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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 non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedy

described i

different types of ISO documents should be noted. This document was drafted in accordande\wit

editorial ru

Attention is

ia needed‘fo

es of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

drawn to the possibility that some of the elements of this document may'be’the subjg

ect of

patent rights. ISO shall not be held responsible for identifying any or all such patentrights. Detalils of

any patent rjights identified during the development of the document will be in théjIntroduction af
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade npme used in this document is information given for the convenience of users and doe
constitute ah endorsement.

For an exp
assessment,
to Trade (TH

The committee responsible for this document is ISO/TC 108, Mechanical vibration, shock and cond
monitoring, Bubcommittee SC 5, Condition monitoring and’diagnostics of machines.

anation on the meaning of ISO specific terms and\expressions related to confor
as well asinformation about ISO’s adherence to the W.TO principles in the Technical Bar
T), see the following URL: Foreword — Supplemefitary information.
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Introduction

Challenged with high energy costs, emission reduction demands, and increasing flexibility demands,
ensuring and verifying maximum efficiency of machines and systems has become a constant struggle
for owners and operators.

Machines, groups of machines or industrial installations (equipment) fulfil their tasks by employing
energy conversion or energy transportation processes. The efficiency of these energy conversion
and energy transportation processes is the performance of the equipment or related processes.
Good performance means high efficiency and low losses. If the energy conversion process includes a

: espett a—therH et cle CE e ratee pitoring can

become very complex.

Performance monitoring and diagnostics systems are increasingly implemented |for this purpose.
These are modern information systems that monitor the processes of machines,groups of fnachines, or
complete industrial installation in order to detect and localize opportunities to'iniprove their efficiency
respective performance.

The benefits of performance monitoring and diagnosticslie in the provisionof information (efg. measured
descriptors and expected descriptors) regarding the current perforniance status of the equipment. This
information is the basis to avoid non-optimal operating states, degradation processes, ard to ensure
early detection and quantification of deterioration processes (e:g,‘erosion, corrosion).

Performance monitoring is often used in addition to condition monitoring.
Targgts of performance monitoring and diagnostics are

— ¢nhanced quality of energy conversion by achieving optimized operation,
— ¢mission reduction,

— (quantifying deterioration,

— Tecognizing faulty instrumentation,

— dletecting defective equipmént,

— ¢nhanced availability of\wmachines,

— increasing efficiency,thereby reducing energy costs and costs for emissions, and

— improvement-in internal reporting and communication by increased transparency and calculation
f well-defined descriptors.

Resullts of performance monitoring and diagnostics are addressed to

— o¢perators to change the operating regime in case of identified not optimal operation, apd

— maintenance staff to repair or modify the machine or equipment in order to eliminate identified
faults/deterioration.

© ISO 2015 - All rights reserved v
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Condition monitoring and diagnostics of machines —
Approaches for performance diagnosis

1

Scope

This International Standard provides an introduction on how to apply performance monitoring and

diag
typidally covering the who

This|International Standard is intended to

)

le lifetime of the machines.

introduce the terminology specifically related to performance monitoring and'diagnostics
escribe the types of performance monitoring and diagnostics procedures and their m
rovide guidance on installation of performance monitoring and.diagnostics systems,

utline methods and requirements for carrying out perforfnance monitoring and di
achines, and

(equipment)

of machines,

erits,

agnostics of

— provide information on data interpretation, and assessinent criteria and reporting reqfiirements.
This|International Standard includes testing procedurés for determining the accuracy of performance
monitoring and diagnostics systems and procedures {including providing inputs for benchmarking the
perfgrmance of equipment).

2 Normative references

The following documents, in whole opin part, are normatively referenced in this docunient and are
indigpensable for its applications For dated references, only the edition cited applies. For undated
referjences, the latest edition ofthe referenced document (including any amendments) applies.

