relay (3)
< Motor (0) < Bearing (1)
® Main contactor (1) # Indicator (4)

& Door hanger roller (0) < Ramp (1)
& Switches(4) #The others (7)

3) Concluding remarks
It is surveyed by result of survey to manufacture about elevator part life that

the difference is very large between expected life time and average life time in
most of elevator parts, and it is caused by lack of maintenance standard. It is
estimated that simple maintenance without replacement cycle or technical
standards is a common form. The rank of the replacement by preventive
maintenance viewpoint is sheave, brake lining, guide shoe, door hanger, relay.
etc and it's caused by it can be checked by numerical value or eye. The rank of

the replacement when causing damage or faults is each switches, button,
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indicator, relay, bearing etc. and It is caused by lack of maintenance standard.
There are such differences among manufactures in replace elevator part
because of lack of maintenance standard or technical judgment about
replacement, and there are many parts which are replaced after brake he
judgment based on these results, most of elevator maintenance are being
managed by break down maintenance or preventive maintenance. It is required
more organized and scientific maintenance for approving reliability and

accident prevention

4.2 Maintenance Company Survey about Component Life

* Purpose of survey: survey to maintenance corporate about life cycle and
replacement cycle of parts of elevator

* Subject of survey: five elevator manufacturers in position of more than
enterprise of middle standing

* Means of survey: by fixed questionnaire

1) Maker Survey related to life of mainly parts

This survey was conducted for the elevator parts presented in Table 3.2.
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Table 3.2 Survey related to life of elevator components

Name of parts

Maximum life

Life expectancy

Replacement cycle

Main rope

Motor

Sheave

Oil seal

Brake ASSY

Lining

Relay

Door safety shoe

Door guide shoe

Hanger roller

Interlock switch

Door gate switch

Door motor and controller
Door spring closer
Balancing weight
Absorbing rubber
Leveling sensor

Limit switch

Button and Ramp
Indicator

Car or counterweight guide shoe
Traction machine bearing
PC Board

Main contactor

brake contactor

7.1
16.2
7.1
6.3
11.3
7.9
7.4
8.3
5.2
6.6
7.4
7.2
10.4
9.2
11.6
12.2
8
8.1
5.3
9.5
7.1
8.5
11.1
52
54

4.6
13.7
4.7
4.8
9.8
5.8
5
6.3
4
4.9
5.6
5.6
8.2
)
9.9
10.4
6
6.1
3.8
7.5
)
6.6
8
3.7
3.9

4.4
13.9
4.5
4.3
9.4
54
4.6
6.1
3.9
4.6
5.2
5.2
7.9
7.3
9.7
10.2
5.8
5.8
3.7
7
5.2
6.2
7.9
3.6
3.7

2) Maintenance Company Survey Related to Elevator Parts Life

Survey related to elevator is performed by asking some questions listed below:

= How long is the life of mentioned parts in comparison with your expected

life?

(D Usually appeared that the life was same the expected life (25, 34%)
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@ Usually appeared that the life was more longer than the expected life
(16, 22%) approximately 5.8 years
@ Usually appeared that the life was less longer than the expected life
(32, 44%) approximately 5.8 years
= If the life is less long than the expected life, which are the factors as
follows? (Write all of relevant data according to priority order )
(D Poor produce (10, 16%)
@ Poor quality control (8, 13%)
@ Poor design (low safety factor and overload etc.)(10, 16%)
@ Use environment (29, 47%)
(5 Poor maintenance (insufficient of maintenance and fuel) (5, 8%)
= How do you think that technological level of domestic elevator parts manufacture
companies is how?
(D International level (14, 19%)
@ It is technological level that pass in domestic.(29, 40%)
@ Tt is middle (30, 41%)
= What is the motivation of Modernization by changing of . ‘purpose, control
type, rated speed, rated load etc. (Write all of relevant data according to
priority order : . ©)
(D For performance elevation of elevator (32, 44%)
@ Life is expired (16, 22%)
@ For safety (23, 31%)
@ The others (2, 3%)
= Which of the parts is replaced when life is expired?
= Guide shoe (34, 11%) = Hanger roller (32, 10%)
= Relay (32, 10%) = Door shoe (28, 9%)
= Main contactor (27, 9%) = Button SW (20, 6%)
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= Brake lining (15, 5%) = Oil sill (11, 4%)
= Bearing (10, 3%) = Interlock (10, 3%)
< Limit SW (7, 2%) = The others (82, 28%)
= What is your thinking that condition of replaced parts when Modernization
is conducted?
(D Decelerator [good (34, 50%), slight defect (26, 38%), critical defect
(8, 12%)]
(2 Motor [good (32, 47%), slight defect (29, 43%), critical defect (7,
10%)]
@ Control panel [good (8, 12%), slight defect (27, 39%), critical defect
(34, 49%)]
@ Cage [good (16, 23%), slight defect (43, 61%), critical defect (11,
16%)]
(® Door system [good (6, 9%), slight defect (38, 55%), critical defect
(25, 36%)]
» What is the mainly cause to determine the changing time of parts?
(D Condition of parts (18, 26%)
@ Working condition of parts (44, 64%)
@ Code of replacement-and maintenance (3, 4%)
@ Code from experience (1, 2%)
(5 The others (3, 4%)
= If you judge to replace time by experience, how much reliable it has?
More than 90 % (31, 44%)
More than 80 % (31, 44%)
More than 60 % (6, 1%)
More than 40% (1, 1%)
The others (3, 4%)

©® 6o e
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= Each what thing do you have by parts changed in dimension of preventive
maintenance at replace of parts and changed parts when breakdown or
failure happens (Write all of relevant data)
(D Which of the parts is (are) replaced in dimension of preventive
maintenance?
= Main shave (57, 14%) = Door guide shoe (46, 12%)
= Relay (34, 9%) < Car and counterweight guide shoe (33,
8%)
= Main contactor (29, 7%) < Door hanger roller (23, 6%)
= Brake lining (22, 6%) = Interlock switch (12, 3%)
= Button (11, 3%) = The others (127, 32%)
(2 Which of the parts is(are) replaced when damaging or trouble are

occurred?
= Button (42, 13%) = Relay (23, 7%)
= Motor (19, 6%) « Bearing (16, 5%)

= Main contactor (16, 5%) <+ Indicator (15, 5%)
= Door hanger roller (13, 4%)=Ramp (11, 3%)
= Switches (10,.3%) « The others (157, 49%)

3) Concluding remarks

It is surveyed by result of survey to maintenance company about elevator parts
life that the difference is very large between expected life time and average life
time in most of elevator parts, and it is caused by lack of maintenance standard. It
is estimated that simple maintenance without replacement cycle or technical
standards is a common form. The rank of the replacement by preventive
maintenance viewpoint is main sheave, door guide shoe, relay, counterweight

guide shoe, main contractor, door hanger roller, brake lining, interlock switch,
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button and it's caused by it can be checked by numerical value or eye. The rank of
the replacement when causing damage or faults is button, relay, motor, bearing,
main contractor, indicator, door hanger roller, ramp, switches etc. and it is caused
by lack of maintenance standard. There are such differences among manufactures
in replace elevator part because of lack of maintenance standard or technical
judgment about replacement, and there are many parts which are replaced after
brake he judgment based on these results, most of elevator maintenance are being
managed by break down maintenance or preventive maintenance. It is required
more organized and scientific maintenance for approving reliability and accident

prevention

5. Life Cycle Analysis of Main Component

Life cycle of elevator component is considerable ' difference between
theoretical and actual due to influence of load capacity, use frequency, use
environment, design condition, install status and maintenance etc. and also there
is much difference based on the material, process level, assembly status & design
life cycle.

Following table shows the explanation of factors impact to elevator component,
life cycle which is investigated by manufacturer and maintenance company and
by elevator world. There are difficulties on prevention maintenance and foreseen

maintenance due to lack of information on life cycle of elevator component.
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Table 3.3 Life cycle analysis and survey of elevator components (Continued)

Forecast Life cycle

Sy
Maintenance |Theory| or
Maker company World
D Material -Proper material
: Surface stress coefficient & selection &
Bending stress coefficient is assembly according
fixed belongs to the material, to purposes
heat treatment hardness and
process level. -Decision center
@ Speed coefficient distance & speed
: Decision Allowable load for rate on purposes
gear wear & strength
= Inverse proportion-relation -Decrease gear
between _friction speed & damz_ige _ _
circumference speed considering  pitch|
@ Friction coefficient line speed, torque
: Relating to material, surface capacity of gear
Reducer [Gear roughness, speed,. load & 127 | jo.20 | 107 20~ par
23 ) 25
e ; - Manage for accurate
~Ampagt to geagficiily eat surface contact
@ Life cycle coefficient 8
:Val_ue considering life cycle time Lubricant to be used
required on allowable stress mineral oil & high
=Impact from lubricant, pitch sticky
speed, remained stress & material
® fﬁiﬁggﬂ:ondmon -Periodically change
lubricant, height of|
: impact to plasticity of gear & lubricant should be
under worm axis
heat damage-by lubricant quantity about %
& type
@ speed
: Allowable load is decrease when
high speed load
. : early defect occurred like crack,
Bearing tumbie fatigue & fatigue defect | 1044 613 6-30 | 10-15
@ lubricant
: protect early defect occur by
making oil film on loading part
@D cleanlyness -Consistent
Brake : Frictiopz_al re_:sistance increase due 10~16 9~ ) 20~ maintenance  of]
tolmpurities inflow of plunger 14 25 plunger
->insulation decrease - maintain insulation
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Table 3.3 Life cycle analysis and survey of elevator components (Continued)

@ pitch diameter ratio of lope & -decision sheave
sheave diameter
: repeat bending times decrease according to rope
when diameter ratio of lope & diameter >
sheave Is small (life cycle shorten) d_1amet§r ratio 40
bending occurrence frequency times high
@ : lope life cycle is shorten when
bending occurrence frequency is
high
@ groove type & size
friction coefficient change &
type coefficient change according Groove size fixed
to groove type ideri
. @ Repeat bending times change by consicenng
Main rope . . 4~5 4~5 3~9 |7~10 traction capacity|
size material of rope & sheave & rope twist et
. . pe twist etc.
wear ratio .difference occur
between sheave & rope =life
cycle .shonen -Sheave material
Traction angle decisi .
' ecision according
(® Traction power, co_ntact pressure, to the rope type
repeat bending times increase
according increase of groove Selection of proper
angle groove angle
@ * Load on rope - Decrease of tension
: decrease repeat bending times safety factor above
unbalanced wear due to tension 12
difference on same acting point - Same tension
sustenance
O Material -Material selection for
: Change of wear rate according to maintain of|
material constant hardness|
Material hardness sustenance for all
roughness of contact-surface circumference
Sheave @ Frictional wear ratio change with| 4~5 4~5 - |8~12|-Constant rope tension
rope by material wear -Maintain of groove
: One side frictional wear occurred cleanness
due to difference tension ->
occurred rope slip vibration &
noise,
@ used material - Selection of proper
: stainless steel plate is better than clean cycle per|
carbon steel plate on each
anti-corrosion environmental &
Steel o - - - - .
@ painting partial

: Prevention to combine the element

of steel and oxygen (rust

prevention )
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Table 3.3 Life cycle analysis and survey of elevator components (Continued)

D Use environment -Selection clean
Steel . crack rusting, stress rust crack| - - - method as  per|
etc. occurred by used environment surface status
Select Applicable specification on .
Magnetic contactor - Select  Applicable
D Setup break coil voltage specification  on
: Apply voltage area is different in magnetic
accordance with load type, contactor i
environment condition & on_off] -Chif)irf:cltli(t)irmmal s
. condition. !
Magnetic AC |@ surge protect circuit exist or not - 1~2 10~ - Strong ﬁx1ng of
contactor .S Kk tact 15 magnetic ontactor
: Surge make occur arc on contac
point of magnetic contactor and - Remove impurities
make it to wear gn contactor
@ Load current volume ) cﬁzﬁei contactor
: Contact load current makes the Appl & .
wear high as per-high current PPy | surge
@ Cleanness reduction circuit
Application specification selection of] - Select Applicable
magnetic contactor control method & specification  on
motor type magnetic switch
D load current volume on contact - Check coil
point terminal’s
Magnetic : Contgct load current makes the 10~ connection_
contactor AC wear high as per high current = 1~2 1 -Strong ﬁxmg of|
magnetic
@ Cleanness contactor
- Remove impurities
on contactor
- Proper contact point
change
@ Laod - Proper specification
- Induced.]oad select on relay
- Iesistant load - Proper design for
@ load current volume-on contact load voltage &
point current on contact
Relay @ load voltage volume on contact 5~7 5~6 10~ point ]
point 15 |- Connection status of]
@ Cleanness relay should be
maintained  good
condition
- cleanliness of|
mechanical room
@D factor on manufacturing process | 5~8 4~10 10~ |-EMLEMC test
: fixing part, Flux & clean status 15 criterion
@ factor on environment condition -Machine room
pPC @ Tolerance on emission, static ground coting
Board - Handle with care

electricity, surge, sudden voltage
down , sudden power failure &
voltage change

when maintain
- Periodic dust]
elimination of PCB
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Table 3.3 Life cycle analysis and survey of elevator components (Continued)

@ Cleanness Board
-Selection of material
D Wear with good

:Do not support door from shock, abrasion
noise and outside impact because resistance
rubber or Urethane is been worn

_ away by alien substance storing -cleanness .
Door | G¥ide | accumulation of transfer path 3~7 3~4 _ |1~y | maintenance ofsill
shoe |9) corrosion . .
: Weakening of strength because -minntenance of sill
. b ransformation
of the corrosion of iron plate,
bolt joint and nut -Sill maintenance not
to permeate water|
and detergent
-Urethane selection of|
@ Load high elasticity
Hanger roller | : If load distributed is not suitable,| 7~8 3~6 - |5~10
Urethane is separated and exploded -cleanness
maintenance
-Decision of inserting
reinforcement  line
(D maximum operate speed and path: according to
The occurrence of crack, cracking, maximum speed and
disconnection, confusion path
according to path(hanged length),
-Choice of material
@ Material that impurities do
: Life change because of existence not exist
and nonexistence of impurities
@ Filled substance
: Flexibility increase
Lubrication =-Life increase
Travelling cable (@) Clearness 713 717 713 1(1)5 )

: If alien substance is attached, Life| -maintenance of
is shortened by oxidation and clearness
degradation

(® Temperature in path
: If the temperature over
recommended tepmperature, Life -In path
is shortened Recommended )
temperature (-5 C ~
® Condition of installation 4OOC)_ should  be

: If degree of bending is small, maintained
system is weared by interference - Do maintenance as
in wall of path Fhere is no outside

impact and contact
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Table 3.3 Life cycle analysis and survey of elevator components

(D material
: material which has tensile strength,
hardness, oil resistant and wear

- Material selection
that have wear
resistant, low|

friction coefficient,
non-moisture

Guide shoe resistant 5~7 3~6 - |5~8 absorption
@ Lzllbncatlf)n d -preservation of oil
: reduce noise and wear film
-maintain clearness in
oli supply device
and guide rail
- Selection of material
@ material that is sultable_z t_o
. L working conditions
: wear resistant, absorbing impact
- Enlargement of|
@ Load .
. Occurrence -of separation and 10~ Roller  diameter=>
Guide roller 1 1 ; 1 6~8 - Dispersion of Load
rupture according to increasing 15
load
@ Lubrication
- maintenance of busing _check lubrication
condition regularly
-Insulation
maintenance
(D Installation condition
electric corrosion and wear
(3 Insulation condition of switch base
Interlock switch ~1 5~6 ~14 [5~10
erlock switch |@) Cl.eanne.ss . . 5~10 7 5 cleanness
impurity(oil, ~dust), — moisture maintenance
inflow

= insulation weak

60



References

[1] Roger E. Howhins, Lift Modernization Design Guide, 1998 Elevator World,
Inc.

