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Gated Tracking Applied on an Automobile Engine Using
Multichannel Analysis System Type 3550

by H. Konstantin-Hansen, Briiel & Kjeer, Denmark

/Vibrations in rotating and recipa

cating machinery are caused by the ac-
celeration of the moving parts and by
impact activity in the machinery. Order
tracking is applied to relate vibration
to the various moving parts. Gated
tracking is used to identify where in
the engine cycle the vibration is gen-
erated. Gated tracking is especially in-
teresting when dealing with
reciprocating machines like combus-

@n engines, pumps and compressory

Introduction

The vibration signal from reciprocat-
ing machinery is in a double sense a
non-stationary signal. The vibrations
are caused by the moving parts of the
engine, so if the speed of the engine
varies, the vibrations vary according-
ly. Tracking analysis transforms the
non-stationary vibration signal into a
stationary one. The time record is
now measured in revolutions [REV]
rather than seconds [s] and the cor-
responding FFT spectrum is meas-
ured in orders [ORD] rather than
frequency [Hz]. Just like the resolu-
tion, Af [Hz], of the frequency spec-
trum equals 1/T, where T [s] is
seconds per FFT-record, the resolu-
tion of the tracked analysis, Aord
[ORD], equals 1/rev, where rev [REV]
is revolutions per FFT-record. For
analyses with one or more revolu-
tions per record, the resolution of the
spectrum is equal to or better than 1
ORD. The result of the analysis is a
high  resolution  order-spectrum,
where the individual orders, or frac-
tions of orders, relate directly to the
various rotating parts of the machin-
ery. The focus is on the orders and
the analysis is referred to as order
tracking.
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Fig.1 Engine outline and measurement set-up

Although order tracked, the vibra-
tion signal is still non-stationary.
Within one cycle, the vibration signal
is to be considered as a transient and
should be treated as such. A useful
tool is the STFT (Short Time Fourier
Transform), where a set of short
records are placed consecutively to
cover one engine cycle. Each short
record is locked on to a particular
angular fraction of the cycle and car-
ries only information about the vibra-
tion related to that fraction. The
shorter the record the more accurate-
ly the vibration can be related to
where in the cycle it arises, at the
expense though of coarse order reso-
lution. The focus is on where in the
engine cycle, or where in the revolu-
tion the vibration arises, and the
analysis may be referred to as revo-
lution tracking or gated tracking.

The 4-Cylinder, 4-Stroke
Engine (Toyota Carina)

All noise and vibration found in and
around the engine is generated by the
rotating and reciprocating parts of
the engine itself. Referring to Fig. 1,
the rotating parts are the crankshaft
and the camshaft. The reciprocating
parts are the pistons and the valves.
The rotating parts and the pistons
are well balanced and move very har-
monically. The vibrations generated
by these parts are therefore low har-
monics of the rotating speed of the
engine. As opposed to the pistons the
valves are excited in a transient-like
way. Most of the sound emitted by the
engine is the clicking or clanging
noise generated by the operation of
the valves. Monitoring the vibrations
using an amplified accelerometer sig-
nal and a loudspeaker enhances the
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Fig.2 Valve activity timing and record definition for order tracking and gated tracking

measurements
1 AUTOSPEC CH.B NONTRACK MAIN Y: 72.8dB
Y: 80.00B ref 1.00uU RMS 40dB X:  48Hz
X:  OHz + 6.4kHz LIN

#AVM: 100
80 L L

>CORRECT_FREQ 54 .07Hz
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2 AUTOSPEC CH.B TRACK MAIN v: 73.8dB
Y: 80.00B ref 1.00uU RMS 40dB X: 4dord
X:  Qord + 400o0rd LIN

#AVM: 100 RPM : BOB6.BRPM

Setup 1 Measurement setup far TRAC
Measurement: DUAL-CH. SPECTRUM AVERAGING 400 lines
Trigger: TACHO
Averaging: LIN 100
TRACKING: Orders: 400 Rev/Rec: 1
Tacho: CH.A Slope: + Level: +0.10%max 1np
Weighting: RECTANGULAR
ch.A: 2V DIRECT / 0.7Hz \ON 1v/v
ch.B: 1.5v DIRECT / 0.7Hz \ON 1.00vV/m/s2
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Fig.3 Non-tracked (upper trace) and tracked (lower trace) vibration spectrum

impression of impact activities in the
engine. The frequency or order spec-
tra of the impact vibrations are wide-
band spectra, which means that high
frequency or order components are
caused by the activation of the valves.

