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Reciprocating Machinery Analysis with

Introduction

This application note describes
the instrumentation considerations
for the use of an FFT analyser with a
variable trigger delay, such as the
B & K models 2031 and 2033 ana-
lysers, for frequency analysis on re-
ciprocating machinery. The use of
the analyser’'s trigger system extend
the benfits of FFT analysis to repeti-
tive non-stationary signails.

The note expains how to set the
analyser controis to perform this
analysis. As the technique covers
such a wide variety of applications in
terms of variety of machinery the in-
terpretation of resuits Iin terms of
Especific machines is not covered.

FFT based frequency analysers
anatyse signals in blocks of a length
which depends on the frequency
range setected. For stationary datia,
the timing of the analysis is not criti-
cai, but unfortunateiy the signals
from reciprocating machines are
nighly non-stationary. Triggered
analysis allows selection of the posi-
tion in time of the block for anaiysis
in relation to some trigger event.
Triggered analysis can aiso be used
to analyse transient phenomena, but
this note explains how it also gives
the possibility of analysis of the non-
stationary but repetitive signals pro-
duced by reciprocating machinery.

If a trigger signal on a once per
cycle basis is available from a ma-
chine, from the viewpoint of the ana-
lyser an apparentiy stationary signal
can be obtained corresponding to
some part of the machine’'s cycle
(Fig 1). The technique may be used
with any signal which repeats in a
cyclic fashion, such as reciprocating
engines and compressors, process
machinery, printing presses and soO
on, if a suitabie trigger signal is
available.

1t is necessary that the analyser
used have a finely variable trigger
delay and this is provided on both
the models 2031 and 2033, as well as
the usual automatic triggering of the
averaging process which i1s neces-
sary for the technique. The 2033 has
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a considerably wider range of trigger
delay than the 2031,

The advantages of the technique
can be seen in the analysis of a part
of the operating cycle of a recipro-
cating engine. Naturally a selected
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Fig.1. Analysis of an event at a selected time



part of the cycle can be isolated
from the others for study, but anoth-
er advantage of the method is an
improvement in sighal to noise ratio.
Suppose that it is wished to measure
changes in vibration level on one of
the cylinders of a six cylinder engine,
and that the level of vibration at the
measurement point used is compa-
rable from all the cyiinders. If only a
part, say one quarter, of the process
associated with this cylinder is of in-
terest, this is about 1/ 24 of the sig-
nal availabie. The other 23 / 24 of the

signal is noise, s0 a corresponding
signai to noise improvement can be
obtained over a simple average
spectrum for the machine. f, as
quite commonly happens, oniy a rei-
atively weak signal is available from
the phenomenon it is wished to ana-
lyse, an even greater improvement
would be obtained. In a practical sit-
uation, with several dB variance on
the average spectrum from the ma-
chine, it would be virtuaily impossi-
ble to determine from the simple av-
eraged spectrum if a change in level

Instrumentation and Implementation

instrumentation Setup

The instrumentation setup of Fig.2
is typical of that used. Signals for
analysis can be derived from a num-
ber of transducers, such as acceler-
ometers, microphones, force trans-
ducers and s0 on - the analyser only
requires a voltage input. The trigger
signals will be dealit with in the next
section. While the analog tape re-
corder offers advantages in extend-
ing the range of the analysis, as will
be described later, it also offers the
great advantages that it provides a
permanent record and that the signal
can be acquired in the fieid with bat-
tery powered equipment, where
noise and general physical condi-
tions often make analysis difficuit,
and analysed wherever it is practica-
ble.

The analyser can be manually con-
trolied either for singie spectra or
a series of spectra, and these resuits
recorded on a model 7400 digital
tape cassette recorder. The process
may also be carried out under con-
trof of a programmabie calcuiator or
computer, which can then be used
for generating useful data presenta-
tions, as will be described iater.

Trigger Signals

The trigger signal can be derived
from any part of the machinery
which gives a once per cycle signal
at a known time, as the time delay
can be readily caiculated. if no signal
is inherently available suitable pick-
ups include the probes types
MM 0002 (magnetic), MM 0004 (ca-
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pacitive) and MM 0012 (infra red
photo-electric reflective). The latter
1S simple 1o use in temporary situa-
tions and connects directly to the
type 2976 Phase indicator (old type
number 5767), and a minor modifica-
tion (B & K No. WH 0898) to bring out
an internal signal provides a signal
suitable for triggering an analyser or
recording on tape for later use.