[2] Lubomir Janovsky, Elevator Mechanical Design, Third Edition.

[3] Cameron, D Dynamic Analysis of Safety Gears. Northampton, England,
1997

[4] ANSI/ASME A17.1-1996 Safety Code for Elevator and Escalators.

[5] EN 81-1 : 1998 Safety Rules for the construction and Installation of Lifts,
Part 1: Electric Lifts.

[6] Elevator Design, Korea Elevator Association, 1995.

61



IV. New Concept of Performance Measurement
and Evaluation

1. Introduction

Owing to sophisticated electronic tools and technologies, electrical or
electronic sectors may be diagnosed or analyzed from remote places without
having to visit the sites. But, because special equipments as well as expertise for
operating them are required to measure and analyze the mechanical sectors such
as ride quality or performance, running condition of rotating. machinery parts
related with vibration and noises, these diagnostic systems are not widely used in
the field and new handy system is demanded which can measure and analyze
quantitatively the installation and maintenance quality of elevators in the field.
Moreover, existing diagnostic equipments for ride quality have caused significant
inconveniences and inefficiencies because the data collected from sites have to be
analyzed at other places using separate PCs. Further the frequency range they may
measure lies in below 200Hz, which causes the equipments to be unable to
diagnose the performance, manufacturing and assembly quality, possibility of
defects in rotating machinery parts. Only limited numbers of -elevator
manufacturers have been utilizing them because the FFT analyzers are very
expensive and experts on rotating machinery vibration Analysis are needed. In
consideration of such reality and necessity, we has developed a new system — Dr.
Elevator — with which field engineers may easily perform the on-site

measurement, analysis and diagnosis on ride quality as well as rotating machinery
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parts plus the implementation of remedies and verification. This system also can

be applied on-line.

2. Description of the System

Dr. Elevator is an integrated portable type diagnostic tool to analyze and
evaluate the ride quality together with rotating machinery parts which combines
personal digital assistants (PDA) and data acquisition device using Window-base
program which realizes at the same time the user-friendly optimal user interface
structure and web-based system which makes on-line. communication as well as
processing possible. It consists of 4 categories — setup, measurement, storage and
analysis. In each category, main information is displayed in.single screen to
enhance the efficiency and convenience while sub-information or related one may
be cross-referred through the use of linkage or pop-up window. It can expand its
storage capacity by adding Compact Flash Memory so that significant amount of
information may be collected from the sites. It can perform on-site measurement,
comparative analysis and diagnosis on ride quality as well as rotating machinery
parts. It also has a built-in program which may not-only prescribe the remedial
measures but also verify their proper implementation afterwards. The reliability of
this system has been proved by Korea Research Institute of Standards and

Science.

2.1. The Composition of System

As illustrated in Fig. 4.1, the equipment to measure, analyze comparatively and
evaluate the ride quality consists of built-in 3 axis low frequency acceleration
sensor, noise measuring microphone, data analysis program, portable PC to

control data acquisition device and USB cables to connect data acquisition device.
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Fig. 4.2 illustrates the equipment to record the frequencies of rotating
machinery parts, analyze and evaluate the probable cause of defects, if any. It
consists of 4 external acceleration sensors, data analysis program and USB cables

to connect data acquisition device.

—
Low noise cable I USB
— )

* A/D

AN e tEE Taterface Mbdul Hand Portable PC

arvoric nterface Mpdute 0/S: WINDOW CE NET —>
® 4CH o
® Memory

CLIENT
O/S WINDOW XP

3 Axis Acceleration/Microphone

Fig. 4.1 Diagram of ride quality analysis system.
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Fig. 4.2 Diagram of FFT analysis system

2.2. Basic Specification

As shown in Table 4.1, three axis low frequency acceleration signals were
expressed by the means of human response to vibration in accordance with ISO
8041 and ISO 2631-1 while sound is indicated by SPL value and LAeq value
through the application.of A-Weighting and Fast Time Weighting in accordance
with IEC60651.

Table 4.1 Specification of ride quality analysis system

Classification Detail Item Dr. Elevator
Frequency Vibration Whole body x, y, z (ISO 8041, ISO2631-1)
weighting Sound A Weighting (IEC 60651)

Vibration ISO 8041
Band limiting Acceleration 10Hz low-pass filter
(2-Pole Butterworth)
Accuracy Sound Typel (IEC 60651)
Time Weighting Sound Fast (IEC 60651)
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Rotating machinery parts analysis system consists of 4 channels. Each channel
has its own 16 bit A/D converter and maximum frequency range is 12.8 kHz. The
gains for amplification of measured signals may be adjusted by 0dB, 10dB, 20dB,
30dB, 40dB so that the accuracy of amplitude may be enhanced. This

configuration is presented in Table 4.2.

Table 4.2 Specification of rotating machinery parts analysis system

Classification Dr. Elevator
Channel 4Ch
Frequency Range DC ~ 12.8kHz
A/D 16bit
Gain 0dB, 10dB, 20dB, 30dB, 40dB

Portable PDA processes the signals and display necessary information. It
measures and analyzes vibration and noise data on real time basis at site. The

feature display of PDA is described in Table 4.3.

Table 4.3 Display-of PDA

Classification Dr. Elevator
Processor Intel PXA255X Scale 400MHz
Flash ROM 64MB(NAND Type), SDRAM 128MB
Memory
External Memory 1GB or above
Display 5" TFT LCD , 64k Color, Touch Screen
Operating System Windows CE 4.1
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2.3 Analysis Function
1) Ride Quality Analysis Function
- Diagnosis on ride quality
The basic screen is shown in Fig. 4.3. There are 12 icons on left side and their
respective functions are described below. Wave forms are shown on the right side.
The wave form corresponding to the icon to be diagnosed is shown on the upper right
side. When neither of any icons on the left side is clicked, noise wave form is shown
on the upper right side with vibration wave forms in X, Y, Z directions respectively
shown below.
* Diverse analyses are available through “the application of Sound,
Vibration(X, Y, Z axes), Acceleration, Distance,  Velocity, Jerk, FFT,
RMS, HPF(1Hz), LPF(1Hz~200Hz), ISO filter(2631-1) in accordance
with [ISO18738.

Sound Analysis Function

In accordance with IEC60651, SPL values are indicated. As LAeq values
on the basis of boundary are indicated for each section as full-run, pre-run
and post-run, sound analysis may be done for each section and frequency

analysis onnoise source is possible.

Defective frequency is ¢asily detected because corresponding frequencies
are indicated as icons on Spectrum Graph when user inputs concerned
information such as motor revolution frequency, diameter of main sheave,
diameter of secondary sheave.

* Management of information on elevator installation through DB

* Desired information can be searched by giving diverse search conditions.

Information on defective frequency is provided on Spectrum Graph so

that it may be easily analyzed.

* Automatic Reporting
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* The report on ride quality is prepared and outputted automatically using

Excel. The format may be adapted to desired one if necessary

Nada >> 100-00058 >> S AT >> 2H O H

SND |'_| velocity [Max : 53.768 Y05 : 53.664] YC |
= X=51.844, ¥ — 42.7 m
DIsST £ 907 ~ a
=
VEL 04 Py N ]
ACC Pk to Pk : 11.077 A95 : 4.569 Max 0 to Pk : 7.37
JERK £ 50 [X=51.844, ¥=1.9
=n
RMS it *
FFT ==l
[ ¥ [Max Pk to Pk : 6.497 AOS : 2.643 Max 0 to Pk : 7.421] _
VEUM % 50 1% = 51.844, Y = 0.263
- :
RAW =
150 -50 | ,
Hee | 7 [Max Pk to Pk : 7.993 AO5 : 5.114 Max O to Pk ; 34.458] |
2 5p {X=51.844, T = -28.7 j SR T
m L
- B i "
I." T 1’ 15 20 25 “3’5 40 45 50 55 60
&AM [ |} [Secl]

< Load File Name : 100-00058_19900601_152638_U_65 2 = .esv HOA >

Fig. 4.3 Display of ride quality analysis.

- Sound
The noise pattern-is shown in Fig. 4.4. The noise issmeasured in the cabin or
residence while car is traveling from the lowest floor to the highest floor. If excessive

noise is found, the source of noise may be detected in accordance 3.2.12.
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Fig. 4.4 Noise pattern.
- Distance

The moving distanee pattern is shown in Fig. 4.5. The vertical vibration is
measured while car is traveling from the lowest floor to the highest floor and the
moving distance of car is graphed against time. The exact location where any
abnormal vibration occurs is detected on the graph and appropriate remedy can be
applied to alleviate the exposed problem. The graph also may be used to diagnose

performance by measuring the brake slip distance and safety gear moving distance.

A T T RN Y R O O = i ST L il =) N

Fig. 4.5 Distance pattern.

- Velocity

The velocity pattern is shown in Fig. 4.6. The vertical vibration is measured while
car is traveling from the lowest floor to the highest floor and the velocity pattern

(showing how fast it is moving from zero to peak) is graphed against time. The
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resultant graph is compared against rated speed so that any abnormalities exceeding

tolerances may be adjusted accordingly.
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Fig. 4.6 Velocity pattern.

- Acceleration

The acceleration pattern is shown in Fig. 4.7. The vertical vibration is measured
while car is traveling from the lowest floor to the highest floor and the acceleration
(the rate of change in speed from zero to peak) pattern is graphed against time. The
resultant graph is compared against rated speed so that any abnormalities exceeding

tolerances may be adjusted accordingly.
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Fig. 4.7 Acceleration pattern.
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- Jerk
Fig. 4.8 shows the jerk graph which is obtained through differentiation of

acceleration by time. It diagnoses the ride quality.

N
(s
t

>

Jerk, m/s®

Time, s

Fig. 4.8 Jerk pattern.

-FFT
Fig. 4.9 shows the FFT pattern which may diagnose the cause of vibration. Users

may analyze the frequency and amplitude by putting the cursor just before the place

to be analyzed and setting FFT time and channel.

| l

FrTa

Fig. 4.9 FFT pattern.

2) Analysis of Rotating Machinery Parts

While existing ride quality analyzers are able to analyze only partial condition
of an elevator by checking the vibration and noise inside car, Dr. Elevator enables
overall care of an elevator with greater economy and efficiency by providing
analysis function on mechanical defects in rotating machinery parts of an elevator.
In addition, it may diagnose easily the causes of defects (bearings, gears,
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unbalance, misalignment, eccentric rotators, etc) by supporting wide range of
solutions and applications for efficient maintenance of installations.
* FFT spectrum analysis
* Fig. 4.10 is showing the vibration wave form against frequency. As
frequency wave form presents itself consecutively, the nature of defect
may be detected. ISO 10816 (The standard on the magnitude of vibration)
is applied as the criteria. It can diagnoses unbalance, wear and tear of
bearing, defective axial alignment, defects in bearing, resonance,
eccentricity of rotator, loose-fitting, eccentricity of motor rotator, uneven
gap and etc.

* Time waveform analysis

Fig. 4.10 is'showing vibration wave form against time. As time signal wave
form presents itself consecutively, this enables the analysis on changes in
amplitude, changes in cycle and the shape of wave form. Major uses are
the analysis on the state of machinery and diagnosis on installation
defects.

* Noise frequency analysis

The causes of noise resulting from mechanical problems can be diagnosed
with frequency analysis on sound signal through the application of A, B
or C type frequency weighting in accordance with noise level. Octave
band analysis is also possible.

* Envelop

* The problem in bearings is one of the most common types of problems and

it is also known that all other defects may have significant effects on

bearings. So regular inspection on bearings is very essential but it is not
so easy to find any symptom of problems until the defect have proceeded

considerably. Among various diagnostic methods for bearings, the
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frequency analysis is known as the most effective one — especially the
function which obtains the natural frequency of each part of bearings by

reprocessing the spectrum which is generated from broken down

bearings.
* Setting of warning threshold for each frequency range

* The system can help perceive the severity of defects by setting warning

threshold for each frequency range.
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Fig. 4.10 Display of FFT analysis.

* The function in which the user can create at his option overall sections with

respect to each band for Spectrum Graph and set alarm for each band

respectively.

* The system is designed so that user can establish frequency band for the

patterns of defects occurring in each rotating component and take care of
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the trend. So if total vibration value increases, the defect may be inferred
without precise analysis by checking which band has the increased
vibration value through the comparison of vibration value of each band.
This can become more accurate and reliable base for judgment as
measured data accumulate.

* Waterfall

* This indicates the change infrequency against time and is very useful data.

e Zoom

* A specific frequency section is put into re-sampling so that it may be

analyzed more closely. e
. s
3) The reliability of Dr. Elevator System
The reliabilj{y of the sys

Standards and Science. T
(Octave band). The relati

N\

is 2.5, 5, 10, 20, 40, 63, 80Hz
iS max 0.054%,Iand tolerance

1
range is under 5%.

Frequency response of Dr. Elevator's accelerometer
—&— x-axis
—8— y-axis
—h— z-axis

Fig. 4.11 Frequency response of Dr. Elevator accelerometer.
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Fig. 4.12 Reliability test of Dr. Elevator.

