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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
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mental, in_fiaison with 150, also take part in the work. IS0 collaborates closely with
| Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

| Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part’2.
sk of technical committees is to prepare International Standards. Draft Interrational Stand
the technical committees are circulated to the member bodies for voting.,-Publication as

| Standard requires approval by at least 75 % of the member bodies casting'a.vote.

drawn to the possibility that some of the elements of this document miay be the subject of pd
shall not be held responsible for identifying any or all such patent rights.

1 was prepared by Technical Committee ISO/TC 108,.SMechanical vibration and sh
ee SC 5, Condition monitoring and diagnostics of machines.

consists of the following parts, under the general title *Condition monitoring and diagnostig
- Prognostics:

General guidelines

5 are under preparation and are intended\to outline modelling methods and techniques applic
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complete process of machine condition monitoring consists of five distinct phases, as follows:

detection of problems (deviations from normal conditions);

As

inte
app
app

Pro
whi
moq

diagnosis of the faults and their causes;

prognosis of future fault progression;

recommendation of actions;

post-mortems.

far as the prognosis of machine health is concerned (which demands”prophecies of futu
prity and deterioration), there can be no exactitude in the process“requiring statistical or
roaches to be adopted. Standardization in prognosis of machine (health therefore embodies
roaches and concepts rather than procedures or standard methadologies.

jnosis of future fault progressions requires foreknowledge of* the probable failure modes, futu

h the machine will/might be subjected, and a thorough‘understanding of the relationships bety
es and operating conditions. This can demand thé&’;collection of previous duty and cum

re machine
testimonial
guidelines,

re duties to
veen failure
Llative duty

parameters, along with condition and performance *parameters, prior to extrapolations, projections and

fore)

Alsd
proq

As
initi
for

casts.

, there are a growing number of models for damage initiation and damage progression
esses need to accommodate these and future analytical damage models.

computing power increases and nultiple parameter analysis becomes a reality, the ability to|

given mode, are known as well*as their future behaviour for a given set of conditions.

Prognosis

predict the

tion of a failure mode is not inconceivable if the initiation criteria, expressed as a set of parameter values
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INTERNATIONAL STANDARD ISO 13381-1:2004(E)

Condition monitoring and diagnostics of machines —
Prognostics —

1 |Scope
Thig International Standard provides guidance for the development of prognasis processes. It is intended

— |to allow the users and manufacturers of condition monitoring and diagnostics systems to shgdre common
concepts in the fields of machinery fault prognosis,

— |to enable users to determine the necessary data, charactéristics and behaviour necessary for accurate
prognosis,

— |to outline an appropriate approach to prognosis development, and

— |to introduce prognoses concepts in order to facilitate the development of future systems and training.

2 |Normative references
The| following referenced documents —are indispensable for the application of this document{ For dated
references, only the edition cited™applies. For undated references, the latest edition of the|referenced
docpment (including any amendments) applies.

ISO[ 13372, Condition monitoring and diagnostics of machines — Vocabulary

ISO| 17359, Conditionmonitoring and diagnostics of machines — General guidelines

3 [Terms.and definitions

Forthe purposes of this document, the terms and definitions given in ISO 13372 and the following gpply.

3.1
prognosis
estimation of time to failure and risk for one or more existing and future failure modes

3.2
confidence level
figure of merit that indicates the degree of certainty that the diagnosis/prognosis is correct

NOTE 1 It is expressed as a percentage.

© 1SO 2004 - All rights reserved 1
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This value is essentially a figure representing the cumulative effect of error sources on the final certainty or

confidence in the accuracy of the outcome. Such a figure can be determined algorithmically or via a weighted assessment

system.