In the timing diagram in Fig. 2, it
is shown how the valve activity is
related to the angle of the camshaft.
Two cycles of the crankshaft (2 x 360°
= 720°) correspond to one cycle of the
camshaft. The small figures in the
diagram indicate the Top Dead Cent-
er (TDC) and Bottom Dead Center
(BDC) of piston 1. Ignition of the in-
dividual cylinders occurs some 10° to
15° before the TDCs; the firing order
is indicated on top of the figures. As
shown on the diagram the opening
and closing of the valves are located
to the vicinity of Dead Centers (DC).
The valve activation starts and stops
slightly before and after the DCs, but
the maximum acceleration of the
valves actually takes place very close
to the DCs. Ref.[1].

Order Tracking

As shown in Fig.1, two signals are
measured and used in the following
analyses by the Type 3550. Channel
B measures the vibration signal
picked up by the accelerometer
placed on top of the engine. Channel
A picks up the tacho signal generated
by the tacho probe and a piece of re-
flective tape placed on the camshaft.
The tacho pulse is a once per cam-
shaft revolution pulse or a once per
engine cycle (720°) pulse.

Fig.3 presents the result of two
analyses of the vibrations of the en-
gine idling at 800 RPM + 2%. The bot-
tom trace is an order analysis (400
orders) where the record length ex-
actly tracks one engine cycle. Since
the vibrations are generated by the
rotating parts of the engine, rectan-
gular weighting of the vibration sig-
nal is leakage free and gives the best
order resolution (Aord = 1 order). For
comparison the X-axis has been re-
scaled to Hz, using 800RPM =
13.33Hz as the mean frequency of
the 1st order.

The top trace is an ordinary
6.4 kHz frequency analysis of the vi-
bration signal. The 6.4 kHz span was
chosen as the best match to the order
analysis which covers close to 5.3 kHz
(= 400x13.33Hz). In this analysis
the harmonic vibration signals do not



match the record length and Hanning
weighting was used to control (mini-
mize) the leakage.

Comparison of the two measure-
ments reveals the benefits of the or-
der analysis. The order analysis
shows clearly vibration at the 4th or-
der. Vibration at the 4th order corre-
sponds to events taking place 4 times
per engine cycle. This vibration is
mainly caused by the smooth move-
ments of the shafts and the pistons
and the 4 times per cycle combustion.

The order analysis also shows very
good selectivity. At the lower end of
the spectrum, the order analysis
shows that the vibration mainly con-
sists of even orders which is not evi-
dent in the frequency analysis. Also,
the order analysis gives a better es-
timate of the vibration level. Due to
the leakage and smearing in the fre-
qguency analysis, the 4th and predom-
inant order is underestimated by
1dB, as shown by the cursor read-
ings. The frequency analysis finds the
4th order vibration at 48Hz (Af =
16 Hz). Applying a simple User-De-
fined Auxiliary Reading,
CORRECT_FREQ, the 4th order fre-
quency is calculated to be 54.07 Hz
and hence the fundamental frequen-
cy 54.07/4Hz = 13.52 Hz. In the order
analysis the mean speed is measured
to be 806.5 RPM, which means that
the fundamental frequency is meas-
ured to 806.5/60 = 13.44 Hz.

The higher vibration level around
1.1kHz is due to a structural reso-
nance in the engine block excited by
the vibrations caused by the moving
parts. This was shown by conducting
a run-down order analysis, where or-
der related and non order related vi-
brations clearly separate. Ref. [2].