4) Evaluation

There is no' international criterion for evaluation on ride quality and rotating
machinery parts of elevator. Therefore, major elevator models installed the local
area were selected and data were gathered from them by sampling. The optimal
criterion was established by “processing the collected data with statistical
technique. The data acquired from site are compared against the criterion. The

deviate data are analyzed for remedial measure and later verification

- Evaluation on ride quality

Data on ride quality are collected in accordance with ISO18738. The data are
compared with the criterion data. For deviate data, analysis may be performed for
each type of defect (badly installed rails, poor electrical adjustment, defect in cage

design, resonance, etc).
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- Evaluation on rotating machinery parts

Data on rotating machinery parts are gathered via sensors attached on the
predetermined places of housing in the side of motor output and machine input.
The data are compared with the criterion data. For deviate data, analysis may be
performed for each type of defect (defective gears, defect in bearing cases and

balls, misalignment, mass unbalance, etc).

- Analysis On The Changes In Performance

Major performance items for an elevator are quantified and established into a
check list. The check list is compared and reviewed on yearly basis. If there are
any considerable variations which may shorten the life cycle or cause hazards,

they are to be investigated to detect the cause and establish remedial measures.

5) Proposed Standards by Performance Assessments

Ride quality is one of the key indexes to ecvaluate an elevator’s system
performance, and elevator vibration will have a direct influence on passenger’s
feeling. The quantity of car vibration is related to external exciting energy, its
frequency distribution and-the robustness of system design.

The proposed value of Table 4.4 is conducted the statistical analysis on the
measured value of ride quality and vibration of traction machine. Thus, it is
necessary to use the analysis as performance assessment standards. If such
standards are exceeded, the causes need to be analyzed through FFT analysis. It is
deemed that the measurement and analysis on elevator ride quality and vibration
of traction machine in combination with prevention maintenance and prediction

maintenance would guarantee the higher stability and reliability [1-3].
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Table 4.4 Proposed performance assessment criteria

Item NEII Hong Kong Proposed
(1.75m/s)| (acceptance criteria) criteria
less than 6 m/min (1.75 m/s)
Car inside Horizontal vibration X axis 25 25 15 gal
vibration Horizontal vibration Y axis 25 25 15 gal
Vertical vibration Z axis 25 25 25 gal
Traction Motor - - 2.8 mm/s rms
machine load(vertical/horizontal)
vibration Gearbox(vertical/horizontal)
Car inside| Sound in car at rated-speed 60 60 55 dB(A)
sound

3. The Rotating Machinery Fault Feature

3.1 Introduction

Three phase induction motors are the motors most frequently used in industry.
They are simple, rugged, relatively low-price, and easy to maintain. In this chapter,
the basic principle of three phase induction motors is reviewed including its
general structure and.construction. Moreover, fault in induction motors that are
frequently occurred and measurement for fault diagnosis will be reviewed.

Condition monitoring and fault diagnosis of induction motors are also
presented which are the main part of this chapter. First, the existed method for
fault diagnosis of induction motor is reviewed and then followed by introducing
the proposed method. Finally, case study of fault diagnosis of induction motor is

presented based on vibration and current signals.

3.2 Fault Occurrence for Diagnostics

The faults frequently occurred in induction motors components are rotor, stator
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and bearing defects. Based on EPRI which has conducted large survey on motors
fault of 5000 sample motors, 97% among them are three-phase squirrel-cage
induction motors. The fault occurrence based on the survey is presented in Fig.
4.13. Most common fault is worn bearing that generate excessive vibration, noise
and possible misalignment of the rotor shaft. Most of the stator related faults are
due to degraded insulation in stator windings causing an inter-turn, phase-to-phase
or phase-to-ground short circuits. Other case is rotor fault which can be divided
into faults related to motor eccentricity and physical damage of the rotor and they
are usually slowly although in the end the broken bars may damage the stator

windings.

Others
12%

Rotor
10%

Stator
38%

Bearing
40%

Fig. 4.13 EPRI survey on occurrence of motor faults [2].

It is found out that a variety of measurements can be applied to collect
information that is useful in the detection of induction motor faults. In this thesis,
two of them are elaborated using stator current of the motor and vibrations of the
motor. Vibration analysis has been used in motor fault detection for decades. Each
fault in a rotating machine produces vibrations with distinctive characteristics that
can be measured and compared with reference ones in order to perform the fault
detection and diagnosis. Motor current monitoring is also called motor current

signature analysis (MCSA) and it is widely studied, because no extra
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instrumentation is needed, if the faults can be detected based on the current. It is
also claimed that MCSA give the same information on motor condition as
vibration measurements [3].

In this thesis, the faults frequently occurred in induction motors are reviewed

as follows:

- Bearing Fault

A bearing consists of two rings inner and outer, between which a set of balls or
rollers rotate in raceways. Fig. 4.14 shows the part of a deep groove ball bearing.
Under normal operating conditions of balanced load-and good alignment, fatigue
failure begins with a small fissure, located between the surface of the raceway and
rolling elements, which gradually propagate to the surface generating detectable
vibrations and increasing noise levels [4]. Continued stressing causes fragments of
the material to break loose producing a localized fatigue phenomenon known as
flaking or spalling' [5]." Once started, the affected area expands rapidly
contaminating ‘the lubrication and causing localized overloading over the entire
circumference of the raceway.

Eventually, the failure results in rough running of the bearing. While this is the
normal mode of failure-in rolling element -bearings, there are many other
conditions which reduce time of bearing failure. These external sources include
contamination, corrosion, improper lubrication, improper installation or

brinelling.
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Outer Race

Fig. 4.14 The structure of a deep groove ball bearing.

Contamination and corrosion frequently accelerate bearing failure because of
the harsh environments present in most industrial settings. Dirt and other foreign
matter that is commonly present-often contaminate the bearing: lubrication. The
abrasive nature of this minute particle, whose hardness can vary from relatively
soft the diamond like, causes pitting and sanding actions that give way to
measurable wear of the balls and raceways [5]. Bearing corrosion is produced by
the presence of water, acids, deteriorated lubrication and even perspiration from
careless handling. during - installations [4,5]. Once the chemical reaction has
advanced sufficiently;. particles-are worn off resulting in the same abrasive action
produced by bearing contamination. Improper lubrication includes both under and
over lubrication. In either case, the rolling elements are not allowed to rotate on
the designed oil film causing increased levels of heating. The excessive heating
causes the grease to break down which reduces its ability to lubricate the bearing
elements and accelerates the failure process. When the lubrication conditions
become inadequate, the increased friction results in metal — metal contact.

Installation problems are often caused by improperly forcing the bearing onto
the shaft or in the housing. This produces physical damage in the form of

brinelling or false brinelling of the raceways which leads to premature failure.
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Misalignment of the bearing, which occurs in the four ways depicted in Fig. 4.15,
is also a common result of defective bearing installation. The most common of

o) 5 | O o)

Q 0 2 Q o
° oty jo)
Q o2k Q ®]

(c) (d)

(b)

Fig. 4.15 (a) Misalignment (Out-of-Line), (b) Shaft deflection, (c) Crooked or

tilted outer race (d) crooked or tilted inner race

Brinelling is. the formation of indentations in the raceways as a result of
deformation caused by static overloading. While this.form of damage is rare, a
form of “false brinelling” occurs more often. In this case, the bearing is exposed
to vibrations while even though hightly loaded bearings are less susceptible, false
brinelling still happens and has even occurred during the transportation of
uninstalled bearings [4].

Regardless of the failure mechanism, defective rolling element bearings
generate mechanical vibrations at the rotational speeds of each component. These
characteristic frequencies, which are related to the raceways and the balls or
rollers, can be calculated from the bearing dimensions and the rotational speed of
the machine. Mechanical vibration analysis techniques are commonly used to

monitor these frequencies in order to determine the condition of the bearing.
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The characteristic frequencies of bearing are as follow

BPFO = (N/2) f, {1 - (B/P) cos¢} (4.1)
BPFI = (NI2) f, {1 + (B/P) cos¢} (4.2)
BSF = (P2B) f. {1 - (B/P)* cos’¢§} (4.3)
FTF = (f,/2) {1 - (B/P) cos¢} (4.4)

BPFO is ball pass frequency of the outer race; generated by rollers passing
over defective outer race. BPFI is ball pass frequency of the inner race; generated
by rollers passing over defective inner race. BSF is ball spin frequency; generated
by ball defects. FTF is fundamental train frequency; generated by cage defects or
improper movements. Then, N 1s number of rolling elements, P is pitch diameter
(mm), B is ball or roller diameter (mm) and f. is rotating speed in revolution per
second.

The frequencies in Eqgs. (4.1)-(4.4) are valid for ideal bearings; in practice, the
rolling element slides in addition‘to its rotation. Using a sliding factor that ranges
from 0.8-1.0, this phenomena can be taken account. In‘both literature and practice
the equations are often replaced by approximate equation [6] which can be used
when the exact bearing geometry is not known. A characteristic frequency using

approximate formula for outer race and inner race defects are

f, =04Nf, (4.5)

/i =0.6Nf, (4.6)

Schoen [7] implemented motor current in technique to detect rolling-element

bearing fault in induction motors. Line current spectral components are predicted

82



at frequencies of

Jing = fe TS| (4.7)

where f, is one of the characteristic vibration frequencies, f. is the supply
frequency, and m = 1, 2, 3, ... . Although the magnitudes of this harmonic
component are small compared to other spectral constituents, they fall at different
location from those of the supply and machine inherent slot harmonics. This
phenomenon makes it feasible to distinguish between healthy and faulty

operations.

- Stator Fault

Stator winding faults constitute almost 30-40% oninduction motor faults
according the survey. These faults are usually short circuit between a phase
wining and the ground or between two phases. It is strongly believed that such
fault initiate as undetected turn-to-turn faults that develop to a major short circuit.
Stator winding fault might have a destructive effect of the stator coils.

Armature of stator insulation can fail due to several reasons as follows
Short circuit or starting stress.
Stack core lamination, slot-wedges and joints.
Electrical discharge.
High stator core or winding temperature.
Loose bracing for end winding.

Contamination due to oil, moisture and dirt.

NS v kR R DD =

Leakage in cooling system.
There are several methods proposed to detect the mentioned faults. Cash [§]
summed up the machine line-to-neutral voltages instantaneously and filtered out

the undesired saturation, slots and other sound operation harmonic. The RMS
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value of the remaining voltage component was utilized to detect the existence and
severity of stator inter-turn faults, the standard deviation of the RMS line current
of an induction motor was used to detect stator inter-turns [9].

Penman [10] monitored the axial leakage flux resulting from the stator winding
to detect and locate stator inter-turns. The voltage induced in a search coil wound
concentrically around the machine shaft was proportional to this flux component.
Some spectral constituents of this voltage were observed to detect a turn-to-turn

fault. These frequencies are given by

f = [k i[ﬁja —s)} £ (4.8)
p

where k= 1,3 and v =1, 2, 3, ..., (2p-1), p is the number of pole pairs, s is the
slip and f; is the supply frequency. The location of the inter-turn'fault could be
specified using four auxiliary winding mounted symmetrically in the four
quadrants of the motor near the end winding. The flux RMS magnitudes at the
various locations were measured. The change in readings from the four coils
could be used to triangulate the area of the unbalanced flux, and hence, locate the
shorted turn.

According to the modes of stator winding failure, there are five types of modes,

which are illustrated in Fig. 4.16.
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Fig. 4.16 A possible failure modes in wye-connected stator winding [11].

Bonnet [11] reported in detail cause and analysis of stator faults those are
influenced by various of stresses such as the following:
a. Thermal Stress

The stress in induction_motor that caused by temperature effects such as
thermal aging and thermal overloading. The AIEE 510 and IEEE 275 test
procedures can be used to determine-the effect of temperature on the winding
insulation system. Thermal overloading is influenced by various factors i.e.
voltage variations, unbalanced phase voltage, cycling, overloading, obstructed
ventilation and ambient temperature. The relationship between the various classes
of insulation and operating temperature is presented in Fig. 4.17.

Unless the operating temperature is extremely high, the normal effect of the
thermal aging is to render the insulation system vulnerable to other influencing
factor or stresses that actually produce the failure. The detail of this information is
reported in aforementioned reference.
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Fig. 4.17 Total winding temperature (°C) versus life [11].

b. Electrical Stress

Electrical stress are generally discussed as failures in the windings such as
phase-to-phase, turn-to-turn, or-phase-to-ground shorts: Testing to determine the
integrity of the insulation is-paramount to long motor life. Checking the integrity
of the insulation can be accomplished by the MCE standard test. Insulation can
also have tracking occur in which the insulation develops a small hole which
leakage to ground. If the motor is contaminated with conductive foreign materials,
this will create a path to ground causing the insulation to burn, which causes
further deterioration of the insulation. Keeping the insulation dry and contaminant
free will help to minimize or prevent tracking from occurring. Another method
employed to prevent tracking is to use insulation capable of being completely

immersed in accordance with NEMA MG 1-20.49 and IEEE 429.
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c. Mechanical Stress
The stator coils can and do move during operation of the motor, especially
when the motor is started. When the motor is started, the current in the coils is at
highest which result in a high magnetic force that causes the coils to vibrate at two
times line frequency. This vibration causes the coils to move, which can result in
damage to stator, rotor and other motor components. Bearing failures and
misalignment can cause the rotor to strike the stator, which can result in grounded
coils, excessive heat generation, or severe damage to both the rotor and stator.
Some of the common causes of the winding failures, which can fit into the
miscellaneous mechanical type of failure, are as follows:
* Rotor balancing weights coming loose and striking the stator.
* Rotor fan blades coming loose and striking the stator.
* Loose nuts and bolts striking the stator.
* Foreign particles entering the motor through the ventilation system and
striking the stator.
* A defective rotor (usually open rotor bars), causing the stator to overheat
and fails.
* Poor lead lugging of eonnections from the motor leads to the incoming line
leads, causing overheating-and failures.

* Broken lamination teeth striking the stator due to fatigue.

d. Environmental Stress

The quickest way to discuss environmental stress is to call it what it is:
contamination. Contamination is anything in the motor that is not supposed to be
there. Any foreign material that enters the motor can cause environmental stress.
Some examples are moisture, oil, dirt, coal, dust, etc. All of these contaminants

can have the following effects on the motor:
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Reduction in heat dissipation, which will increase operating temperature,
thereby reducing insulation life.
Premature bearing failure due to high localized stresses.

Breakdown of the insulation system, causing shorts and grounds.