3.3
root cause

set of conditions and/or actions that occur at the beginning of a sequence of events that result in the initiation
of a failure mode

3.4

failure modes effects analysis

FMEA
pre-produc
assess the

NOTE T

3.5
failure moc
FMECA

on design and development process to help determine the ways that a machine could fail.an
hssociated effects of such failure

'he FMEA procedure is outlined in BS 5760-5.

es effects criticality analysis

process that adds an economic, financial and/or safety component to FMEA<fo assist in maintensg

manageme

NOTE i

3.6

failure mogd
FMSA
process ba

Nt decisions

'he FMECA procedure is outlined in IEC 60812.

es symptoms analysis

sed on FMECA that documents the symptoms produced by each mode, and the most effeq

detection apd monitoring techniques, in order to develop and optimize a monitoring programme

NOTE |
3.7
estimated
ETTF
estimation
deemed to

'his process is outlined in ISO 13379.

ime to failure

bf the period from the current:point in time to the point in time when the monitored machin
be in the failed condition

4 Pre-requisite data required

eral concepts. for condition monitoring, see ISO 17359. These form the basis for the progn
its pre-requisites. Prognosis requires collection of documented data covering the following:

| pepulation of plant, machinery and components under observation;

d to

nce

tive

e is

0Sis

For the ge
process an
a) the tota
b)
c)
d)
e) initial d
f)

initiatio
9)
2

all monitored parameters and descriptors;
historical operation data, and maintenance and failure data;

future operating and maintenance environments, requirements and schedules;

iagnosis, including identification of all existing failure modes;

n criteria, and failure definition set points for all parameters, and descriptors;

curve fitting, projection and superimposition techniques;

failure modelling processes that can include statistics, existing and future failure mode influence factors,
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alarm limits;

trip (shut-down) limits;

results of failure investigation;

reliability, availability, maintainability and safety data;
damage initiation data;

damage progression data.

The)
mag

The
mag

The)
loss

specific objectives of the collection of reliability data relating to current condition and field\perf
hinery are

to provide for a survey of the actual reliability and, hence, to enable the predicted reliability ch
of an item to be made and compared with field data and damage models, and-thereby to im
predictions, and

to provide data for improving the reliability of both the current item andfuture developments.

specific objectives of the collection of data relating to current ‘field duties and cumulativ
hinery are

to provide for a survey of the relationship between the actual reliability and the work done an
enable a comparison of damage initiation and progression'models with field data,

to provide data for improving the damage estimation models of both the current item
developments, and

to provide data for the extension of the range of applications for damage estimation models.

specific objectives of the collection.of’cost data relating to monitoring equipment and usage
es, secondary damage losses, maintenance activities and stores inventories of machinery are

to provide for a survey of the ,benefit-to-cost ratios of various alternative maintenance actions,
to improve future maintenance decisions,

to provide data_fer ‘reducing the operating and maintenance costs of both the current item
embodiments;and

to provide ‘cost data (along with monitored data and performance data, and also with field du
the optimal organization and management of any maintenance operation (on-condition m
schieduled preventive maintenance, corrective maintenance, service personnel, spare parts st

ormance of

aracteristics

brove future

e duties of

d, hence, to

and future

production

and future

ty data) for
@intenance,
bres, etc).

5

5.1

Prognosis concepts

Basic concepts

Prognosis is an estimation of time to failure and risk for one or more existing and future failure modes, and is
normally intuitive and based on experience. Prognosis is usually effective for faults and failure modes with
known, age-related, or progressive deterioration characteristics, the simplist of which is linear. Prognostics are
most difficult for random failure modes.

© 1SO 2004 - All rights reserved
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A failure is defined in terms of the monitored parameters/descriptors. Monitoring data on their own is
insufficient to produce a prognosis. The general conceptual basics of a prognosis process are

a) to define the end point (usually the trip set point),

b) to establish current severity,

c) to determine/estimate the parameter behaviour and the expected rate of deterioration, and

d) to determine the estimated time to failure (ETTF).

It is importgnt to understand that diagnostics is retrospective in nature in that it is focussed on existing daf
a given point in time.