ISO 13372, Condition monitoring and diagnostics of machines — Vocabulary

[SO 13379-1, Condition~monitoring and diagnostics of machines — Data interpretation and diagnostics
techniques — Part I-General guidelines

[SO 17359, Condition monitoring and diagnostics of machines — General guidelines

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 13372, 150 13379-1, [SO 17359,
and the following apply.

31

performance

behaviour, characteristics and efficiency of a technological process, running in a machine derived by
measurement and calculation of one or more parameters, for example, power, flow, efficiency or speed,
which singly or together provide the necessary information

[SOURCE: ISO 13372:2012, 2.3]

Note 1 to entry: Performance is used to qualify energy conversion processes with mostly thermodynamic process
parts included.
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Note 2 to entry: According to ISO 13372 machines, group of machines and complete industrial installations are
referred to as equipment.

3.2

thermodynamic process
energy conversion process where thermal energy is involved as a major energy form

3.3

steady state
operating condition whereby the value of the described signal does not vary significantly with time

Note 1 to ent

ry: A process is regarded as steady-state when characteristic parameters are steady-state.

3.4
descriptor
feature
data item de

[SOURCE: I§
3.5

rived from raw or processed parameters or external observation

0 13372:2012, 6.2]

measured descriptor

signal obtai
measured v

3.6

expected d
correspondi
the expecte

3.7
performan
ratio betwe

hed directly from the monitored equipment as measured value or processed directly
hlues, which is relevant for performance

pscriptor
ng value to a measured descriptor that is obtained¥rom a model, where the model desc
[l performance of the equipment

ce factor
en actual value and expected value oflefficiency

Note 1 to entry: A performance factor greater than 100 % means “better than target”, less than 100

deterioration.

Note 2 to ent

4 Types

4.1 Basid

Performanc
the perform

Fy: It is expressed as a pereentage (%).

of performance-monitoring and diagnostics

concepts

e monitoring typically includes a comparison between measured descriptors (descr

The assessa

’\D“"' f\F fhﬂ porfnrmanhn }'\‘7 anparlcnn P‘Dqllll"ﬂc IHDY\fII‘QI f\pﬂl")flhﬂ Pnnﬂ]flnnc C'I'I

from

ribes

% is

ibing

ance of-a machine, for example, power, flow, efficiency) against the expected descriptoys.

th as

speed, load, or temperature. Therefore, reference operating conditions are needed. With respect to the

objective of

a)

the performance monitoring, different concepts are applicable:

Performance monitoring at actual measurement conditions - the operating conditions during

measurement are used as reference and the expected descriptors are converted into values at
these conditions. This concept is preferred, if for example, information about actual losses due to
degradation under the present operating conditions is demanded.

b)

Defined operating conditions are used as reference for performance monitoring. The measured

descriptors gained at present operating conditions are converted into values at reference conditions.
This method is preferred for trending purposes to eliminate the operating conditions influence.

© ISO 2015 - All rights reserved
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NOTE Where correction to reference conditions is required, advice is given in the appropriate acceptance
testing standard. A selection of International Standards relating to performance and acceptance testing is
included in the Bibliography to ISO 17359.

4.2 Online performance monitoring

The basis of online performance monitoring is a model of the process running in a machine
(e.g. thermodynamic process like Clausius-Rankine-Cycle or Joule Cycle).

Calculation results of the model are referred to as “expected” descriptors as they represent the
theoretical or healthy status of the equipment for given operating conditions, i.e. without consideration

all number

of dﬁ%‘mﬂm—mﬂmg—m ; ; : €, the OpeTating Comditions are tiaracterized by asm
of input parameters which are taken from measured values (in general, ambient conditions, fuel

prop

The
perfq
and 4

The

erties, speed, load, etc.).

comparison of measured descriptors with expected descriptors allows manitoring o
rmance, identification ofabnormal performance situations, and analysis of component
ibnormal operating conditions.

monitoring of abnormal situations is followed by an analysis. This) analysis is suppq

computation of key performance parameters (e.g. efficiencies and losses). Such parameters

from|

4.3

Offli
perfq

How
char

This
betw

4.4

In o
VDI ]

Usin
and
expe]

The
mea

both corresponding measured descriptors and expected descriptors obtained with th

Offline performance analysis

he performance analysis is based on the same,or a similar sophisticated modg
rmance monitoring.

bver, offline performance analysis allows controlled variation of the input parameters
hcteristics.