- Rotor Fault

The reasons for rotor bars and end-ring breakage are several. They can be

caused by

Thermal stress due to overload and hotspot or excessive looses and
sparking.

Magnetic stresses caused by electromagnetic forces, unbalanced magnetic
pull, electromagnetic noise and vibration.

Residual stresses due to manufacturing imperfections.

Dynamic stresses arising from shaft torque, centrifugal forces and cyclic
stresses.

Environmental stresses caused by for example contamination and abrasion
of rotor material due to chemical or moisture.

Mechanical stresses.due to loose laminations, fatigued parts, bearing

failures, etc.

Motor current signature analysis was extensively used to detect broken rotor

bar and end ring faults in induction motors [12,13]. The sideband components

used to detect broken rotor bars is given by

f,=1%2s)f, (4.9

while the lower sideband was fault related and the upper sideband was due to

consequent speed oscillation. Bellini [14] stated the summation of magnitudes of

these two sideband components was a good diagnostics index. It was concluded
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that MCSA was superior to signature analysis of current space vector modulus
and instantaneous power and torque. The actual sequence of sidebands was given
by [15]

[y =1x2ks)f, (4.10)

wherek=1,2,3, ....
Considering the speed ripple effects, it was reported that other frequency

components, which could be observed in the stator current spectrum, are given by

sz[(kj(l—s)is}fe (4.11)
p

where p is the number of pole pairs, and k = 1, 2, 3, ... .

The other method for rotor fault detection is reported using current Park’s
vector approach to diagnose rotor cage faults of three-phase induction motors [16].
This technique'can be used to distinguish between the effect of this fault and that
associated with driving time-varying loads. Rotor cage faults can be detected by
the identification ofan elliptic figure in Park’s vector representation. When the
load has low-frequency oscillating component,-the current Park’s vector pattern is
an ellipse oriented along the first quadrant of the coordinate axes. In the presence
of rotor cage fault, the pattern of ellipse becomes oriented in the second quadrant

of the coordinate axes.

- Eccentricity
Rotor eccentricity, which results in uniform airgap, is divided into two
catagpries, static and dynamic. In static eccentricity case, the airgap has a fixed

minimal position, whereas this position rotates with the rotor in case of dynamic
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eccentricity. In practice, both of types occur simultaneously. Due to some designs
and manufacturing imperfections, up to 10% eccentricity is allowed. Higher order
of eccentricity can cause rotor-to-stator rub, resulting in damage of rotor and/or
stator winding or core.

Eccentricity faults could be diagnosed by monitoring the airgap flux in
induction motors. Internal and external search coils were placed in the stator and
the spectral constituents of their induced voltage were observed for diagnosing

component at

Jee =1 XS, (4.12)

where f; is supply frequency and £, is the rotational frequency.

Dorrel [17] monitored casing vibration components at a frequency2f, £ 1. to
diagnose eccentricity faults in induction motors. Motor current signature analysis
(MCSA) was used extensively to diagnose eccentricity faults in three-phase

induction motors. Specific frequencies related to fault are given by

(1-5)
p

fecz{(kRind) iv}fe (4.13)

Where £ is any positive integer, R is the number of rotor bars, p is the number of
pole pairs, n, is the eccentricity order (n; = 0 for static eccentricity, n; = 1 for
dynamic eccentricity), s is the motor slip, v is the order of some harmonics present
in the power supply driving the motor (v=1, 3, 5, ...).

In the case of static eccentricity, principal slot harmonic and supply time
harmonics contribute to these components. If the order of one of this harmonics is
a ultiple of three, it may not theoretically appear in the spectrum of a balanced

machine. However, it was shown that for a specific combination of the number of
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fundamental pole pairs and number of rotor slots, the machine would give rise to
only static or only dynamic eccentricity related components [18].
Obaid [19] used MCSA to diagnose eccentricity faults in three-phase induction

motors by observing the components

f. =[(ﬂj(1—s)il} f (4.14)
p

where m is a positive integer. The RMS value of each component was calculated
after filtering out the fundamental. The RMS values were compared to a preset
threshold that was determined the observation of sound-operation. Under load
imbalance, and horizontal and vertical misalignment conditions, the machine gave

rise to such harmonic components with magnitudes dependent on the condition.

- Unbalance mass

Mass unbalance is the' most common fault associated with rotating shaft. It
occurs when the geometric center (shaft centerline) and the mass center of a rotor
do not coincide. There are three types of unbalance (Fig. 4.18): Static unbalance
coupled unbalance and. overhung rotor unbalance. Static unbalance has equal
phase on each bearing, so vibration along with radial direction in phase. While in
coupled unbalance, phase changes 180° across bearing, so vibration along with
radial direction out phase. Overhung rotor unbalance contains both radial and

horizontal vibration, so both static and dynamic unbalance can be seen together.
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1

(a) Static unbalance (b) Coupled unbalance

(c):+Overhung rotor unbalance

Fig. 4.18 Mass unbalance.

- Bowed rotor

A bowed rotor or bent shaft-usually causes a preload on the bearings. The
center of the mass-of a bent shaft can be moved-far enough away from the
geometric center to cause some. mass unbalance (Fig. 4.19). A bent shaft is
looking like a misalignment in the spectrum. A phase measurement for axial
vibration across the shaft will distinguish between misalignment and bent shaft, as
the bent shaft will produce a 180 degrees phase shift. Also the vibration style of a
bent shaft contains Axial and radial direction. Among them, 180°phase shift in

axial vibration, while 0° phase shift in radial vibration.
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Fig. 4.19 Bowed rotor.

3.3 Condition Monitoring and Fault Diagnosis of Induction Motors

Induction motor is an essential component in many industrial processes which
deals with moving and lifting products. Special-attention is urgently required in
condition monitoring of induction motors in order to guarantee its stable and high
performance. By applying early fault diagnosis of operating. induction motors
which give incipient fault condition, little effort to overcome such fault can avoid
more serious conditions.

Condition monitoring and fault diagnosis methods to identify the faults may
involve different types of techniques. These techniques can be described as
follows

* Electromagnetic field monitoring, search coils,.coils wound around motor
shafts (axial flux related detection)

* Temperature measurements

* Infrared recognition

* Radio frequency (RF) emissions monitoring

* Noise and vibration monitoring

*  Chemical analysis

* Acoustic noise measurements

* Motor current signature analysis

*  Model, artificial intelligence based techniques

Several methods of condition monitoring and fault diagnosis that related to
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fault can be detected are presented and compared in Table. 4.5.

Table 4.5 Comparison of detection techniques

Fault detected
>
on > %]
= W o 5 = 3 o
Methods = 8 5 So § = £ £ g
5| & £ & §| g 8| & E
n n = = <
c z < S aa) 2 m <
— s3)
Vibration No | No Yes Yes Yes
MCSA No | Yes Yes Yes Yas
Axial flux No | Yes Yes Yes
Lubricating oils debris No. | No No No Yes
Cooling gaps Yes | Yes Yes No No
Partial discharge Yes | No No No No

4. Vibration Features Study of Induction Motor

The experiment is performed. in elevator test center in Fig. 4.20. Vibration
analysis was conducted.of .induction motor. The specification of induction motor
is shown Table 4.6. Seven types of fault frequency information are explained
Table 4.7, and the fault conditions are shown in Fig. 4.20. However, the bearing
fault frequency can calculate by Eqgs. (4.1) - (4.4). The variables of equation are
composed of number of balls, pitch diameter, ball diameter, and contact angle in
Fig. 4.21. From the #6310 bearing information the result of bearing fault

frequency is shown Table 4.8.
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Broken Rotor Bearing Fault

Fig. 4.21 Fault condition of induction motor.
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Table 4.6 Specification of induction motor

Power 15 kW
Poles 4 poles
Rotating speed 1450 rpm
Line frequency 50 Hz
Bearing tvpe Drive 6310
8P Non-drive 6308
Table 4.7 Dominant frequencies of faults
Item Frequency Remarks
Unbalance 1X
Static eccentricity 2X, fitfp
Motor Dynamic eccentricity 1X, fitfp 1X : rotation frequency
kX, kX' :
Broken rotor bar k= ’1 A 3ﬁ’ ) Ju: rated frequency
- : pole passing frequenc
| Ball BSF JgPele PRy freauency
Bearing Outer race BPFO
defect
inner race BPFI

Table 4.8 Calculationresult of 6310 bearing fault frequency

) Harmonics of fault frequency (Hz)
Bearing fault type
f 2f
BPFI (4.9525) 119.69 239.37
BPFO (3.0475) 73.65 147.30
BSF (1.98067) 47.87 95.73
FTF (0.380938) 9.21 18.41
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4.1. Bearing Outer Race Fault
The periodic impact signal of bearing outer race fault is shown in Fig. 4.22(a).

The envelop spectrum is conducted to identify the fault frequency and the

frequency is detected 74 Hz in Fig. 4.22(b). The frequency result is match with
BPFO of Table 4.8.
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(a) Time waveform (b) Enveloping spectrum

Fig. 4.22 Bearing outer race fault signals.

4.2. Bearing Ball Fault

The ball fault signal of time.domain is different with outer race fault. The ball
of bearing is defected and the period of time is0.020984 second in Fig. 4.23(a).
The fault frequency is occurred 48 Hz in Fig. 4.23(b). The frequency is similar
with BSF of Table 4.8.
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Fig. 4.23 Bearing ball fault signals.

4.3. Bearing Inner Race Fault

The inner race fault signal of vibration is shown in Fig. 4.24(a) and the period
of impact signal is 0.008443 second. The fault frequency is detected 119 Hz in Fig.
4.24(b). The frequency is represented well bearing inner race comparing with
Table 4.8.
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Fig. 4.24 Bearing inner race fault signals.
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4.4. The Unbalance of Induction Motor

The unbalance fault is related to whirling motion of induction motor.
Unbalance mass occur the whirling motion and the result is represented by
rotating frequency. The rotating speed is 1450 rpm and the frequency is 24 Hz
shown in Fig. 25.
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(a) Time waveform (b) Frequency spectrum

Fig. 4.25 Unbalance signals.

4.5. Static Eccentricity of Induction Motor

The static eccentricity-fault comes from discarding between rotor and stator. In
this case, first and second harmonics of rotating frequency and twice of line
frequency are dominant components in spectrum domain. The second harmonic is
48 Hz and the line frequency is 98 Hz and pole pass frequency is 2.2 Hz as shown
in Fig. 4.26.
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Fig. 4.26 Static eccentricity fault signal.

4.6. Dynamic Eccentricity of Induction Motor

The dynamic eccentricity has similar frequency with static eccentricity fault,
but the first and second harmonics of rotating frequency trend are different with
that. In this case, the first harmonic is bigger than second harmonic. The

frequency is 24 Hz and pole pass frequeney is 2.2 Hz in Fig. 4.27.
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Fig. 4.27 Dynamic eccentricity fault signal.

4.7 Broken Rotor Bar of Induction Motor
The broken rotor bar fault frequency is shown in Fig. 4.28. The fault frequency
occurred 24 Hz and 48 Hz, it is twice of rotating frequency. Also pole pass

frequency is shown 2.2 Hz.
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Fig. 4.28 Broken rotor bars signal.
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5. Case Studies: Performance Assessment

Ride quality is one of the key indexes to evaluate an elevator’s system
performance and elevator vibration will have a direct influence on passenger’s
feeling [13-16]. The quality of car vibration is related to external exiting energy,
its frequency distribution and the robustness of system design. Based on the
practical work in elevator vibration, common vibration-exiting sources of elevator

systems are summed here, so as to refer for engineers in this field.

5.1 Car Resonance

For a driven machine with a rotating speed of 1460 rpm, -which has a reduction
gearbox of worm-wheel, the rotating frequency is 1460 / 60 =24.33 Hz and the
gear mesh frequency is 48.6 Hz because the worms have two threads. This
elevator resonance is occurred by resonance phenomenon shown in Fig. 4.29, in
the conjugation zone of cage frequency and the 48 Hz clement as gear mesh
frequency (GMF) combined with excited frequency of motor. For reducing the

vibration, the dynamic absorber was employed as shown in Fig. 4.30.
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Fig. 4.29 Excessive vibration due to resonance (Z axis: 94 gal).
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Fig. 4.30 Vibration reduction by dynamic absorber (Z axis: 7 gal).

5.2 Rail Installation Check by Car Vibration Measurement

Fig. 4.31 shows the time waveform of the vibration in the elevator car. In the
time domain, apparent impact appears every 5 meters periodically as shown in Fig.
4.31 for each guide rail, length is 5 m. It can be improved by readjusting the rail
installment as shown in Fig. 4.32. Influencing factors is that dynamic friction
comes from contacting surface between guide shoe and guide rail, especially on

the side surface.
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Fig. 4.32 Data of installation state of the rail after adjust (Y axis: 11 gal).

5.3 Mechanical Faults
Table 4.9 indicates frequency features of various faults that obtained through

the site inspection.

104



Table 4.9 Vibration frequency due to mechanical faults

Fault Frequency

Misalignment Dominant 2X component

Unbalance Dominant 1X component

Guide roller vibration n % guide roller diameter x RPM

Bearing fault Bearing fault frequency

Resonance Coincidence of GMF element and cage frequency
Rail vibration Periodic peak vibration waveform

Fig. 4.33 shows the time waveform and frequency spectrum of unbalance
vibration. For a driven machine with a rotating speed of 1460 rpm, which has a
reduction gearbox with a worm and worm-wheel, the frequency feature appears
by 1X component (1460/60 = 24 Hz) dominantly because of elevator motor

unbalance. Fig. 4.33 shows a measuring result at a site.
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Fig. 4.33 Unbalance fault.
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Fig. 4.34 shows time waveform and frequency spectrum of misalignment
vibration. For a driven machine with a rotating speed of 1460 rpm, which has a
reduction gearbox with a worm and worm-wheel, the frequency appear to be
double frequency(2 x 1460/60 = 48 Hz) of rotating speed as shown in Fig. 4.34. In
the time domain, the waveform feature appears by a period of 13.39 ms as shown
in the time domain of Fig. 4.34. When the frequency component is prominent at
2X, it is mainly misalignment (the rotating frequency of rotor: 1460/60=24.3 Hz,
2X = 28.6 Hz). The frequency and time waveform of Fig. 4.34 which is occurred

by misalignment.
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Fig. 4.34 Misalignment fault (48 Hz).