However, p

— existing failure modes and deterioration rates;

— theinit

— the role

— the infl

— the se
technig

— the des

— the effect of maintenance actions and/or operating eanditions; the conditions or assumptions under w

progno|

The generg
Figure 1 (F

rognostics is focussed on the future and, therefore, the following need to be considered:

ation criteria for future failure modes;
of existing failure modes in the initiation of future failure modes;
lence between existing and future failure modes and their deterioration rates;

hsitivity to detection and change of existing and futurefailure modes by current monitd
ues;

ign and variation of monitoring strategies to suit all of the above;

5es remains valid.

| relationship concepts may be graphically represented using causal tree modelling as show
VI stands for failure mode).

a at

ring

hich
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Future failure modes (can cause)

Diagnosis
Prognosis (existing modes ) Prognosis (future modes)
FM1 FM6 |k FM11
\ ~.
N
N
FM2 FM7 N Fm12
~
~.
.
\
FM3 FM8 |[———— —1| FM%3
FM4 FM9 |———— = FM14
FM5 FM10 |~ —— —1{| FM15
Past Present Future

5.2

Influ
visd
faild
Influ
Figu

An
a

Influence factors

re 2).

Figure 1 — Causal tree relationships

ence factors are parameters that effect the deterioration rate of a failure mode, such as témperature,
psity, clearance, Ioad and speed. Each influence factor may be considered to be a symptom of an existing
re mode and.is yrepresented in Figure 1 by the solid lines that connect existing failure mpde trends.
ence factors_also have effects on the progression and initiation of other either existing or future faults (see

pxample of a situation as described by Figure 2 is where the initial parameter of vibration, due|to a fault in
brieating oil pump bearing (primary failure mode), influences the initiation of a seal failure|(secondary

faild

L) Jortrn et NSy L rdhrmgas 'y Pt ) I} H A T 1 J.fl h
IS TTTOUT ) WITIUIT Tidos ad TasITl UTITTIUTAUUIT TalT ulall UIic vedlllity. Ao UTS STdl PIUuylitostto U al Ul"e, t e

leakage results in a loss of oil delivery pressure, which influences the initiation of an impeller failure in the
pump (tertiary failure mode), which has a slower deterioration rate.
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IF
\t——"/

[

Key

X time Trrm  is the estimated time to failure of the PFM
Y  severity of parameter Tsrfry is the estimated time to failure of the SFM
1 PFM: pgimary failure mode (solid line) Ttem s the estimated time to failure of the TFM
2 SFM: s¢condary failure mode (dashed line) a8 Time of secondary failure mode initiation.

3  TFM: teftiary failure mode (dotted line) b Present time.

IFis the influence factor ¢ Time of tertiary failure mode initiation.

Figure 2 — Influence factors

5.3 Setting alert, alarmmand trip (shut-down) limits

The failure [definition,set point for a parameter/descriptor is the final value that it reaches at the point in fime

when the it¢m fails. This value is normally determined historically from failure history.

The trip set point, however is the parameter/descrlptor value at WhICh the machine is shut down and is
normally lebs=tha aily = S S = = ! wrers’
guidelines and expenence ThIS is the value normaIIy used to deflne the falled condltlon However thls value
does not usually reflect the fully failed condition, due to its lower set point required to prevent consequential
damage or catastrophic failure.

Alert and alarm limits are normally set at a value less than the trip set point. This value is usually based on the
maintenance lead time required. However, the following parameters should be known before deciding such
alert values:

a) the confidence level of the prognosis;

b) future production requirements;

6 © ISO 2004 — All rights reserved
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c) delivery lead times for spare parts;

d) maintenance planning lead time required;

e) scope of work required to rectify faults;

f)

trend extrapolation and projection.

The basic difference between trend extrapolation and trend projection is that projection requires the estimation
of future data followed by curve fitting, whereas an extrapolation curve is fitted only to existing data (see
Figure 3). Most current curve fitting is extrapolative in nature, in that a curve is extrapolated using existing

data

Key|

points.
Y
1
2—>————————————3———/1-————————<—
% I
4 I
7
AN A -
r \v4 A Iu U
I
I
I
I
5 |
/ |
I
I
I
I
I
I
3 | X
l b
time 3  extrapolation
value of parameter 4  projection

known‘points

5 presenttime

O |behavyiour points
1 I‘G;:UIU VG:UU = ETT:_ (UI\tIGPU:Gt;UII).
2 trip set point b ETTF (projection).
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This process requires that the behaviour of a set of parameters is understood for a given failure mode set

and

given conditions. Trend projection requires mathematical equations expressing the rate of change of a

variable that describes the deterioration of a given failure mode under given conditions.