[ component
erformance

rted by the
are derived
e model.

] as online

br the model

provides the basis for “what-happens-if” calculations, which are helpful for diagnostics ¢f deviations

een measured and expected descriptors from online performance monitoring.

Online performance menitoring with validation

der to enhance data quality and to detect corrupt measurements, data validation 4
P048-1 is recommended.

b this method of-data reconciliation, validated results provide a consistent set of mg
the accuracy-is.enhanced overall. This allows better comparison of measured desc
cted descriptors.

ralculation process is strongly dependent on the availability of redundant or physig
urements and the accuracy of the measured descriptors.

iccording to

asurements
Fiptors with

ally related

Byb

o "
ftdimg closedenergy amd mass batances, additiomat{ot mreasured or mot measurabie)

parameters

can be calculated like heating surface properties that are not available without data reconciliation.

NOTE

An inconsistent set of measurements can be detected by the validation process. Therefore, online

performance monitoring with validation is helpful to enhance data quality and to detect suspect measurements.
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2015 - All rights reserved
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5 Guidance on installation of performance monitoring and diagnostics systems

5.1 Preconditions

A general precondition of performance monitoring and diagnostics system is that the operating
characteristics of the equipment to be monitored match the required function.

NOTE Errorsarising frominadequate system design cannotbe corrected by means of performance monitoring.

The following prerequisites are recommended for analysis of suitability:

— All mac
conditid

— If a madhine is operated in partial load or overload regions, at least these regions should-belo
the allovable operating region specified by the manufacturer.

NOTE High efficiency of a machine is not identical with high efficiency of the equipmentta-which the mal

belongs if, fol

5.2 Planning

Before perfd

— analyse

measurged and expected descriptors);

— select i

— define (
conditid

— adjust the model for the monitored equipment;

— testthe

lillUb Uf .l,llC ULiui})lllCll‘L ullL‘lUl LUllbiL‘lCl d‘l,iUll b}lUulL‘l I'ull d.l, llldllude‘LLll Cl bl)CLifiCL‘l 1101
ns (characterized by, for example, flow, pressure, temperature, power).

example, the machine always runs in partial load.

rmance monitoring and diagnostics are started, the follow/ing steps should be carried

1inal

ng to

chine

out:

operation of the machines and define output perforimance parameters (pairs of aftual

put parameters to be used (see Annex A);

peration states foreseen for performancemoénitoring, including defining the steady-state

n for the monitored equipment;

performance monitoring.

5.3 Operation analysis of equipment and definition of output performance parameters

The objectiye of the operation ahalysis of the equipment is the selection of descriptors describin
performancg of the equipmentand its components. The following items should be taken into accoy

— determ

— evaluat
efficien

— compar

nation of the’required function of the equipment;

on of the required function of the equipment concerning behaviour, characteristics
[y to beessential and representative for performance;

json of equipment’s design with the required function in order to analyse the capabil

meet th

e required runction;

— evaluation of the nominal operation parameters;

o the
nt:

and

ty to

— analysis of procedures and constraints influencing the operational behaviour of the equipment;

— determination of descriptors describing the performance of the equipment (see Annex B);

— equipment break down into main components representing the main functions of the equipment;

— analysis of the interaction of the components.

The result of the analysis should be a set of descriptors (output performance parameters), which can be
measured directly or derived from measured values.