Gated Tracking

Regarding the wideband spectrum at
higher frequencies, the order analysis
gives no better information than does
the frequency analysis. The claim
was that the wideband vibration was
caused by the impact operation of the
valves. The goal is now to measure
where in the engine cycle this wide-
band vibration arises.

The Type 3550 system contains all
the tools needed to obtain this “where
in the cycle” information or in other
words, to perform the gated tracking
analysis. Referring to Fig.4, the
measurement is set up as follows:

Wm Compl Spec ch . B MAG MEAS: W M-MAP MAP Y: B80.70B
Y: 80.0dB ref 1.00uU RMS 200B X1= X: 992ord
X: Oord + 1.6kord LIN SKEW SLIC X1: 992ord
Z: 100mrey + {.200rev Flow+ AX: 512ord
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Wn Campl Spec ch.B MAG MEAS: W M-SLICE MAIN Y: 92.60B
Y: 100.0dB ref 1.00uU_RMS 40dB Z:  430mrev
X: 992ard + 5120rd LIN SUM

Z: 100mrev + 990mrev RPM : 819.1RPM
Measurement setup

Measurement: MULTI COMPL SPEC CH.B 200 lines
Trigger: TACHO

Delay: Trig>A: +0.10rev

Averaging: LIN 10

Multifunct: From: TRIG>A Autostep: 0.03rev N: 34 (0.99rev)
TRACKING Orders: 3200 Rev/Rec: 0.062

Tacho: CH.A Slope: + Level: +0.40xmax inp

Weighting: HANNING

ch.A: 6v DIRECT /_0.7Hz \ON iv/v
ch.B: 1.5V DIRECT / 0.7Hz \ON 1.00v/m/s2
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Fig.4 Order Spectrum MAP and A-SLICE of the gated, tracked vibration spectrum

Using the Multifunction measure-
ment mode, Type 3550 is set up to
measure 34 records of 200 lines order
spectra of the vibration signal, each
record covering 0.06 engine cycle”.

The Hanning weighting is chosen
to control the leakage introduced into
the analysis by looking at only a frac-
tion of the transient signal. Ref. [4].
The weighting effectively throws
away more than half of the signal. To
compensate for that loss, the shift be-
tween the individual records is set to
Autostep = 0.03REV, which means
the records overlap by approximately
50%, see Fig. 2.

Very important for the confidence
of the analysis, and unique for Type
3550, the system offers averaging of

* The record covers 0.0625 revolutions which
together with the 200 FFT lines corresponds
to 3200 orders (no. of orders x revolution/cycle
= no. of FFT lines). The number of orders is
of minor interest here. Note that the resolu-
tion is 3200/200 ORD = 16 ORD (times 1.5
due to the Hanning weighting). Also note that
the bandwidth required for the analysis is (no.
of orders) x (fundamental frequency), in this
case 3200 x 806.5/60Hz = 43kHz. The maxi-
mum bandwidth determines the minimum
length of the record!

the data collected in the individual
records. Here the averaging is set to
10 linear averages.

Displaying Results

The result may be displayed for in-
terpretation in various ways. The
most important presentations are the
MAP of the Order Spectrum, which
shows all the data as a function of
revolution, and the SLICE which is
a particular order, or range of orders,
shown as function of angle. Fig.4
shows the two. The top trace is the
MAP where the X-axis order scale
has been redefined to the correspond-
ing mean frequency scale [kHz]. The
Z-axis is the angular revolution axis.

For extraction of detailed informa-
tion, the MAP is equipped with var-
ious cursor tools. The cursor selected
here is the SLICE-indicator, which
defines a A-cut in the MAP. The cur-
sor associates directly to the lower
trace where the indicated A-slice is
shown. The SLICE-indicator in the



MAP may be locked onto the X-start
and X-width specifications in the
SLICE, so that when the SLICE-in-
dicator is moved, the SLICE is up-
dated accordingly. In turn the SLICE
has its own selection of cursor tools
for extraction of information from the
slice. Note that the horizontal scale
of the SLICE has been redefined from
1REV to 720°.