An example of the above concept would be an equation that describes the rate of change of an overall
acceleration value for a plummer block mounted 6 316 deep groove ball bearing, running at 3 000 r/min,
lubricated by a 220 cSt viscosity grade mineral oil, running at 80 °C. If such equations are known, then trend
projections result in far more accurate prognoses than extrapolations, as the future data behaviour is known.

5.4 Multiple parameter analysis

Prognosis ¢an be performed using a single parameter or multiple parameters. Multiple parameter analys
the simultapeous display of all data within the one system. This concept is paramount to prognosties-in
the relationghip between parameters can be observed, not just the parameters themselves. This is' particu

s is
that
arly

important for different yet possibly interdependent parameters, such as bearing temperature and\oil viscosity

(see Figure|4).

One principle of multiple parameter analysis is that the technique must trend’ both parame
(unfiltered/Unprocessed variables) and descriptors (filtered/processed data) simultaneously. The use of na

ters
row

band filters|allows spectrums to be divided into discrete elements of which the band amplitude can then be

used for multiple parameter analysis trending. The failure definition set point:for each narrow band is
assigned maximum allowable amplitude for each band.

This allows| for example, each narrow band amplitude to be plotted @gainst other vibration descriptorg
analysis results, process parameters and performance values, in order. o identify and establish relations
between each of them.

The difficuly with the presentation of multiple-parameter analysis is that each variable has a different un
measuremgnt. This is compounded if the variable can attainithe same value more than once during the lif
the component (see Figure 4). Multiple-parameter analysis-trending and alarming is also made difficult w
the value of the variable in the failed condition is zero (e.g. flow or pressure).

One key djfference between standard multiple{parameter analysis for monitoring and multiple-param
analysis for|prognosis is that prognosis requirés;a common severity axis.

For simplicity, this can be set to percentage of life usage, where 0 % life used occurs when the machine
not been operated and 100 % life used-occurs when the machine is in the failed condition. At this stage,

that may approach zero when the machine is in the failed condition (such as flow or pressure) mus
inverted to feflect the "% Life Usage” relationship.

It is important when carrying-out prognosis based on multiple-parameter analysis that, for each param
and/or desdriptor being used, the following are known:

— the staft valuerepfresenting 100 % asset life or new condition;

— the end value representing 0 % asset life or failed condition;

the

, oil
hips

it of
e of
hen

eter

has
Hata
t be

eter

— how the parameter and/or descriptor behaviour reflects the failure mode development and associated

reduction in asset life.

8 © ISO 2004 — All rights reserved
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independent reference value

value of parameter

parameter 1
parameter 2
parameter 3
parameter 4

parameter 5

Figure 4 — Example of multiple-parameter display
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5.5 Initiation criteria

For future failure modes, these influence factors must first be described as initiation criteria in that the same
parameter can be both an influence factor for an existing mode and an initiation criteria for a future mode. This
introduces the concept of initiation criteria data sets, where the root cause of a failure mode can be described
in terms of a set of different parameter values that either directly or indirectly measures its occurrence (see
Figure 5).

Direct measurement can take such forms as valve position, whereas the indirect method measures a
symptom of a change such as temperature.

Y A
100 % - |

D %

Key

X time
Y  percentllife usage{(100 % = failed; 0 % = full life)
FM1 action

FM2 conditipfi-and action

a Initiation criteria set.
b Present time.

¢ Estimated extrapolation.

Figure 5 — Criteria for failure mode initiation

10 © 1SO 2004 — All rights reserved
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5.6 Prognosis of failure mode initiation

The initiation of a failure mode should always be traced back to its root cause. The root cause in itself can be
described in terms of a set of conditions and actions whereby a condition will generally produce a steady rate
of change and an action will usually result in a step change (see Figure 5).

Using multiple-parameter analysis techniques, the evidence of actions, conditions and their interdependence
can be readily observed. Failure mode initiation criteria, expressed as a set of values for all monitored
parameters, may therefore be used to trigger alarms, indicating that a failure mode has been initiated, once
this set of values has been achieved or exceeded.