Machinery Considerations

A trigger pulse must be provided
from the machine for the analyses.
Note that the trigger must be once
per cycie, so in a four stroke engine
the trigger must be taken at 1/2 en-
gine speed, for exampie from the
camshaft or injection pump. The
available timing information is often

of an isofated event had occurred.

The note is divided into sections
concerned with individual points
about the technique. The first sec-
tions deal with preliminary consider-
ations - instruments, trigger signais
and machinery related consider-
ations. This is followed by the proce-
dure for analyzer set up and the final
sections deal with specific details
which do not apply to all measure-
ments.

in the form of crankshaft angies and
r.o.m. and must be converted into
deiay time and cycie time.

In practice tachometers are not
very accurate, and a convenient way
of measuring the speed is 10 mea-
sure the cycle time directly off the
analyser time domain display from
the trigger pulse.

For comparison purposes both the
load and speed of the machine
shouid be the same, or some com-
pensation technique developed.
Speed variations wiil cause the rela-
tive analysis time to change and may
cause phenomena to overlap by dif-
fering amounts, and so not be com-
parable,
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Selection Of Analyser Control Set-
tings

The technique is naturally con-
~strained to some extent as to the
range of parameters possible. it is a
fundamental rule of frequency analy-
sis that the analysis cannot take
place at an instant in time, but only
over a length of time. It is not possi-
ble to arbitrarily select this length of
data for analysis, that is the time
resoiution, as it is related by funda-
mental limitations to the frequency
resolution. The basic requirement in
setting the analyser controls is to se-
lect the time resolution and full scale
frequency to cover the required
event, and to obtain the appropriate
“K-samples after trigger’” (2033) or
“Records after trigger’” (2031) set-
ting to obtain the analysis centred on
a particular time. The way in which
each of the data values obtained is
located in time and frequency is
shown in Fig.3. Exampies of the cal-
cuiation involved for some practicai
situations are given at the end of this
section.

The first choice to be made is the
frequency range/analysis time reso-
lution combination for the analyser.

The analysis is normaliy carried
out with a Hanning weighting select-
ed. This gives an effective analysis
time or- time resolution of 0.4 of the
FFT block length, as the data is not
given an even weighting along its
length. The values of time resolution,
actual block length, frequency reso-
lution and full scale frequency avail-
able on the 2033 and 2031 are given
in Table 1. They are connected by
the following relationships:

Time resolution = 0.4 X T

FFT block length
1 / Frequency resolution

For baseband:;

Frequency resolution
= Full scale frequency / 400

FOr zoom:

Frequency resolution
= Frequency span / 4000

Either the frequency range, and

4 Frequency
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thus frequency resolution, or else the
analysis time resolution can be de-
cided on first, but it must be checked

Fig.3. Time and frequency resolution

to see if it is feasible in terms of the
requirements for the other parame-
ter. The choice of time resolution
might be given by the requirement to
cover a certain part of the machine’s
operating cycle, for example valve
opening or piston slap. The accuracy
of the time resoltution is not normally
critical because of the smoothing ef-
fects of the Hanning window and
whatever is the nearest analysis
range suffices, although in principle
an externai clock on the anaiyser
can give any required value for the
resolution.

The trigger control settings of the
analyser give the time between the
trigger and the end of the data re-
cord, as shown in Figs.1 and 3, and
are calibrated in units of the basis
FFT biock size of K-sampies. One K-
sample is 1024 sampies and covers a
time T as above. Thus the trigger
settings for a given time delay, t In
seconds from the trigger to the cen-
tre of the analysis are, for the 2033
on baseband: |

D = { fmax/400 + 9,5

and on zoom:

D = t fpax/400 + 5,0
and for the 2031 :

D = t fnax/400 + 0,5

required time delay

fmax= anaiyser full scale frequency

D

{

trigger setting on analyser
screen.

In the 2031 D may vary from 0 to
9.9 and in the 2033 from 0 to 64.0.
This can give a negative value for t,
and this is in fact quite possible, be-
cause of the memory in the ana-
lysers, particularty the 2033 with its
10 K memory. The values of T can be
calculated as above, or are as given
in Tabie 1.