© ISO 2015 - All rights reserved
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5.4 Definition of operation states

5.4.1 General

It is recommended that performance monitoring and diagnostics be carried out for standard operation
states of the equipment, which are defined as follows:

— steady-state operation;

— equipment is in operation with load or power above a specified minimum load or power;

ifjied ranges.
The tesult of this operation analysis is a list of operation states with their specification.,

NOTH The performance monitoring can be limited to some specified operation statest.Qther opg¢ration states
are defined as non-standard operation states and will not be considered.

5.4.1 Steady state

Mode¢ls used for performance monitoring are based on assumptions €oncerning the operatjon states of
the machines. Usually, steady state is required. This implies stabilization of characteristic performance
parameters (descriptors).

The following method is an example for a robust estimationof'steady state (see Figure 1).
The gteady-state conditions are defined by

— gelecting descriptors of the machine, suitable to describe operation states and favailable as
easured signals,

— (dlefining the allowable fluctuation range 2d for each descriptor (e.g. peak-peak-value of the
escriptor), and

— gpecifying the length of a movingtime window ty:

— (¢alculating the mean value<x*over the time t - t, to t, counting back from the current time ¢, the
fesult is the arithmetic average over the length of the moving time window;

— ¢hecking whether the-signal x during time t - ty, to t is within the fluctuation range betfween x - d
and X +dinterval,ifitis inside, then it is “steady state”.

© IS0 2015 - All rights reserved 5
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Key
x  signal va

time

o~

length of
fluctuati
mean va

>l

Figure 1 —

The fluctuat
requiremen

EXAMPLE

conditions can be power and main steam mass'flow. Typical fluctuation ranges 2d for these parameters are |

the values at

5.4.3 Nor

The nominal state of the €quipment is the design case. Usually, the nominal state is equivalent t

full-load casd

In practice,

5.4.4 Par

A1y .
’Hn” iy L J Lﬂ‘J ‘
=a ]‘JLI]]J’ LJ”LJ‘]J |

lue

moving time window
bn range (d + d)
ue

Estimation of steady-state for signal x (thesignal shown is steady-state at time, {
was not earlier)

[s of the model used and the monitered equipment.

Parameters of a steam turbine‘for distinguishing steady-state conditions from non-steady

nominal power and a length.of the moving time window, tp, of e.g. 10 min.

hinal state

e.

'he equipment is operated in nominal state during the acceptance test of this equipme

lial load states

, but

ion range, 2d, and the length of the moving time window, tp, shall be adjusted accordinlg the

state
% of

O the

One or more partial load states should be defined. A new partial load state should be defined if the
measured descriptors differ significantly from the nominal state or other partial load states.

The model s

hould be able to provide expected descriptors for all defined partial load states.

5.5 Adjusting the model

The model of the equipment should be compiled from model components. Typical components are

— gas turbines,

steam turbines,

generators,

© ISO 2015 - All rights reserved
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motors,

heat exchangers,
steam generators,
condensers,
pumps,

valves, and

pipca.

It shpuld be possible to calculate performance parameters for each model component fr
parameters. The input parameters are measured signals.

The

The

model itself consists of

¢losed formulas, or

mmathematical equation set, which needs to be solved, or

d set of characteristic curves describing the process taking place’in a component.

leviations between measured and expected descriptors‘in the adjusted model should

the promised accuracy of the model.

Thisshould be achieved by varying parameters withinthe mathematical equations or the c}
curves. The adjustments should be done for all specified operation conditions.

5.6
The

Testing the performance monitoring

test of performance monitoring should-contain the following items:
for each component of the equipment, a model is assigned;

the model of the equipment-comprises the models of all components;
31l required input parameters from the models used are available;

31l required output.parameters of the models are available from the equipment for co
¢an be derived;

the calculated'steady-state condition is correct;
tthe measured values are checked for plausibility;

tthe-model of the equipment provides correct results for input test data; at a minimum,

bm its input

be less than

laracteristic

mparison or

the test data

OVer the nominat operation of the equipment;
the adjustment of the model is documented and tested for each defined partial load sta

a cycle time for performance monitoring is defined;

te;

the performance monitoring detects the actual condition of the equipment (nominal state, partial

load states) and shows this information;

the documentation concerning the performance monitoring is complete and available.