Prognosis of failure mode initiation may, therefore, be achieved given a known initiation criteriars¢t and trend
projection techniques. The accuracy of the prognosis will depend greatly on whether or not trend extrapolation
or projection is used (see Figure 6).
Y 4
100 % |
d _
11
o/ ™ | -
0% Y T —
| X
Text |
I
a
Key
X |time Toro ETTF (projection)
Y | percent life usage (100 % = failed; 0 % = full life) Text ETTF (extrapolation)
_ projection < present time
...... extrapolation b initiation criteria
P parameter ¢ exceedence
FM failure mode d  trip set point

Figure 6 — Initiation prognosis: Projection versus extrapolation
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This method requires a thorough understanding of

— failure mode initiation criteria, which can be historically and/or statistically generated over time,

— sufficient multiple-parameter analyses of a wide set of monitored parameters,

— thorough understanding of the relationships between, and interdependence of, failure modes,

— known

— the beh

operating conditions at the time of failure mode initiation, and

aviourof naramaetars tnder varvina conditions-and - inflliences
~ J J N

6 Failul

6.1 Mod

Prognosis flequires a methodology that conceptually includes the use of, for example, the following exis

failure mod

a) failure
b) causal
c) risk an
d) damag

e) trende

These methodologies provide the source data on failure modes and relationships, severity and risk, ratg

deterioratio
Once a fau
(ETTF). Alt
applied. An
elements of
Several soy
— monito

— testda

— life dur

e and deterioration models used for prognostics

blling concepts for failure mode behaviour

b behaviour models:

mode effect and criticality analyses (FMECA);
fault tree analyses;

| hazard assessment methods;

b initiation and progression models;

Xtrapolation and projection methods.

n and prognosis data.

t has been detected and/or diagnosed, one of the main issues is to estimate the time to fa
nough the ETTF is generallysdetermined by expert opinion, several models of reasoning ma
expert normally uses intuitive’ and/or empirical methods for estimating the ETTF and will use s
each model.

rces of information“are generally used to determine the ETTF, such as

fing data,

a,

htion 'data,

ting

s of

lure
be
bme

— reliabili

ty/availability data,

— manufacturers’ data,

— previous case histories, and

— operational data.

12
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6.2 Modelling types

Although prognosis is usually performed by an expert, different types of models exist and may be used to
varying degrees. Classical reasoning models used for diagnosis may be applied for prognosis. The depth of
analysis is more important, in this case, as future events are hypothesized.

7 Generic prognosis process

7.1 Prognosis confidence levels

Thelgeneric condition monitoring process, including prognosis, is outlined in Annex A. Within this‘flow diagram
there are several concepts requiring sub-processes, such as determining confidence levels.and the iterative
confirmation process.

A dgonfidence level is a figure of merit (percentage) that indicates the degree of certainty that the
diagnosis/prognosis is correct.

Thig value is essentially a figure representing the cumulative effect of error.sources on the final|certainty or
confidence in the accuracy of the outcome. Such a figure can be determined algorithmically or vial a weighted
assessment system.

Such a system should incorporate a weighted assessment of\the negative impact of errors| or lack of
infofmation associated with, but not limited to, the following:

a) |maintenance history;

b) |design and failure mode assessment;

c) |analysis technique parameters used (sensitivity to detection and change);
d) |severity limits used,;

e) |measurement interval;

f) |database set-up;

g) |data acquisition;

h) |severity assessmeént processes;

i) |trend asseSsment;

j) |diagnasis process;

k) |prognosis process.

It should be noted that assigned weightings for each confidence factor criterion can vary between diagnoses
and prognoses, since each criterion can have a different bearing on the outcome for each process. An
example of a simple determination is given in Annex B.

7.2 Prognosis process

7.21 General

The generic process involves four basic phases: pre-processing, existing failure mode prognosis, future failure
mode prognosis, and post-action prognosis. The process is generally sequential, as detailed in 7.2.2 to 7.2.5.

© ISO 2004 — Al rights reserved 13
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7.2.2 Pre-processing

The proces

s is as follows.

a) Carry out a diagnosis in order to identify all existing failure modes.

b) Identify influence factors between existing failure modes.

c) Define

failure definition and trip set points for all current symptoms, parameters and descriptors.

d) Determine potential future failure modes, their initiation criteria and failure definition set points.

e) Select

B suitable failure mode model (see Annex D).