Fig. 4.35 shows time waveform and frequency spectrum of bearing fault

vibration. It shows the bearing frequency feature occurring because of bearing
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outer race abrasion. In the frequency domain, the frequency feature is shown by

ball pass frequency of outer race (74 Hz) as shown in Fig. 4.35.
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Fig..4.35 Bearing outer race fault (74 Hz).

Fig. 4.36 shows time waveform and frequency spectrum of worm gear vibration.
The gear mesh frequency is occurred at 924 Hz and its sidebands. (Meshing
frequency between gears or worm wheel and worm = number of gears or worms *
rotating spend of gear or worm wheel/60). Influencing factors of GMF is meshing

accuracy between gears or worm wheel and worm.
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5.4. Conclusion

Dr. Elevator is an integrated portable type diagnostic tool to analyze and
evaluate the ride quality together-with rotating machinery parts‘'which combines
PDA (Personal Digital Assistants) and data acquisition device:

First, it can measure the ride quality in accordance with ISO 18738 and
furthermore diagnose the sources of vibrations and noises, which helps improve
the ride quality conveniently.

Second, it may perform the precise analysis on probable causes of vibrations
and noises in rotating machinery parts by using the built-in 0~12,800 Hz FFT
analyzer as well as various software which help evaluate the performance,
manufacturing and assembly quality, possibility of defects in rotating machinery

parts.
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V. Risk Based Inspection of Elevator

1. Introduction

Maintenance management is about making decisions; about determining the
optimal maintenance policy to adopt, whether a piece of equipment needs to be
replaced now or can be left in service until the next inspection, how many spares
should be held, and so on. While we can try to base these decisions on good data
and a rational understanding of the issues and tradeoffs involved, some
uncertainly is always involved. It is nature of our job, therefore, to manage risk.
Risk is, in effect, the product of probability and consequence. So, two apparently
different situations-one with a high probability and low consequence, such as
tripping on an uneven floor and hurting your foot, and one with a low probability
and high consequence, such as the aircraft you are traveling in crashing and
killing everyone on board-can actually have similar risk values. In any operation,
there is always some degree of risk. All activities expose people or organizations
to a potential loss of something they value. In maintenance, the impact is typically
on equipment failure, people’s health and safety, or the environment. Risk
involves three issues:

o The frequency of loss

o The consequences and extent of the loss

o The perception of the loss to the ultimate interested party
A major equipment failure represents an extreme need to manage maintenance
risk. The production downtime could delay product delivery to the customer and

cost the business a great deal of money. There could be further losses if the
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equipment failure threatened the safety of users or adversely affected the
environment. A critical, high-profile failure could also create the impression that
the business is out of control and tarnish its reputation in the marketplace. Risk
can also occur when the wrong maintenance decision is made about an asset. The
consequences can be many: lessened plant reliability and availability, reduced
product availability, and increased total operating costs.

The best practices for maintaining equipment are based on the premise that

more maintenance and prevention result in less downtime, and greater revenues.
The information that risk decisions are based on will never be totally complete or
enable us to foretell the- future. Uncertainty is—inevitable, so setting the
maintenance policyis question of managing risk. The objective of risk
management is to ensure that significant risks are identified and appropriate action
taken to minimize them as much as is reasonably possible. To get to this point, we
must balance risk-control strategies, their effectiveness and cost, and the needs,
issues, and concerns of stakeholders.
Numerous tools and processes can be used to make such decisions. But there is
also a tradeoff between the amount of effort put into the analysis and its possible
benefit. The investigations-demanded additional interlocks, regular condition
monitoring. To make effective decisions about-the risk-management process, the
risk team and the stakeholders need to communicate frequently. There must be
open dialog so that the team’s hypothesis is validated at each step, and to ensure
that all stakeholders are involved. Also, risk assessment is best applied when risks
can be readily identified for the critical equipment in a process. [1]

Building owners and managers have their work cut out when it comes to ensuring
that those rides are uneventful. Proper installation and ongoing maintenance and
inspection are a must. Long-time continuous usage increases fault-occurrence

probability, which requires troubleshooting quickly [2]. To assess the reliability
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and efficiency of the elevators a maintenance program is a significant part of
overall elevator system. The safe and reliable operation of the elevator is of
paramount importance to the owners, the management company and, ultimately,
to the tenants and visitors who travel throughout these buildings daily. The target
of elevator maintenance is as follows:

e Prolong equipment life

e Improve equipment safety and reliability

e Reduce the cost of major repairs

e Minimize the inconvenience of equipment downtime

Since the early 1910s when the elevator was introduced, the Korean elevator
industry has its remarkable growth with 2,000,000 housing constructions in 1990
as well as in 1986 Seoul Asian games and 1988 Seoul Olympics. Currently, about
360,000 elevators are working in Korea which 1s ranking 9th in the world.

Meanwhile, the number of people who have been rescued by 911 rescue team,
owing to elevator accidents, reaches the second-highest level following traffic
accidents. The data by the National Statistics Office on elevator accidents shows
that there were 90 and 97 accidents in the year of 2006 and 2007, respectively.
These accidents are increasing annually as indicated in Table 1.

There is a need for new. technical solutions to-lessen the safety accidents and
break-down. It has to be provided as a technical guide to promote the progressive
and selective maintenance and improvement of the safety of existing elevator. So,
the ageing elevators should be made more effective, safer, more reliable and more
comfortable through effective maintenance and improvement .

In this study, to reduce the probability of elevator breakdowns and be safer to
elevator users, a risk-based inspection (RBI) for elevator maintenance is proposed
and seeks for the most appropriate ways to solve the fundamental problems in

managing and maintaining elevator.
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2. Conventional Risk Analysis Methods

2.1. Qualitative Risk Analysis Methods
1) Dow and Mond Index

This technique considers the hazards of the material involved the inventory,
operating conditions, and the type of operation. While the values of the indices
cannot be used in an absolute sense as a measure of risk, they can be used for
prioritization, selection, and ranking. The value of the index may be helpful in

deciding whether a QRA should be applied, and the appropriate depth of study
[2].

2) Checklist

A checklist' is a ‘list of questions about plant organization, operation,
maintenance and other areas of concern [3]. The main purpose for creating
checklist is to improve human reliability and performance during various stages of
a project, and to ensure compliance with various regulations and engineering
standards. Each'item is physically examined and verified while the appropriate
status noted on the checklist.. The results of checklist show insights into the degree

of compliance with prescribed procedures and identify potential hazards.

3) What-If Analysis

The What-if method is one of the simplest forms of conducting a hazard
analysis. This method does not require special quantitative methods or extensive
preplanning. The method does utilize input information specific to a process to
generate a set of checklist type questions. It prepares this comprehensive list of

questions which are then collectively answered by being summarized in tabular
form [4].
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4) Preliminary Hazards Analysis

PHA (Preliminary Hazards Analysis) is a hazard identification method that
focuses on the conceptual deign phase of a project. This method considers
pre-identified hazards such as potential undesired events, worst-case potential
consequences, safeguards and mitigation measures, etc [5].
The results of PHA include precautions or operator safeguards to incorporate into
the final administrative controls, recommended modifications to the process,
enhancements to the design of associated facilities and desirable alternatives that

are significantly reduce and limit inherent hazards.

5) Hazard and Operability Study

The HAZOP (Hazard and Operability) study is a program that allows its user
to employ imaginative thinking in the identification of hazards and operational
problems. The objectives of the HAZOP study are to identify undesirable
consequences of deviations form normal process and operating hardware related
events, to evaluate adequacy of proposed safety design and instrumentation to
prevent consequences and to identify further controls to minimize consequences.
The HAZOP study can be-applied to all new designs,unless. it it an exact copy of
an existing plant. It is reccommended satisfactory for identifying the hazards and
the problems which prevent efficient operation [6]. The HAZOP study step
evaluates the adequacy of the mechanism in order to control hazards in plants.
These mechanisms include administrative procedures as well as hardware controls.
This study identified the way of improving the operating efficiency by the

assessment of P&ID (Piping and Instrument Diagram) sheets.

2.2 Quantitative Risk Analysis Methods
1) Failure Mode Effect Analysis
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FMEA is the technique to allow the evaluation of multiple failure events. By
the use of a regimented booking procedure, it is possible to list for evaluation all
potentially relevant combinations of any selected maximum number of coexisting,
equipment failures and/or human errors that may cause or contribute to release of

process materials [7]

2) Frequency Analysis

Results of FA (Frequency Analysis) classify and analyze failure cases that are
developed for the hazard identification. Failure cases are the means by which the
risk analysis models all possible discrete failures that-result from the operation of
process systems [8]. These are determined by breaking the terms of material,
temperature pressure, and discharge rate and dispersion characteristics. The
overall failure frequency for each failure case is calculated by counting the type
and number of equipment items contributing to each failure case. Inspection of the
tables reveals the technique applied in the estimation of the leak frequencies for a
failure case. By combining the process equipment count with the failure rate per

equipment item, the overall failure case frequency is estimated.

3) Fault Tress Analysis

FTA is a deductive technique that focuses on one particular accident or main
system failure, and provides a method for determining causes of that event [Power
and Lapp, 1989]. The purpose of FTA identifies combinations of equipment
failures and human errors that can result in an accident. The fault tree is a
graphical model that displays the various combinations of equipment failures and
human errors that result in the main system failure of interest as a top event.

The FTA produces system failure logic models that use Boolean logic gates

such as AND and OR to describe how equipment failures and human errors
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combine to cause a main system failure. The FTA solves each logic model to
generate a list of failures by minimal cut sets that result in the top event. The
number and type of failures in each cut set qualitatively rank lists of minimal cut
sets. These lists of minimal cut sets reveal system design or operation weaknesses

for which possible safety improvement alternatives are suggested [9].

4) Event Tree Analysis

ETA shows the possible outcomes of an accident that result from an initiating
event. The ETA considers the responses of safety systems and operators to the
initiating event when determining the potential outcomes of accident. Event trees
are used to identify the various accidents that occur in a complex process [10]

The results of the ETA are the event tree models and the safety system
successes or failures that lead to defined outcome. Accident sequences depicted in
an event tree represent logical AND combinations of events, so these sequences
put into the form of a fault tree model for further qualitative analysis. This method
uses these results to ‘identify design and procedural weaknesses and normally
provides recommendations for reducing the likelihood and consequences of the
analyzed potential accidents: The ETA is suited for analyzing complex processes
that have several layers of safety systems or emergency procedure in place to

respond to specific initiating events.

5) Consequence Analysis

An analysis of the consequences of releases forms the precursor to the risk
analysis. Such an analysis does consider the frequency of events: it merely
determines the scale of flammable, explosive or toxic releases [11]. Before
flammable and toxic effects are modeled, it is necessary to establish how a

material would behave and dispersion characteristics are dependent on physical

117



properties of the material involved, hole size or release rate, release pressure and
temperature, release phase, ambient conditions, nature of the surrounding, etc.
Ambient conditions are considered as humidity, weather class, and wing speed,
ground and air temperature. The nature of the surrounding land is regarded as tall
buildings, trees, increase air turbulence, thus encouraging more rapid air
entrainment and dilution of dispersing vapor cloud, etc. The likelihood and
consequences of release igniting are central to the evaluation process undergone

in this study [12].

6) Cause Consequence Analysis

CCA diagram is used to display graphically the relationships between incident
consequences and their basic causes. It contains elements of both Fault Tree and
Event Tree Analysis. It can be developed in either direction: forward toward the
consequences or backward toward the basic causes. The forward direction is
similar to Event Tree Analysis and the backward direction is similar to Fault Tree
Analysis. The solution consists of a list of incident sequence minimal cut sets,

which are analogous to fault tree minimal cut sets.

3. Statistic Analysis of Elevator Accident and Breakdown

3.1. Elevator Accidents

The total number of elevators is installed up to 359,098 in the late of 2007 in
Table 5.1, and the rate of elevator accidents per ten thousand elevators accounted
for 1.54. For the damaged accidents, the deceased accounted for 148 people or
21.8%, the severely injured accounted for 263 people or 39.8%, and less-severely
injured reached 266 people or 38.4%. For each cause of elevator accidents, users’

errors accounted for 15.3%, poor maintenance accounted for 20.2%, while poor
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management and maintenance reached 11.9%, workers’ errors and substandard

manufacturing reached 6.1% and 3.9%, respectively. The rest took up with 6.7%.

Table 5.1 Accident number and installation number

YVear Total number | Accident | The incidence | Accident number
of installation | number |ofaccident (%) per 10,000
1998 159,230 28 0.0176 1.76
1999 174,261 12 0.0069 0.69
2000 190,187 22 0.0116 1.16
2001 208,497 28 0.0134 1.34
2002 231,562 16 0.0069 0.69
2003 259,850 40 0.0154 1.54
2004 289,808 25 0.0086 0.86
2005 314,495 42 0.0134 1.34
2006 336,311 90 0.0268 2.68
2007 359,098 97 0.0270 2.70

1) Accident Type and Cause

Elevator accidents are increasing with year as shown in Table 5.2. Even
though same kinds of accidents have steadily occurred, the causes have not been
eliminated yet. Accidents in relation to escalators or moving walkers among total
safety accidents account for the highest rate of 20.3% as shown in Table 5.2. The
rapid increase of the installed escalator triggers accidents to surge among most

children and the aged.
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Table 5.2 Appearance of accident type

Appearance of accident type

Rate (%)

Crushing riding after opening the landing door with emergency key
Occurrence from escaping and rescuing process

Occurrence by trying failure repair by elevator laymen directly
Worker accident occurred by disobeying safety rules during
working

User accident occurred by disobeying safety rules during working
Accident occurred by thoughtlessness when the car enters in the car|
lift

Accident occurred by jamming and crushing in the gap between the
car bottom and hoist way walls at the car lift

Accident occurred by poor component.

Accident occurred by user carelessness or disorder conduct.
Accident occurred by maintenance carelessness

Accident on dumb waiter

Accident on escalator and moving walk

Accident on a wheel chair lift for disabled persons

Others

12.4
4.4
3.2

8.0

1.6

4.0

9.2

15.9
8.0
3.2
8.0

20.3
1.2
0.8

While most citizens have very high expectations and awareness of safety,
however, accidents still rise, owing to the absence of the double-function units of
safety devices or the age of the elevators. Accordingly, efforts are made to

improve the safety laws which are necessary for reinforcing public safety, across

the world. The longer the life span of elevator is the higher accident probability is.

Also, the same sorts of accidents are frequently occurred. At this point, when the

lift laws are only applied to elevators to be newly-built, it is necessary to improve
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the safety level of aged elevators.