Typical procedures

In practice baseband analysis with
some full scale frequency and time
resolution is usually required, and
one of the two following simple pro-
cedures can usually be followed. The
first procedure obtains an analysis
at a selected time with a given time
resoiution and the second covers the
cycle of a machine running at some
r.p.m. with a given number of spec-
tra. Other situations are quite feasi-
ble, for example the use of zoom,
anaiysis of a part of a cycle and so
on. Note that if either procedure
gives an analysis fuil scale frequency
setting higher than that required, the
extra analysis results are simply dis-
carded, and if more frequency reso-
lution than required is provided anal-
ysis lines can be averaged together.

Analysis at a given time
a) Pick an analyser time resolution
from Table 1 shorter than or



Time Time Record Frequency Fuil Scaie
Resotution Length Resolution Frequency
160 sec. 400 sec. 2.5 mHz 1 Hz (note 1)
80 sec. 200 sec. 5 mHz 2 Hz note 1)
32 sec. 80 sec. 12.5 mHz 5 Hz note 1)
16 sec. 40 sec. 25 mHz 10 Hz
8 sec. 20 sec. 50 mHz 20 Hz
32 ms. 80 ms. 12.5 Hz 5 kHz
16 ms. 40 ms. 25 Hz 10 kHz
8 ms. 20 ms. 50 Hz 20 kHz
3.2 ms. 8 ms. 125 Hz 50 kHz (note 2)
1.6 ms. 4 ms. 250 Hz 100 kHz (note 2)
0.8 ms. 2 ms. 500 Hz 200 kHz (note 2)
note 1:  Using zoom anatysis {model 2033 only)

note 2;

Using tape recorder speed change. Note that the upper frequency may e fimited

t0 lower values — for example 14 kHz for FM recording and 60 kHz for direct

recording

810008

Table 1. Time/frequency reiationships for FFT anaiysers

equal to the time resolution re-
quired to get the required full
scale frequency. If necessary the
time resolution can be iengthened
by averaging adjacent spectra as
described in a later section.

b) The selected full scale frequency
and the required time delay give
the trigger setting.

Example: Analysis to 10 kHz re-
quired with a time resolution of 8 ms
at 324 ms after a trigger signal.

a) Table 1 gives an analyser f{ull
scale frequency of 20 kHz to get
the 8 ms resciution.

h) For the 2033 the K-samples after
trigger setting is
(324 ms x 20 kHz)/400] + 9,5
= 25,7

Analysis of an Engine Cycle

a) the r.p.m. or direct measurement
gives the cycie time.

b) The required full scale frequency
gives the time resoiution.

c) The cycle time divided by the
time resolution gives the mini-
mum number of spectra. Double
this to allow for picket fence ef-
fect. The resulting number can be
increased by using a higher full
scale frequency or decreased by
averaging adjacent spectra, a
technique which is described lat-~
er in this note.

d) The timing information gives the
initial trigger setting (round to the

nearest 0,1), and the cycle time
gives the trigger setting range.
An increment of 0,2 is normaily
used so this figure can be round-
ed to the nearest 0,2 and the {ast
spectrum in the cycle can be dis-
carded because it is the same as
the first.

Example: Analysis to 20 kHz on a3 4
stroke engine running with an 80 ms
cycle (1500 r.p.m.) with a trigger at
12° BTDC, (before top dead centre)
starting from TDC (top dead centre)
and covering the whole cycle in at
least 20 separate spectra.

a) Cycle time is 80 ms

b) 20 kHz gives 8 ms resolution.

c) 80 ms divided by 8 ms gives only
ten spectra. Use the tape record-
er speed change to give a 50 kKHz
full scale and 3,2 ms resolution.
This gives 25 separate spectra or
50 total, which is acceptabie in
terms of the 20 separate spectra
required. Simply discard the re-
sults higher than 20 kHz i.e. ali
but the lower 20 X 400/50 = 160

lines.

d) Initial delay = 12/720 X 80 ms
from 720° per cycle and 12°
BTDC.

Initial analyzer setting = 9,7 from
formula above for 2033.