7.2.3 Exigting failure mode prognosis process

The proces

5 is as follows.

a) Assesq the severity of all measured failure modes and their parameters/descriptors: against their trig

points.

b) Project all failure mode parameter and descriptor trends to their trip set points.

c) Select

d) |If poss

he existing failure mode with the shortest ETTF.

ble, execute an iterative confirmation process until the confidence in the ETTF is acceptable.

7.2.4 Futdre failure mode prognosis process

The proces

5 is as follows.

a) Assesqd future failure mode initiation criteria and determine the most probable future failure modes.

b) Deternine the influence factors between all existing and future failure modes.

c) Estima

influen

d) Select

fe the initiation point, trends_‘and ETTF for each future failure mode, taking into accoun
ce factors and trip set points.

the most critical future failure mode with the shortest ETTF and develop an “initial prognosis”

associated confidence leveland validity conditions.

There may

be a requirement/'to produce one or more action options. The simplest action that can be take

certain circdimstances, ssuch as low criticality machines, is to carry out no immediate action. The prognosi

this option i

5 identical to'the “initial prognosis”.

The initial grognosis should state the critical existing failure mode, ETTF and confidence level, and the cr
future failure“mode, ETTF and confidence level if there is a high risk of occurrence and/or impact ris
statement detailing the conditions under which the prognosis is valid should accompany the prognosis.

set

t all

with

nin
5 for

tical
K. A

7.2.5 Post-action prognosis

The proces

s is as follows.

a) Identify one or more actions that will retard, halt or eliminate the progression of the critical existing failure
mode and prevent the initiation of future failure modes.

b) Revise the failure model and repeat the prognosis process [steps 7.2.2 b) to 7.2.4 b) inclusive], taking into
account the effects of any maintenance action.

c) Develop a post-action prognosis with associated confidence level and validity conditions.

14
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It may be of benefit to consider interim maintenance actions that alleviate the failure mode progression and
prevent the occurrence of future modes. These interim actions are normally non-intrusive (e.g. re-greasing a
bearing).

An ultimate solution option should also be considered. These actions are normally intrusive (e.g. overhauling
the machine or replacing a part). The post-action prognosis for this option is normally based on historical
reliability data.

The post-action prognosis should state the critical existing failure mode, ETTF and confidence level (post-
interim-maintenance action), and the critical future failure mode, ETTF and confidence level if there is a high
risk of occurrence and/or impact risk.

A statement detailing the conditions under which the prognosis is valid should accompany the prognosis.

The|l recommendation of any action (nil, interim or final solution) will essentially be a\risk-basgd decision
progess taking into account financial, environmental, safety and other forms of risk or impact.

8 |Prognosis report

A complete prognosis report should include the diagnostic report requiréments stated in ISO 13379 and, as a
min|mum, the following:

a) |machine identification code or number;
b) |machine description;
c) |statement of the operating condition of the machine-at the time of measurement;

d) |a list, or reference to an available list, of“vall measurement points, parameters and mpasurement
instrumentation used during the prognosis_process;

e) |the diagnosis, inclusing all identified failure modes;

f) |the initial prognosis (existing and- future modes), confidence level, validity conditions and associated risk
(no action);

g) |any additional tests required to increase confidence levels;

h) |any recommended, action, its associated prognosis (existing and future modes), confidence lgvel, validity
conditions and{associated risk;

i) |any alternative action, its associated prognosis (existing and future modes), confidence Igvel, validity
conditiehs’and associated risk.

In general, the report may consist of a initial table of exceptions, listing only those machines or ¢omponents
thattare-in G:GIIII, Hrat-detaits-thefactsinbrief—Fhe-section may plcucdc amore-detaited-sectionthat eXpandS
on each individual alarm condition, the diagnoses, any additional tests required, any recommended and
alternative actions, possible future failure modes and their associated prognoses, and any other pertinent
information.

It may also be of benefit to include a severity indicator and a trend indicator in any tabulated section, as this
allows for immediate recognition of severe and/or changing conditions, and situations where the condition is
approaching the alarm state and may become so before the next set of readings.
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Annex A
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