© ISO 2015 - All rights reserved
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ds and requirements for carrying out performance monitoring and

diagnostics of machines

6.1 Methodology

The performance monitoring and diagnostics should run continuously or periodically (every week, for
example). In general, the input data used should be standard process data of the equipment.

It is recommended that the performance monitoring and diagnostics are based on mean values over
specified time intervals and steady-state conditions. This reduces measured value signal noise.

The model i
are taken fr
level of the 4

The results

for the give
measured a
the root cau

The accurad
the accuracy

fed with a small number of input parameters characterizing the operating conditions,
bm measured process values (in general, ambient conditions, fuel properties, power.or
quipment, etc.).

bf the model (the expected descriptors, representing the theoretical status ofthe equip
n operating conditions) are compared with measured descriptors. Deviations bet)
hd related expected descriptors allow detection of abnormal performarice and analy
Se.

y of the comparison depends on the quality of the measured sighals, their availability
F of the equipment model.

To ensure dccurate expected descriptor calculation results, the model should be adjusted base

actual equip

6.2 Plausg

Itisrecomm

should invo}llzl

are not wit
should be us

6.3 Cycle

The cycle tiq
initiated. Pe
Therefore, c

For each tin
control syst

6.4 Implg

ment data (see 5.5).

ibility check

ended to carry out a plausibility check of theiidput data before running the model. This d
e comparison to predefined minimum and maximum levels for each input signal. If the
in the predefined range, the calculation'should not be started or a default or substitute
ed instead, depending on the signal’srelevance for the process of the equipment.

times and averaging

rformance monitoringis not safety related nor immediately critical to equipment oper4
ycle times of 1 min(tg 15 min are recommended.

e interval fulfillifig the steady-state condition, the input data from the equipment’s pr
em should be@veraged before the calculation process is initiated.

pmenfed calculations and input parameters

rhich
load

ment
ween
5is of

, and

d on

heck
data
ralue

he defines the time interval'for how frequently calculations for performance monitorinlg are

tion.

pCeSS

Figure 2 shd

wsthe schema of calculation steps for performance monitoring.
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input parameters
(measured input values)

v

pre-processing
{plausibility check, steady state
determination, load state estimation)

EN
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BOupTTeTT
in predefined o+ stop
state?
¥ v
derivation of calculation-of
characteristic expected
descriptors descriptors
fmmpfqum;itgsg‘}at'cal (célculation model)

!

conversion into

reference condition

{if applicable)

!

Inpu

conversion into
reference condition
(if applicable)

v

performance factors
for main components

!

data analysis

Figure 2 — Schema of calculation steps for performance monitoring

[ pafaineters are measured directly from the equipment every cycle time as a whole set of

nputvalues.

The

— plausibility check,

— determination of steady state, and

TIpUt PATATELETS Pass d PIe-Processing, wiich contains

— estimation whether the equipment is in nominal state or in a defined partial load state or in neither.

The pre-processing is followed by the input data processing, which is split into two branches (only for
nominal state and defined partial load states):

a) Themeasured descriptors for performance monitoring (see 5.3) are derived, by simple mathematical
equations, directly from the measured input values.

© ISO 2015 - All rights reserved
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b) The expected descriptors, related to the measured descriptors from branch a), will be calculated by
the model using the set of input values.

NOTE
operational ¢

ondition, for example, ambient conditions, power or load of the equipment, fuel heat rate.

For the calculation of expected descriptors, only a few input values are used, which characterize the

The determination of the measured descriptors and of the expected descriptors may contain the
conversion into descriptors at reference operational conditions. Alternatively, this conversion step
should be added as a separate stage.