Trigger range = 80 ms/8 ms -
0,2 = 9,8

Final setting = 9,7 + 9,8 = 19,5
increment = 0,2

Extending The Analysis Range
With The Aid Of A Tape Recorder

If a choice of the time resoiution or
the full scaie frequency resuits in a
requirement for a frequency range
beyond the normal 20 kHz maximum,
this can often be obtained by use of
an analog tape recorder in the posi-
tion in the measurement chain
shown in Fig.A. The recording, in-
cluding the tacho pulse, is simply
played back at a slower speed than
that on which it was recorded, or
indeed to extend the lower frequency
range the opposite procedure can be
followed. A factor of ten is obtained
by this method, which is exactly
equivalent to carrying out the analy-
sis on a higher frequency range as is
indicated in Table 1.

For example for a reciprocating
engine with 200 ms cycle time an
analysis covering only 2.9° can be
obtained by slowing the tape down
and using the 20 kHz range on the
analyser. From Table 1 the time res-
olution is 0,8 ms, and 720 x 0.8 / 200
= 2,9. The analysis line spacing is
500 Hz up to either 14 kHz from DC
using FM recording or up to 60 kKHz
from 40 Hz using direct recording.

Averaging Of Adjacent Spectra

If the choice of full scale frequency
results in too short a time resolution,
adjacent analyses can be averaged
together to cover a jonger time. This
is done simply by setting the ana-
lyser to run for say an N spectra iin-
ear average with the trigger set to
the beginning of the desired analysis
time, letting the analysis run up to N,
incrementing the trigger setting,
pressing “‘averaging proceed’” to ac-
quire an additional N spectra and so
on. The increment for the trigger
shouid be 0.1, 0.2, 0.3 or 0.4. The
reasons for this will be discussed
shortly.

Time Resolution and Picket Fence
Effect

if a sertes of spectra are used o
cover a section of a machine’s oper-
ating cycle, the choice of increment
in the trigger settings between these
spectra is limited. As the effective
time resolution of a Hanning window
is 0,4 of the record length the maxi-
mum increment is 0,4, which gives
an error of 0,75 dB in terms of data
missed by the analysis. For 0,1 and
0,2 increment there is zero error and
0,08 dB for 0,3.



However, if a very short event ocC-
curs, as is typicai of reciprocating
machines, it can fall between 1wo
spectra. With the settings above it
will all be accounted for in the ener-
gy sense but it may be half in one
spectrum and half in the next. This is
similar to the picket fence effect in
the time domain and gives a mis-
leadingly low reading on two adja-
cent spectra. It is much reduced by
using overlapping analyses and
gives an error of 3,7 dB for 0,4 trig-
ger increment, 2,0 dB for 0,3, 0,9 dB
for 0,2 and 0,2 dB for 0,1. Thus for a
smooth transition between analyses
and low picket fence error a trigger
increment of 0,2 or 0,1 should be
used. 0,2 is normally suitable.

Data Presentation

The spectra produced can simpiy
pe presented in terms of a singie
spectra for a particular trigger set-
ting, but a good pictorial presenta-
tion 1s to plot a series of spectra
covering a whole or part cycie of the
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Fig.5.(a)

Automotive diesei engine on a linear frequency scaie

Fig.5.(b) Automotive diesel engine on a logarithmic frequency scaie



through the entire procedure for
analysis automatically.

The signal produced by many
types of machine tends to be impui-
sive in nature and therefore some-
what broadband, particularly at the
higher frequencies. |t is thus reason-
able to average several lines togeth-
er in order to actually reduce the fre-

auency resolution, and this is actual- -

ly useful in that it reduces the
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amount of data involved without sig-
nificant loss of information. This is
shown in Fig.5(a) for an automotive
diesel engine.

The next logical step from this is
to use conversion to a logarithmic
scale, such as 1/3 octave, by aver-
aging adjacent bands. The ma-
chine’s structural resonances tend to
have a relatively constant percent-
age bandwidth so their absolute

bandwidth is higher at higher fre-
quencies, as for example in Fig.4. A
logarithmic frequency scale thus re-
duces the data in a manner more

suited to its expected form. An ex-(r

ampile of this is shown in Fig.5(b) for
the same engine. None of these data
reduction techniques apply only to
three dimensional plots, but can also
be used on single spectra.

| & Kjaer Instruments, Inc.
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