Interpretations

Referring again to Fig.4, the MAP
shows the vibration spectrum from
OHz to 21.5kHz (OORD to 1600
ORD) over 1 engine cycle. The order
resolution is 16 ORD, which means
that the 0 order FFT-line contains the
predominant vibration power related
to the 4th order as seen in Fig.3. Up
to 13kHz, this analysis does not give
much information about where in the
cycle the vibrations arise. The spec-
trum as function of angle looks quite
uniform, though there is a tendency
for the vibration power to be concen-
trated around 8 particular angles in
the cycle. This can be revealed by
making slices or A-slices in the O Hz
to 13kHz range.

From 13kHz to 20 kHz, the vibra-
tion power clearly is located at 4 par-
ticular angles. This is already seen in
the MAP, and more clearly in the
SLICE. The slice shows the power of
the 512 orders from order 992
(13.5kHz to 20.4kHz) as a function
of cycle angle. The vibration power
concentrates at 0°, 180°, 360° and to
some extent at 540°. Referring to
Fig.2, it is seen that 4 out of the 8
valves are activated (deactivated) at
the same time, so it is a kind of a
puzzle to relate the effect of the in-
dividual valves to the 4 angles. One
interpretation could be that the
valves of the 2nd cylinder cause most
of the vibration. They are both acti-
vated around 180°, where the vibra-
tion level is highest, and neither of
them are activated at 540°, where the
level is lowest.

This interpretation may be backed
up by further measurements involv-
ing running the engine at other
RPMs and applying other record
lengths and overlaps.

This single analysis shows that the
vibrations above 13kHz come from
the valve activity, and that an ordi-
nary FFT analysis in that frequency
range informs about vibration and
noise caused by the valves alone.

Improvements and
Features

The tracking analysis was based on
a once per revolution tacho, which
means that the analysis is unable to
track speed variations occurring
within the engine cycle. To track
these variation, more tacho pulses
per camshaft revolution must be gen-
erated (equidistant!). Ref.[3].

Referring to the measurement set-
up in Fig. 4, the analysis is concerned
with the complex Autospectrum of
the vibration signal. The phase em-
bedded in this spectrum, also re-
ferred to as Phase Assigned
Autospectrum (PAS), is the phase be-
tween the tacho signal and the vibra-
tion signal. The Phase Assigned
Autospectrum is essential in run-up/
coast-down measurements for deter-
mination of natural frequencies of ro-
tating shafts. The function also opens
for determination of Operational De-
flection Shapes (ODS), frequency or
order related.

The measurements described in
this note were actually recorded on a
DAT Recorder and then in turn ana-
lysed using Type 3550. Having the
data on tape makes it possible to an-
alyse the same data over and over
again in different ways. Keeping
track of the calibration of a recorded
measurement may turn out to be a
task in itself. In Type 3550 it is pos-
sible to calibrate the measurement
before or after the analysis using a
built-in automatic calibration proce-
dure.

Instrument list

Analyzer
Multichannel Analysis System
Type 3550 configured as follows:
0 Signal Analyzer Unit Type 2035
0 100kHz/Multichannel Zoom Proc-
essor Type 3157

0 2x100kHz Input Module Type
3020

0 Sampling Module Type 3018

0 Dual-channel Analysis Software
Type 7649

0 Tracking Analysis Software Type
7670

0 Signal Analysis Software Type
7671
Transducers

0 Delta Shear Accelerometer Type
4384
0 Tacho Probe MM 0024

Recorder and Transducer Supply (if

recording is wanted)

0 8-channel Deltatron Accelerome-
ter Supply Type 5963 + Charge Ac-
celerometer

0 8-channel Charge Amplifier Type
5974 + Deltatron Accelerometer

0O SONY PC 208A DAT Recorder

0 SONY TCD-D3 DAT Recorder
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