2) Risk Assessment of Accident by FMEA Method

A risk analysis is a series of logical steps that enable a systematic identification
and study of hazards and their corresponding causes and effects. The
identification of hazards, when followed by an assessment of their severity and
probability of occurrence shown in Table 5.3, yields a measure of risk associated
with the individual hazards. Through the use of an interactive process, each
hazard and effect is evaluated and either eliminated or, if necessary, controlled by
means of appropriate safety measures that reduce the corresponding risk to an
acceptable level of safety shown in Fig. 5.1. For this purpose the best approach is
to form a risk analysis team by selecting the members and by.choosing a team
leader/moderator. The cause and effect of each hazard in terms of probability of
occurrence and the severity of its effects is assessed. The combination of severity
and frequency of occurrence quantifies the risk associated with the hazard. The
assessment results are evaluated in terms of residual risk and the acceptable level
of safety. If the level of safety is unacceptable, further risk reduction measures are
required and the following procedure should be used:

* Eliminate the hazard.

* If the identified hazard can be eliminated, take the necessary measures to
reduce the risk to an acceptable level of safety as determined by the lift
technician.

* Inform the user of the residual risks.

If the risk evaluation still indicates that the remaining risk is not within an
acceptable level of safety, the whole process has to be repeated as shown in Fig.
5.1 [13].
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Definition of the scope of risk analysis

!

Failure mode and effect analysis (FMEA)

v

Risk assessment

v

A

Risk evaluation / Ranking

Acceptable safety

Undertake additional appropriate

]

Fig. 5.1 Risk analysis procedure.

Table 5.3 indicates relation between severity/frequency and corresponding risk
level. The level of risk can be divided with four grades shown in Table 5.3:
¢ Unacceptable (IA, IB, IC, IIA, IIB, IITA): corrective action required to
eliminate the risk
* Undesirable (ID, IIB, IIC, IIIC): corrective action required to mitigate the risk
* Acceptable with review (IE, IID, IIE, IIID, IVA, IVB): review required to

determine whether any action is necessary
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* Acceptable without review (IF, IIF, IIIE, IIIF, IVC~F): no action required

Table 5.3 Relation between severity/frequency and corresponding risk level

Severity
Frequency . . .
I (High) | II (Medium) | I (Low) [IV (Negligible)

A [Highly 1A 1T A I A IV A

probable
B |Probable IB IIB I B IVB
C |Occasional IC Inc I C IvVC
D |Remote ID IID I D IVD
E |Improbable IJ]‘EH__F_._.J-—'—'H'E—'—-—-., IIIE IVE
g Highly LF IF 11 F IVF

improbable

This study has investigated elevator accidents resulting from poor safety parts,
safety circuit, design and systems. And, this study has conducted the analysis on
failure modes, estimated causes and effects of each category, and then made
evaluations on, risks and decided maintenance ranking. By establishing safety
strategies, it can assure the safety of elevators.

The failure mode. and effects analysis (FMEA) technique determines how
individual elements of a system can malfunction and what combinations of failure
can result in an unsafe condition. Redundancy is a property of a system that is
provided by using two or more elements to influence the final action of that
system. Table 5.4 shows the result of risk assessment on accident by using Korea
disaster statistics that is evaluated risk analysis by FMEA method. It is an aim to

assure the safety of existing elevator by using the maintenance.
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Table 5.4 Risk assessment examples of accident by FMEA method(continued)

_ _ Assumed E_stimation of] Protective measures After protective
Item Function Failure mode Effect risk elements| Grade . . measures Type
Cause (risk reduction measure)
S F S F
Braking distance when —{Over ‘tlilejélarl}lléeo E)g gtaatging Elevator
Slip distance |car stop _dunng the stopping Lack of braking capability with doors open or 2 C 2 |(1) periodical maintenance 2 E Dumbwaiter
running in no load distance slip occurrence
s setios (1) weight fion of counterweight wh
i wound or deat weight conpensation of counterweight when
Counterweight Weight change_ of car _Control_ The change of overbalance because of starting > C e Siterior of a car is done 2 E Elevator _
and counterweight incapacity |rate with doors open or (2) petiodical check Dumbwaiter
slip'occurrence P
Function for d Starting with N
unction for door arting wi . g, | wound or deat > | .
Docem apeingand s byardos bosren et | Binctiing (1 p | 2 ()R mimeionbydulosen el |
the control signal open en & or crushing of
passengers
Function to stabilize If seilfet circuit i? {mtk Inj ur}:i 4 szriotlllls
power supply and earthed, incase of leakage |{wound or deal o
Earth of safety | == > o vhen E(l)s(e:ut off | Cirrents, fuse is not cut of £ because of fire or 1 D o |(1)Earth of safety circuit ! E  |Blevator
circuit eakage currents or and take fire or starting with | joors open or slip (2) Periodical check
electric shocks occur doors open o cursal
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Table 5.4 Risk assessment examples of accident by FMEA method(continued)

) Ropes
reverse phase ?%ﬁgggﬁ?ﬁgg gllleevat& Reverse phase detect Shock of occurrence (1) Circuit supplementation of reverse phase elevator
prevention tl?e three phases power Reverse run |function was not  operated |because of 3 detect function
devices disconnected by mistake. or not installed malfunction (2) Periodical check Hydraulic

elevator
The function to stop a ireui ; ;
C(i)ver l_oad start of car with door . Riding more than the Injury by crushing of (1) Circuit design of over load switch by Normal
etection : : ‘1. |Slip of car - P Close (B contact ) Elevator
. opening if people ride capacity of the car car o .
devices with overload (2) Periodical check of over load switch
Braking distance when |Over ‘ggcl;l;yé:gggggin Elevator
Slip distance |car stop during the stopping Lack of braking capability withliloors open 0% 2 (1) periodical maintenance Dumbwaiter
running in no load distance slip occurrence
Injury, a serious : . .
Weight change of car  |Control The change of overbalance Wg’unyd or death (1) weight conpensation of counterweight when Elevator
Counterweight and founter\fei ht incapacit rate ¢ i 2 chasgiripr of 2 car is done Dumbwaiter
g pacity with doors open or (2) periodical check
slip occurrence
Injury, a serious
Door control Function for door Starting with Door monitor circuit.is wg)un}:i or death (1) Circuit supplementation by dual system of
circuit opening and closing - bylcar door designed in single circuit Wecalge of jamming | | door circuit ® Y 4 Elevator
the control signal open en & or crushing of
passengers
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Table 5.4 Risk assessment examples of accident by FMEA method(continued)

Function to stabilize If safety circuit is not Injur);i a szriotl;ls

power supply and earthed, incase of leakage ~ |wound or dea PR
E_anh_ of safety rotect men when E?Sgut off currents, fuse is not cut off |because of fire or 1 D (;) Ear_th d(')f sla f;ty lc(lrcult Elevator
circuit cakage currents or and take fire or starting with |4oors open or slip (2) Periodical chec

lectric shocks occur doors open
¢ occurrence
) Ropes
reverse phase gl%ﬁgggﬁ?ﬂﬁgﬁ gllfevatgg Reverse phase detect Shock of occurrence (1) Circuit supplementation of reverse phase elevator
prevention tﬁ)e three phases power Reverse run (function was not  operated-|because of 3 C detect function
devices disconnected by mistake. or not installed malfunction (2) Periodical check Hydraulic
elevator

The function to stop a 5, W ; ;

c?ezizz tli(())id start of car with door Sliv of car Riding more than the Injury by crushing of P D 'y glli)ztlt(]gecsz)irtla(g ;Wer foudswiel by Horma Elevator
. opening if people ride P capacity of the car car I .
devices with overload (2) Periodical check of over load switch
(1) The protection panel is installed in the
Vertical distance A serious wound or hoistway walls where vertical distance
The ane | et hecar bt OB i st carand| g S Y /eyt and sty vl s o
. ywa P walls is large 81 . " o
and walls | crushing prevention on | decrease bottom and hoistway (2) Warning sign  "Use prohibition except for
car lift walls the service (person riding prohibition)" shall be
fixed at visible location for user
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Table 5.4 Risk assessment examples of accident bv FMEA method(continued)
Gap between Aim to prevent
lat_ldlng and jamming 1n<_:1dent Contact with Gap between landing door Injury, a serious (1) Gap between landing door and jamb or
jamb or between landing and | panel when |and jam or between car door| wound because of
b . . . . 3 C 2 |between car door and car door frame must be Elevator
etween car |jamb gap or between car| opening the | and car door frame gap |occurrence of jamming .
e adjusted below 6mm
door and | door and car door frame door exceed 6mm incident
car door frame gap
The function to prevent ) : . . . .
. fd h The landing A serious wound or (1) Changing Design to hold enough intensity to
Door cuide separation of door when | 4,4 i Obsolete or shortage death by crushing prevent doors from being separated
gu operating the door by | impacted & because door guide 1 D 2 |(2) The buried extent of door guide shoe must be
shoe strength of door guide shoe - ] .
guidance along the sill from the shoe is separated to sill adjusted above 6mm
outside groove (3) periodical check
groove
The reopening function [Badness of . . |Asserious wound or
. Door closing safety device L — .
Door close to protect the person adjustment | death because of (1) Design change and circuit supplementation
. . is not operated the last part . ! 1 D 2 . Elevator
safety device |whenhe pis contacted |or badness of| ] starting the car with of door close safety device
. . of Door closing .
by door safety devices |design jammed door gap
The devices N A L [ . . .
Tension automatically cut off |, o ) ) . ) Serious wound or (1) Additional installation of relaxation of )
. ) installation |Tension relaxation perceive |death beecause rope ; . . Hydraulic
Relaxation power when main rope . S . 1 D 2 [tension perceive device
ve devi hain is relaxed or operation |device is not installed was desertted at the o ) elevator
pereetve device or ¢ badness pulley by crushing (2) Periodical check or maintenance

during the running
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Table 5.4 Risk assessment examples of accident by FMEA method

Device to stop running
to detect the temperature

Stoppage

Lock fault in the car because

Impact, fear and
famine occurrence

(1) Circuit design is  changed by the function
that car can arrive  at the landing when

Temperature of between temperature to get out passengers detection Hydraulic
hydraulic oil |of hydraulic oil when hydraulic oil exceeds a set  |because they are 3 P & P & Y
erceive device i floor and point during the running locked in due to device operated clevator
p Hydraulic elevator  oilfjgor a (2) Automatic return was operated after enough
oor stop fault .
temperature exceeds a cooling
In the
. condition Minor-injury or severe
Thestep |L1¢ function tostop the {0 o oo . injury by fall of (1) The circuit design is changed by the function
. running when step is The step separation sensor 3 ) .
separation . separated, S . passengers who is 2 to perceive the separation of the step Escalator
' . |separated while . device is not installed. ] . . .
sensing device escalator is runnin escalator is caused by with (2) Inspection or repair of operational status
& running separation of t step
normally
The function to stop Minor injury or severe (1) The circuit design is changed by the function
Comb switch [FAnning to protect person Operation Comb switchiisinstalled |1 10Uty by getting 5 to perceive when getting jammed in  between Escalator
when getting jammed stop jammed between comb comb and step
between comb and step and step (2) Inspection or repair of operational status
Gap between To Prevent a fall in the | The infants | Gap between balustrade of B
balustrade of . : ... | Death orsevere injury (1) Gap between balustrade of escalator
escalator inlet 2P balustrade of passinthe | escalator inlet'and exit is boa Gl 1 inlet and exit is below 100mm Escalator
escalator inlet and exit clearance large Y

and exit
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3) Elevator Breakdown

The statistical analysis on elevator breakdown is implemented by using the
data for three years in two domestic manufacturers. The number of elevators
installed in public housing and multi-use facilities is total 1,174 units (682 for
manufacturer A and 492 for manufacturer B). The total number of breakdowns is

10,506 (3,235 in manufacturer A and 7,271 in manufacturer B).

4) Breakdown Parts

A comparative analysis on the breakdown parts such as button and floor
indicator, hall door, car door, controller, and hoist-way are usually broken are
indicated in Table 5.5 in order of descending rate. Among-these, faults of floor

indicator, hall door, and car door account for about 58%.

Table 5.5 The order of fault components

Fault components Number of Rate (%)
Button and position indicator 2,448 28.3
Hall door 1,900 18.1
Car door 1,801 17.1
Controller 958 9.1
Car 820 7.8
Hoist way 484 4.6
Governor 386 3.7
Counterweight 179 1.7
Traction machine 77 0.7
Others 1,453 13.8
Sum 10,506 100.0

129



5) Breakdown Causes
Table 5.6 indicates that the causes of breakdowns owing to the changed
adjustment parts, loosened/ destructed/ and destroyed breakdowns account for

66.64%. Other breakdowns result from sound or vibration, are high ratio.

Table 5.6 Breakdown rate according to causes

Breakdown causes Rate (%)
Changed adjustment parts, looseness, 162
transformation .

‘ 20.2
Destruction, damage 16
Abnormal‘'sound, vibration 4.0
Life excess, component-aging, abrasion 2.8
Contact badness 1.8
Contamination '

1.4
User carelessness -3
Malfunction .
: 0.9
Jamming
v 0.8
ri
S P ‘ Fa 0.8
napping of a wire
pping 15.5
Others
Sum 100

6) Analytic Results of Breakdowns
The breakdown parts are button and position indicator, hall door, car door,
controller, and hoist way in order. The breakdown parts often derive from

incapability in operating. The noises and vibration including sub standardized
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door and button cause much breakdown. The elevator malfunction is mainly
because of the changed and loosed adjusted parts. The old worn-out, damage,
destruction of component, poor conjugation, and alien substance-caused
contamination breed such breakdowns.

* This result evidently shows that elevator button, floor indicator, old worn-out,
and ill treatment trigger are the most enormous elevator damages and
breakdowns.

* The alien substances-caused contamination and mal-adjusted parts in hall door
and car door trigger are the second-most enormous breakdowns.

* Factors such as tensile blocks, balance chains in regulator, because noises,
interphone and regulator switch are often out of order. Noises out of balance
weight result from the relatively frequent breakdowns.

* All of hall buttons and indicators are often switched and repaired. The damages
owing to common quality maintenance difference from each manufacturer and
users’ carelessness in maintaining parts are analyzed as the major cause of
elevator breakdowns.

* Among break-downs related- to part durability, the short-durable switch
contactor and magnetic eontactor have to be substituted in advance, but, they
tend to be replaced after the breakdowns happen.

* The contamination-causing breakdowns can be prevented in advance about 9%
by making regular maintenance and cleanliness. parts that require special
attention are hall door sill, car door sill, push button, hall door switch contact,

and gate switch contact in that order.