The final step is the comparison of the measured descriptors with the expected descriptors.

It is recomnpended to introduce a performance factor, for example, the ratio between actual effic

and expecte

6.5 Valid

In order to §
VDI 2048-1
measureme
readings an

The mathen
method is sf
accuracy of
upon the exi

NOTE 1
provides info

NOTE 2 If
measured val

7 Datail

Data interpy

In general,
A decrease
a malfuncti
processed fq

NOTE It
quantified lo|
presentation

The comparison between validated results and the ‘original measured values for the same s

d efficiency, to evaluate losses.

ation

bnhance data quality and detection of corrupt measurements, data validation accordi
is recommended. This method of data reconciliation provides validated results for a §
nts. This allows the comparison of these validated results with the original measured s
1 with expected descriptors.

jatical background of this method is described in detail in Reference [1]. The computat]
rongly influenced by the availability of redundant or related measurement sensors an
he sensor readings. The set-up of the validation calculation for the present equipmentis i
sting sensor equipment without additional implementation of sensors for better redund

rmation about the quality of the measured signal,’'especially if the sensor is disturbed.

the measured values are of good quality, significant differences between validated results and or
Lies suggest deviations in the process runningin the equipment, for instance, leaks or valve malfun|

hterpretation and assessment criteria

he data interpretatien’should proceed from the whole equipment to the single compo
bf performance (decrease of measured descriptors describing the performance) indi
bn or degradation of one or more components. A detailed performance analysis shou
r each compénent: comparison between measured descriptors with expected descrip

is good-prdctice to list deviations between measured and expected descriptors together wif
sses, or~gains of power and efficiency caused by the deviation under consideration. A pref
isto'group the list into sections of main components. This overview is often referred to as “

ency

ng to
et of
ignal

ional
d the
ased
ancy.

ignal

ginal
ction.

etation of performance monitoring requires knowledge of the operating conditions and the
conversion into reference condition§ (see 4.1).

nent.
Cates
Id be

Lors.

h the
erred
ist of

controllable |

sspg”

The selectio

a)

n of the reference operating conditions allows the following analyses:

actual measurement conditions are used as reference:

— determination of reserves at current operating conditions;

— assessment of whether equipment has the needed performance to fulfil its required function;

b) defined

identification of the component of the equipment with the weakest performance.

(fixed) operating conditions are used as reference:

— analysis of the trends of measured descriptors in order to evaluate degradation processes;

10
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— detection of suddenly occurring deviations in the process running in the equipment;

— finding causes of deviation of the equipment performance.

Annex C shows an example of pump performance monitoring, where the actual measurement conditions
are used as reference.

In Annex D, an example of gas turbine hydraulic clearance optimization is given, where fixed reference
conditions are used for data interpretation.
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Annex A

(informative)

Input parameters recommended for describing the operating
conditions

Equipment
components
descriptor

As component of machine systems

As single maching

General
equipment

Gas
turbine

Steam
turbine

Heat
exchanger

Steam
generator

Conden-
ser

Valve

. Genera-
Pipe tor Motor } Pump

Ambient
temperature

X

Ambient
pressure

Ambient
humidity

Cooling water
temperature

Working
medium
temperature

Input pres-
sure

Output
pressure

Rotational
frequency
(speed)

Load

Fuel heat rate

Mass flow
(hot, cold)

Inlet
temperature
(hot, cold)
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Annex B
(informative)

Measured and expected descriptors recommended for
performance monitoring and diagnostics

Equfpment As component of machine systems As singl¢ machine
components |  Geperal Gas Steam Heat Steam Conden- | (o | oo | Gemeral\-f | o
des¢riptor | egyipment | turbine | turbine | exchanger | generator ser p tor' p
Gross|power X X X X X X X
Net p¢wer X
Gross
.. X X X X X X X
efficigncy
Net effficiency X
Isentrjopic
o X X
efficigncy
Terminal
tempgrature X X
differpnce
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