7) Risk Assessment of Breakdown by FMEA Method
The cause and effect of each hazard in terms of probability of occurrence and

the severity of its effects is assessed. The combination of severity and frequency

131



of occurrence quantifies the risk associated with the hazard. The assessment
results are evaluated in terms of residual risk and the acceptable level of safety. If
the level of safety is unacceptable, further risk reduction measures are required.
Table 5.7 shows the result of risk assessment used as the elevator break-down
data of domestic manufactures that is evaluated risk analysis by FMEA method. It

is an aim to assure the safety of existing elevator by using the maintenance.
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Table 5.7 Risk assessment examples of accident by FMEA method (Continued)

Estimation
. Failure Presumption of risk Protective measures
Item Function Effect Grade | . )
mode Cause elements (risk reduction measure)
S | F
. o The button Life superannuation, damage,
Car calling registration, . d N ; Use
L . malfunction the operational inability which . .

Button |registration function of 2 - inconvenience 4 B 3

the desired floor caused.by super--" |is cauSt?d by variation of the o o seer

annuation regulation region

The device to protect a
Hall door ?;tsesriggz dﬁ];) mdl(o)zlrng Operation Interlock switch, the operational
device  Ibe tweelr)l the ylat form standstill, inability which is caused by foreign 3 B 2

and hoistwa pwhen car noise and vibration |substance etc. of the sill groove ¢ Periodical inspection

departs Y * The periodic part

P The shock caused replacement which

The device to protect a with noise.and considers a useful life
Car door Passenger from being Operation Adjustment badness of the vibration, or
device fallento the entrance standstill, switch type, variation and breakdown 3 B 2

and exit during the noise and vibration |contact badness confining

running

The function to control Change.of the adjustment part,
Control the operation of the Operation superannuation and attrition, 3 B 5
panel elevalzor standstill the operation-inability which

is caused by malfunction etc.
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Table 5.7 Risk assessment examples of accident by FMEA method

Movement means of the .
I Operation . -
passenger who is direct . Parts superannuation, variation and
Cage : standstill, . . 3| B 2
in the space where . ... |coming loose, adjustment badness
noise and vibration
boards the passenger
* The tendency
management which
leads the periodic
Traction |Power unit to lifting up Operation Parts superannuation, the measurement of the
machine |and down the car by standstill damage of bearing, gear, unbalance, 3| B 2 noise
Etc. using the wire rope and function loss  |misalignment, looseness, and the vibration
* The periodic parts
replacement which
considers a useful life
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4. Risk evaluation

Each country keenly recognized those risks involved in existing elevators. Europe
established the standardization through EN81-80. France and Belgium made safety
diagnosis and progressive improvement compulsory through legislature. But aside
from those legal issues, safety diagnosis is necessary as a tool of risk evaluation. So
this system formulates those essential safety conditions and parameters for each
respective category of elevator into checklist with reference to GESR(General
Essential Safety Requirement) and European standards so that even general

technicians may easily diagnese the risk using following method.

4.1. Essential Safety Conditions

When the diagnosis is implemented in accordance with Table 5.9 and Table 5.10
which are prepared as per GESR and safety parameters verified by each country, the
program outputs Table 5.8 which displays the items to be improved 'as well as the

methods of improvement.

Table-5.8 Risk assessment Check List

Place Item Risk Item Result
E. i t f
Control(design) Xcessive wear -and "tear of brake Yes, No
contact
Machine Control(design) Brake contact in single unit Yes, No
Room Control(design) Door control relay in single unit Yes, No
Control(design) Safety circuit not earthed Yes, No
Control(design)  |No time limit device on motor Yes, No
T il ternal fc
Cabin Car door(design) © b eg open.edg casily by external forec Yes, No
Pit Overload sensor  [Overload sensor inoperative Yes, No

* If the risk is applicable, Yes (correction recommended). If not applicable, No (no correction required)
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4.2. Comparison with Previous Year's Inspection Report
Table 5.9 is the screen of risk value items. The data obtained this year are compared
with those of previous year and the differences are analyzed so that those changes

which could shorten the life span of machine or cause risk may be predicted.

Table 5.9 Comparison Check List

Item 2008(A) | 2009(B) Result

Quantity of Counterweight Yes, No
Rope Diameter[mm] Yes, No
Undercut[mm] Yes, No
Lining Thickness[mm] Yes, No
Brake Spring Length[mm] Yes, No
Brake Plunger Travel[mm] Yes, No
Max. Stopping Dis.[mm] Yes, No
Speed[m/min] Yes, No

Up[A] Yes, No
Current

Down[A] Yes, No
Insulation Resistance[M¢] Yes, No
Noise in Cabin[dB] Yes, No
Vibration in Cabin Yes, No
Rotator Vibration Yes, No

* If the standard values are exceeded when the measurements made previous year are compared with those of this
year, then Yes (correction recommended) is automatically displayed while No (no correction required) is
displayed in opposite case.
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4.3 Maintenance Decision Method of Main Components

Elevator users and maintenance companies are required to be interested in the time
and the standard to replace the parts of an elevator, and such a standard has enormous
influence on the business of elevator users and maintenance companies.

In this chapter, we are going to collect reference materials to decide the time of the
disuse of an elevator which is the standard to replace main parts of it.

As investigated in this research, it is considered impossible to indicate and control
the time of the disuse an elevator since an error or deviation ranging from several tens
percent to several hundred percent may occur according to design, materials,
production, installation, environment and frequency.

Therefore, it is considered that the best replacement plan is to decide the
replacement cycle in overall consideration of the condition and the service life of
parts. The reference materials to judge the condition in which the parts of an elevator

should be replaced or disused are as follows.
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Table 5.10 Maintenance Decision Criterion of Component (Continued)

Parts

Maintenance Decision Criterion

Gear

Reducer

(D In case that irregular vibration (enough to give a passenger
in an elevator an unpleasant feeling) caused by pitting or
gear mesh frequency(GMF) in the worm wheel occurs

@ In case that the pitting in the worm wheel ranges in the
overall tooth surface and that PCD of the worm wheel has
pitting, the depth of which is more than 20% of thickness
of the tooth-surface and more than 70% of which is
distributed toward the length of tooth width

@ In case that, in PCD, there is a pitting or more, the depth of
which is more than 40% of the thickness of tooth

@ 1In case that the wear of stepped pulley, the length of which
1s more than 0.5 mm, occurs

(® 1In case that it is impossible to adjust the backlash size

recommended by the manufacturer

Bearing

In case that strange sound occurs and there is no relaxation|
of the nut and washer receiving the axis or that bearing

defect frequency is created
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Table 5.10 Maintenance Decision Criterion of Component (Continued)

Parts Maintenance Decision Criterion

(D In case of not meeting the inspection standard No. 4.1.3 (8)@

Main rope .
P (2 In case that the main rope gets bent or loose

In case that a crack occurs in sheave

(D In case that the remainder of undercut fails to meet the inspection
standard

(2 In case that there is-excessive amount of creep
Sheave
@ In case that there is severe rope mark in the groove of sheave

In case slip occur because of the wear of sheave groove

In case that the difference of height between pieces of the main rope is

more than 2mm

(D In case that there is a crack or damage in break pin
(@ In case that noise occurs because the plunger gets bent
@ In case that there is not enough darea for lining because of

Brake significant wear in-the drum

ASS'Y  |In case that it is impossible to slow down or stop an elevator safely in

the range of the adjustable tension of the spring

In case of less than SMQ

(of less than 2 M2 when the use of rated voltage is permitted)
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Table 5.10 Maintenance Decision Criterion of Component (Continued)

Parts Maintenance Decision Criterion
(D In case that there is severe side wear
@ In case that the amount of wear is less than the size
recommended by manufacturer
Lining

(D In case that the lining get worn and thin or that the rivet
almost reaches the break drum.

(@ In case that there is a crack in the lining

Traction Machine

0Oil

In case~that the color of the “oil is discolored into a

not-recommended color

In case that there is severe bubbles, emulsion or pollution

Oil Seal

(D In case that there is full of oil in the oil receiver during the
period of 3 weeks
(@ In case that oil gets scattered in the break drum after 3 weeks

of the worm axis cleaned

Guide Shoe

In case that a crack or transform'occurs

In case that there—is-morethan 1mm of excessive distance

allowance between the rail and gib

Guide Roller

(D In case that the spring of the guide roller is transformed
(@ In case that exfoliation or explosion occurs in the roller

3 In case that side wear occurs in the roller

in case that there in noise in the bearing
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Table 5.10 Maintenance Decision Criterion of Component (Continued)

Parts Maintenance Decision Criterion
In case that a crack between the upper and the lower parts of the
platform door gets big enough to be seen with a person's eye
because of the hanger roller
Hanger - - -
In case that there is noise caused by the hanger roller with an
Roller .
abnormal condition
In case that exfoliation or a crack occurs in urethane
In case that the hanger roller can stand no longer
The door-guide shoe should be replaced when there is severe noise
because of the wear of it.
Door Guide ) !
N In case that the guide shoe is transformed or corroded, or the rubber
Shoe
of'it is severely worn
In case that the guide shoe can stand no longer
(D In case that lead switch (with magneto system) is corroded
Landing ; '
(2 In case that there is an error such as malfunction because of the
Sensor
damage of'the landing device
.. (D In case that the switch box gets rusted, worn or transformed
Limit .
Switch (2 In case that the switch roller gets worn severely
@ In case that the switch lever has severe damage
‘ In case that the spring causes abnormal noise or the door is not
Spring  |closed because of relaxation of the spring
Closer

In case that spring has a crack
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Table 5.10 Maintenance Decision Criterion of Component (Continued)

Parts Maintenance Decision Criterion

In case that damage or oxidization occurs

In case that the equipment prop is inclined because of deterioration
Rubber |of the vibration-proof rubber

In case that there is no change in the amount of rubber when an

elevator starts or stops

(D In case that the surface of the point of contact is oxidized

(2 In case that thepoint of contact is-worn, changed or deteriorated
Relay (3 In case that there is abnormal noise

@ In case that the coil is deteriorated or discolored

(® In case that chattering occurs

(D In case that the amount of the wipe of contact point (the amount

of movement of the holder) is decreased to a certain value

(2)In case that chattering occurs

@ In case that the condition of contact peint is bad because of wear

(D In case that the operation pipeis halved because of wear or that

Col\r/lltzicrftor there is abnormal wear in diagonal direction

@ In case that the contact or the returning spring is damaged or
transformed
@ In case that there is abnormal wear in the contact point of the

sub-contractor or that there is damage or transformation in the

returning spring
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Table 5.10 Maintenance Decision Criterion of Component (Continued)

Parts

Maintenance Decision Criterion

Brake

Contactor

(D In case that the amount of the wipe of contact point (the amount
of movement of the holder) is decreased to a certain value

(@ In case that chattering occurs

@ In case that the condition of contact point is bad because of]
wear

(D In case that the operation pipe is halved because of wear or that
there is abnormal wear in diagonal direction

@ In case that the contact or the returning spring is damaged or
transformed

(3 In case that there is abnormal wear in the contact point of the
sub-contractor or that there is damage or transformation in the
returning spring

@ In case that there is wear in the contact lever of the

sub-contactor

Gate Switch

In case that there is severe wear, transformation or crack in the

returning or finger spring

Button &

Lamp

(D In case that the protection ring of the push button is damaged

(2 In case that the illumination intensity is extremely low
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Table 5.10 Maintenance Decision Criterion of Component

Parts

Maintenance Decision Criterion

Indicator

(D In case that the floor-indicating acrylic is broken off or damaged

@ In case that the position-indicating lamp is broken off or severely
relaxed

@ In case that there is significant deviation of illumination intensity
of the lamp

@ In case that the indicator does not work or blinks

Travelling

Cable

(D In case that the transferring cable is torn
(2 In case that the disconnected wire of the inside cordial is

projected to the outsiderof the transferring cable or causes
interference to the wire

(@ In case that the inside electric wire of the cable is damaged

Overload
Switch

(D In case that there is abnormal drooping, crack or corrosion

(@ In case that the lead line gets deteriorated

Interlock

Switch

In case that the-hanging wheels are engaged less than 7mm or less than

the size recommended by manufacturer because of wear

In case that the locking does not work in the force less than 300N
which opens the door or the force less than as recommended by

manufacture because of wear of the switch

(D In case that there is severe rust and corrosion in the sticking part
@ In case that there is severe wear and transformation in a point of]

contact
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4.4 The Flow Chart of Risk based Inspection according to each units

Elevator vibration is very important role to decide the elevator quality and safety.
So, the proposed stepl is the procedure of elevator performance measurement as
shown in Fig 5.2. The developed device is used to measure the elevator
performance measurement on rotating machinery and ride quality. The measured
value is evaluated comparing by criterion. If the measured value is exceeded, it is
analyzed by the fault feature classifier. After the fault feature is shown by them,
the risk assessment is performed. According to the risk frequency and severity, the
grade is classified by grade 1, 2, 3, 4. Finally, protective measures and
maintenance schedule is decided about maintenance time, period and cost. After
the protective measures are implemented, if the measured result is satisfied, it is
finished, if not, it is performed again by the process of step 1.

Step 2 presented in Fig. 5.2, is the procedure of comparison with previous year’s
inspection report of elevator. The previous year’s inspection report is compared
whether the inspection result of this year is exceeded or not. If they exceed
allowance value, they were analyzed by the fault feature classifier. After the fault
feature is shown by -them, the risk assessment is performed. According to the risk
frequency and severity,-the grade is classified by grade 1, 2, 3, 4. Finally,
protective measures and maintenance schedule is decided about maintenance time,
period and cost. After the protective measures are implemented, if the measured
result is satisfied, it is finished, if not, it is performed again by the process of

step2.
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Elevator performance measurement
—» - Rotating machinery TM evaluation Ride
Quality Evaluation

Comparison

L End
criteria

Fault feature analysis and classifier
- Frequency
- Time waveform

A

Risk assessment

- Risk frequency
- Risk severity

A

Grade classifier (1, 2, 3, 4)

A
Protective measurement schedule
- Time
- Cost

After protective

End
measurement

Fig. 5.2 Elevator performance measurement procedure.

146



Comparison with previous year suspect report

Comparison
criteria

End

Fault feature classifier

A

Risk assessment

Grade

A
Protective measurement schedule
- Time
- Cost

Fig. 5.3 Comparison procedure with previous year criterion.

Step 3 described in Fig. 5.3 is-the procedure inspecting on the risk items of
elevator system and parts analyzed through the risk assessment of elevator
accidents and breakdown data in Republic of Korea. Through the elevator design
drawing and site visual inspection, they are evaluated whether there are risks, or
not. If there are risks, they are analyzed by the fault feature classifier. After the
fault feature is shown by them, the risk assessment is performed. According to the
risk frequency and severity, the grade is classified by grade 1, 2, 3, 4. Finally,
protective measures and maintenance schedule is decided about maintenance time,

period and cost. After the protective measures are implemented, if the measured
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result is satisfied, it is finished, if not, it is performed again by the process of

step3.

Risk items of elevator system and parts

:

Drawing and visual
inspect

Yes
End

No

Risk assessment

A

Risk assessment

Grade

N
Protective measurement
- Time
- Cost

Fig. 5.4 Risk items of elevator system and parts.

Step 4 is the procedure to maintain the life cycle of elevator main parts (Fig.
5.4). They are performed to replace the elevator parts comparing the life cycle

criterion obtained by the survey and study of elevator parts. If they are exceeded
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at criterion, the maintenance schedule should be established on maintenance

period, time and cost per year.

Life cycle of Elevator component

Y

Component use by data inspection

A

Replacement Decision Criterion

Classification
Detection, Severity &
Occurrence

Protective Measurement Schedule

- Time, Cost

Fig. 5.5 Life Cycle of Main Components.

Step 5 is the procedure of periodic inspection as shown Fig. 5.4~5 If the
inspection results exceed, or are not satisfied comparing by criterion, it is
analyzed by the fault feature classifier. After the fault feature is shown by them,
the risk assessment is performed. According to the risk frequency and severity, the
grade is classified by grade 1, 2, 3, 4. Finally, protective measures and
maintenance schedule is decided about maintenance time, period and cost. After
the protective measures are implemented, if the measured result is satisfied, it is
finished, if not, it is performed again by the process of step5.
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Periodic inspection item

Yes
End

No

Fault feature classifier

A

Risk assessment

Grade

A
Protective measurement schedule
- Time
- Cost

Fig.:5.6 Periodic inspection procedure

Step 6 is the procedure of total maintenance from stepl to step 5 as shown Fig.
5. 6. Through the comparison of criterion value, they are evaluated. If they exceed
allowance value or criterion value, they were analyzed by the fault feature
classifier. After the fault feature is shown by them, the risk assessment is
performed. According to the risk frequency and severity, the grade is classified by
grade 1, 2, 3, 4. Finally, protective measures and maintenance schedule is decided
about maintenance time, period and cost. After the protective measures are

implemented, if the measured result is satisfied, it is finished, if not, it is
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performed again by the process of step 6. The proposed procedures are very
important to implement the optimum maintenance of elevator by risk-based
inspection. They could provide us the safety and cost reduction to implement the
risk-based inspection for elevator optimum maintenance. The developed
framework is presented in Fig. 5.7. The Integrated RBI maintenance procedure
represent RBI for elevator optimum maintenance to ensure a safety scientifically
by new method and to lessen maintenance cost by adopting the risk based
inspection. It consist of the following concepts or themes; performance
measurement about machinery rotating and car vibration, comparison with
previous inspection data, risk assessment of elevator, replacement life cycle of
elevator, elevator monitoring about travelling frequency, door operation, safety
function. And each concepts were classified according to different damage
mechanism and failure probability of each item with a view to not only reducing
unnecessary inspection items, but also reducing failure probability of elevator

system effectively, also reducing the maintenance cost longer term.
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5. Guidance for Optimal Risk-Based Maintenance

Elevators are the precise machine of which parts are assembled and run in the
installment spot. Although the elevator machines are designed, produced or/and
installed through accurate quality maintenance, they could only lose their original
functions but also cause low performance and safety accidents, without scientific
management and maintenance. Thus, this research studies on the possible
deficiency arising from each part test, individual parts or systems. And, this study
has conducted the examination about the effects on each part break-downs and
steps against it along with their regular check-up period.

The management and maintenance strategies right for elevator is expected to
exert the very important effects on preventive check-ups in accordance with the
regular substitution period. Safety, reliability and comfort would contribute to
managing and maintaining elevators. It is also indispensable to make the regular
performance test. Table 5.11 shows elevator maintenance guide that can inspect

effectively according to fault feature and decide the appropriate inspection period
[14].
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Table 5.11 Maintenance guidance for elevators

N ¢ I . c Inspe
ame 0 nspection Fault feature Effect of breakdown ounter- gion
parts method measure |y,
ycle
* Increase of the vibration & noise
- Resonance
o Vibration & | Ggar mesh frequency Vlbratlon Repair
Vibration . - Misalignment frequency Noise .
noise Adjust- 6
Sound - Unbalance frequency -
Cage - Rail shock vibration Operation shutdown
- Guide roller vibration
- Fan noise
Button .  Button getting stuck User inconvenience Repair
Lamp Visual « Aoing. wear Unnecessary Change 1
Indicator ging, operation &
Visual *Corrosion Vibration Adjust-
Guide rail Laser * Bending ment 24
. - 2 Sound .
equipment | Periodic vibration Repair
Rail guide Visual * Wear, aging Vibration g;:inglf 3
Shoe . * Vibration Sound &
change
Rail guide vl * Wear, aging Vibration g;:inglf 3
Roller * Vibration Sound £
change
Overload Visual a ° Aging, performance degradation Slip Repglr
. Counterpoise |* Normal A contact Design 1
Device : 1 - Fall of car
inspection |* Overbalance ratio change change
Protection against | . * Deterioration A
dust rubber Visual P v tion loss Vibration Change 12
Operation “.|* Wear, corrosion
Safety gear inspection  |* Malfunction kb Change 3
* Aging, performance
Landing switch Visual degradation Operation shutdown | Change 3
* Malfunction
NDT * Wear, element wire rupture
. . . . Fall
Main rope Visual * Excessive slip - Change 6
. . Sliding
Size ¢ Wire rupture
Limit switch, . * Aging, damage .
deceleration and 8perat10n * Return spring separation Operation shutdown Change 3
. . isual
terminal switch * Roller crack or damage
Various fuse Visual * Fuse cutting Operation shutdown Change 1
Spring buffer | Visual - Damage of spring Malfunction Repair |
* Spring rust Change
Oil buffer Operatlon . Operatlgn badness Shock unabsorbed Oil sgpply 3
Visual * Insufficient oil Repair
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An example of maintenance result report is given Table 5.13 and Table 5.14.
Table 5.12 shows the maintenance result report obtained by implementing the risk
based inspection, and shown the remaining life and fault feature. Table 5.14 is
maintenance improvement measures report obtained by combining the fault
feature and remaining life by utilizing the developed system. It provides the

contents of improvement measures, inspection plan and maintenance cost.
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Table 5.12 Maintenance Result Report

Design Life
Item (Remaining Life) Fault Feature Purchase Cost (W)
15 * Aging
Motor ?) « Contamination 2,000,000
* Insulation degradation
16 * Wear
Bearing ) -Inner race,out race,ball 24,000
* Plastic deformation
3 * Corrosion
PC Board ) * Bending 2,500,000
* Periodic vibration
5 * Wear
Hanger Roller ) . Aging, damage 20,000
4 * Wear
Main Rope ) * Exceesive slip 350,000
+ Wire Rupture
. 25 * Damage of spring
Spring Buffer (15) At 4 Wl 300000
25 * Wear, Corrosion
Safety Gear as) « Malfunction 250,000
. . 8 * Aging
Landing Switch %) uBEstor e (3ragation 30,000
11 * Aging, damage
Limit Switch ) * Return spring separation 10,000
* Roller crack or damage
. . 50 * Corrosion
Guide rail (40) - BerlllR 3,000,000
Table 5.13 Maintenance Improvement Measures Report
item Fault Feature Improvement Inspection Plan Cost (W)
Measures
* Aging, Contamination s " Less than
Motor * Insulation degradation REPR 1 month 500,000
* Wear Less than
Bearing -Inner race,out race,ball » Replacement 24,000
. . 1 month
* Plastic deformation
* Corrosion Less than
PC Board * Bending * Repair 300,000
S 1 month
* Periodic vibration
* Wear Less than
Hanger Roller |, Aging, damage Replcaement 1 month 20,000
* Wear Less than
Main Rope * Exceesive slip * Replacement 350,000
. 1 month
* Wire Rupture
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V1. Conclusions

This dissertation presents an investigation of risk management, elevator risk
assessment and reduction methodology, elevator fault analysis and life cycle
assessment based on studying and surveying about the elevator component
replacement life cycle. It also provides the elevator performance management
development as well as elevator evaluation criteria to apply the condition
prognosis and the inspection/maintenance. The risk management by RBI method
gives the proposed guidance for optimal risk-based inspection/maintenance.

Elevator maintenance is very important to decide the best solution of the
management about the inspection periodic, replacement time and evaluation
method. The fault feature of elevator is obtained from studying, diagnosing and
surveying the elevator component cycle assessment in the site.

The replacement life cycle of elevator component surveyed through the elevator
maker and the maintenance company, also the design cycle [life was studied
through the literature and maker design documents. The replacement life cycle of
the elevator component proposed-the effective data by comparing and analyzing
the domestic maker, Elevator World data and survey data through the makers and
the maintenance company.

The evaluation of ride quality and rotating machinery is the important
techniques when maintaining elevator. Through the development of Dr.Elevator,
it is possible to prognosis the condition to the characteristic features which
indicate the fault event, and feature representation is a process where the features
are calculated on time domain, frequency domain and waterfall function. The

proposed evaluation criteria is conducted the statistical analysis on the measured
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value of ride quality and vibration of traction machine. Thus it is necessary to use
the analysis as performance assessment standards. If such standards are exceeded,
the causes need to be analyzed through FFT analysis. It is deemed that the
measurement and analysis on elevator ride quality and vibration of traction
machine in combination with prevention maintenance and prediction maintenance
would guarantee the higher stability and reliability. The reliability of Dr.Elevator
system has been proved by Korea Research Institute of Standards and Science, the
measured frequency is 2.5, 5, 10, 20, 40, 63, 80 Hz, and the relative standard
uncertainty is max 0.054%, and tolerance range is 5% below. By applying
Dr.Elevator is validated by applying it to diagnosis and predict the elevator fault
cases about car resonance, rail installment, reducer fault, bearing fault, unbalance,
misalignment and guide roller vibration etc.

This paper studied the risk assessment by using the eclevator accident and
breakdown statistics data based on FMEA techniques and we tried
implementation of risk based inspection for the elevator maintenance in the site.
This paper has made the risk based inspection predicting their remaining usage
life, optimizing the maintenance-decision making for elevator and then it has
made the propositions on-how to prevent elevator safety accident and make the

premium management and maintenance.
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VII. Future Works

Engineering Asset Management and more specifically Integrated Asset
Management based RBI technology, involves the integration of process of
managing physical assets during their useful lives, and requires a certain level of
management insight and expertise from diverse organizational disciplines. It is a
systematic, structured process covering the whole life of physical assets whereby
the underlying assumption is that an organization’s assets exist to support the
organization’s delivery strategies. These strategies thus-combine with information
systems, personnel, and financial resources. Asset management is the process of
organizing, planning and controlling the acquisition, use, care, refurbishment, and
disposal of physical assets to optimize their service delivery potential and to
minimize the related risks and costs over their entire life through the use of
intangible assets such as knowledge based decision-making application and
business. The RBI framework of future works is presents in Fig. 7.1

The basic principles of them represent the following concepts or themes ; asset
service delivery, strategic planning, decision making and risk-assessment, asset
full life cycle costing-and budgeting, asset usage modeling, condition monitoring,
maintenance, and replacement, asset data acquisition, information systems, and
performance. Consequently, The RBI framework shown in Fig. 7.1 should be
developed for elevator maintenance company, manufacture company and
inspection agency to use easily by the web-based program of Risk based
Integrated Engineering Asset Management. To achieve this goal, it should be
consisted of by the following major contents:

® [nspection and Maintenance data collection
® Failure mode and effect analysis data
® Failure and repair cost distributions

® RBI data base of elevator design and site installed elevator
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® Performance Measurement data

1. Strategic planning

- Establish Assets Heeds Strateges
- Develop Asset Managem entPlans
- Establish Asset Support Systems

~ Asset Purpose Links

- Strategic Processes andFunchons

2.Risk Management

- Aigeets Ridks Identification
- Strategie SWOT Analysis
« Assets Hisks Evaluation

- Risk Standards

3.Budgeting & Costing

- Agsets CapitalCogs Planning
- Budgsting andC osting

- fssels Whole of Life Costing
- Accounting for Expenditures
~ &ceounting for Technology

4.Dats Management

- Dieveloping an Ascets Register

- System Breskdown Structures

- Asset Distress Condition Data

- Data Capture/Storage Retreval

HEMBENAPERE ~NMUVE S Mmoo

9. Financial Management

- Funding { Discounted CashFlow
- Basis for Asset Valuabion

- Assets Opportuntty Cost
~-EconomicLife va Residual Life
- Agsets Deprecistion / Disposal

8. Performance Measure

- Develop Asset Levels of Service

- Agset Performance Specifications
- Agset Koy Performance Indicators
~Contractusl Parform ance

- Risk Basevs Outcome Criteria

7.Assel usage Life Cycle

- Agset Design Integity Criteria
«Asset Construction/Inglallation

- Asset Usage Life Cycle Integity
- Agset Maintenance Oplimization
- Asset End of Usage/Disposal

6. Tactical Planning

- Agset Detenioration

- #sget Consum ption/Preservation

- #sget Didgnostics and Prognosis
~RCM/PAMBTFMEC A Modeling

- Selecting Preservalion Trealments

5.Condition Monitoring

- Conducting Asset Inspections
- Agset Condition Assesem ent

- ConditionScoping & Survey
- Agset Condition Modeling

- Asset Condition Profiling

Fig. 7.1 RBI Framework for Integrated Engineering Asset Management
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Asset [MOTOR | [Elevator Motor |2 ste Aftachments &
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Linear? [ ]
Details =!

Parent F E Calendar [COMPANY1 |2
Maintain Hierarchy? [ | shit [ ]@
Locaton | 2 | B proy

Bn [ |& Serial #
Fotating tem [MOT10 |#  [Motor- 10np/750rpmITEFC/254T Frame/440vi3 5 Failure Class .
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Meter Group A i — .-i--.., EL Tool Rate
Usage g % B
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Installation Date Budgeted * 0.00
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