OFFICE DE LA PROPRIETE

INTELLECTUELLE DU CANADA

SN/ S [ [
A IR
KA AT s ‘

v, Sl eyl

"
0N, 3 N RN e
L N ‘t‘ C ] - v
. n‘-‘ .. [} \\ \

o

a Ld
L
. e AN
! *a 4"\«\‘
l‘\
.
-

e ta"w

> h »
R M >

u \'\‘ wa e a , ~
‘-\ ‘i 't \\l\ - \\\‘\" -~ “g \ N ,

\.\\ . s .N‘A ;‘ . \ g T AR LAan e

N = . " \"- ‘\ » \ ‘\o\ :\:a :'0:\‘?[\:; ' ’ \1 \‘ \‘ v
. n 9:0:‘0:'0‘\’ " » x N
Q_' Q' . -

OPIC

(12) (19) (CA) Dem ande-Application

CIPO

(CANADIAN INTELLECTUAL

PROPERTY OFFICE

(72) MCGOVERN, KEVIN M., US

(72) BAIR, JOHN J.., US
(72) WEST, ANTHONY N., US
(72) TOTTEN, DAVID S., US

(72) MALANEY, DAVID W ., US

(71) EATON CORPORATION, US
51) Int.C1.° GO1M 17/007. GO1L 5/26

30) 1998/08/13 (133,131) US

(21) (A1) 2,280,280
22) 1999/08/12
43) 2000/02/13

(54) ANALYSEUR DE VIBRATIONS D P ARBRE DE TRANSMISSION
34) DRIVELINE VIBRATION ANALYZER

|4

2

DVA

POWER SUPPLY
AND SIGNAL
CONDITIONER

12

2 VOLT POWER

TRUCK SPEEDOMETER
PICKUP

(57) A diagnostic driveline vibration analyzing tool for measuring and characterizing the torsional vibrations 1n a
vehicle driveline. An electronic control unit and sensor cooperate to measure speed fluctuations occurring between the
passing of adjacent teeth of a rotating gear. These time measurements are the basis for displacement, velocity and
acceleration calculations which, combined with driveshaft rotational order information, can be used to pinpoint the
source of excessive driveline torsional vibrations.

I*I Industrie Canada  Industry Canada



CA 02280280 1999-08-12

ABSTRACT OF THE DISCLOSURE

A diagnostic driveline vibration analyzing tool for measuring and
characterizing the torsional vibrations in a vehicle driveline. An electronic control unit
and sensor cooperate to measure speed fluctuations occurring between the passing of
adjacent teeth of a rotating gear. These time measurements are the basis for
displacement, velocity and acceleration calculations which, combined with driveshaft

rotational order information, can be used to pinpoint the source of excessive driveline

torsional vibrations.
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DRIVELINE VIBRATION ANALYZER

BACKGROUND AND SUMMARY OF THE INVENTION

This invention relates generally to vehicle vibration diagnostics and, more
particularly, to a system and method for measuring and evaluating torsional vibration in
a vehicle driveline.

Driveline torsional vibration problems are a significant source of premature
driveline component failures as well as customer noise and vibration complaints,
especially in heavy duty trucks. Damaged driveline components are frequently
replaced in the field without addressing the root cause of the failure, only to result in a
similar failure in the future. Noise and vibration problems are routinely addressed by
swapping out driveline components until the probiem is seemingly resolved, even in
instances when the problem may not even be driveline related. Both situations yield
high warranty costs for the component supplier and OEM, and increase the fleet
owner's truck down time.

To eliminate this prevalent "trial and error” approach to truck driveline
troubleshooting, the driveline vibration analyzer (DVA) of the present invention was
developed to quantitatively measure and evaluate driveline torsional vibration. To
accomplish this, the DVA measures cyclic speed variations in rotating driveline
components and correlates the torsional vibration amplitude to the rotational order of
the driveshaft. These speed variations are converted to displacement and acceleration
information and separated according to the harmonic order of the driveshaft in order to
measure the driveline response to engine and universal joint torsional excitations.
Using preselected or calculated orders of interest, the magnitudes of the sensed
vibrations in terms of acceleration are compared with predetermined thresholds to aid a
test technician in identifying potential vibration problems, determining the source of any

problems encountered and selecting a proper remedy for each problem.
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The DVA was designed to function as both a torsional vibration analysis
instrument as well as a simple field tool suited for rapid troubleshooting. An
experienced DVA operator can perform a complete DVA Iin less than half a day.
Implementing the DVA on a laptop personal computer provides portability and enables
use by service technicians in a variety of ways to diagnose and solve torsional vibration
problems.

These and other features and advantages of the present analyzer will
become apparent upon review of the following disclosure taken in conjunction with the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a schematic view of the present invention implemented as a

field diagnostic tool.

Figure 2 is a graphical representation of the signal produced by the
magnetic speed sensor of the present analyzer.

Figure 3 is a graphical representation of the signal shown in Figure 2 after
conversion into a square waveform.

Figure 4 is a graphical representation of a plot produced by the DVA
illustrating measured driveline speed and acceleration for a driveline system under test.

Figure 5 is a graph similar to Figure 4 of the same driveline after a soft
clutch was installed to remedy excessive torsional vibration.

Figure 6 is a graph produced by the DVA to indicate driveline vibration

magnitudes in real time.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Turning now to the drawings, and in particular to Figure 1, the present

driveline vibration analyzer (DVA) is indicated generally at 10. DVA 10 includes a

sensor for measuring the rotational speed of a particular driveline component, in the
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presently preferred embodiment of the invention a magnetic speed sensor 12. Sensor
12 is a non-contact magnetic sensor, such as a variable reluctance sensor, which
provides speed or timing data in the form of a pulse train. In this instance sensor 12 is
one already present within most modern class 8 truck transmissions, such as
transmission 14, to provide a vehicle speedometer signal and is easily reachable from
the rear of the transmission. An appropriate signal conditioning unit 16 may also be
provided to filter and reduce noise in the signal output by sensor 12.

Sensor 12 provides a clean sixteen pulse per revolution (one pulse for
each tooth on a sixteen toothed wheel which rotates with the output shaft of
transmission 14) sinusoidal tach signal 18, such as illustrated graphically in Figure 2.
Note that a signal peak 18a is created by a strong magnetic field occurring as a tooth
passes near sensor 12, and a valley 18b is created when the sensor is positioned
between passing teeth. While sensor 12 measures rotational speed or velocity at the
output of transmission 14, it is sensitive to all significant driveline torsional excitation
sources. Although the transmission output location is typically not the point of highest
torsional vibration in the driveline, it has been shown to be sufficiently torsionally active
under both engine and universal joint excited vibration to accurately assess driveline
torsional behavior.

Alternately, however, any other suitable means could be provided for
accurately measuring the rotational speed of a particular driveline component of
interest. For instance, an alternate embodiment may include a similar magnetic sensor
adapted to measure the rotational speed between passing teeth of a suitable test fixture
affixed for test purposes to the particular driveline component of interest such as an
input or output yoke of a vehicle transmission or drive axle. An optical sensor could
also be used to indicate the passing of markings or indentations made on a particular
rotating driveline component.

Sensor 12 is electrically coupled via a lead 20 to a microprocessor-based

electronic control unit (ECU) 22, preferably through signal conditioning unit 16. Unit 16
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may also be configured to provide power for ECU 22, such as through the vehicle cigar
lighter 21. ECU 22 may include a personal computer, preferably a portable laptop
computer, or any other suitable processor. ECU 22 In the present exemplary
embodiment is implemented off-board the vehicle in a diagnostic field test application,
but with requisite computer power and alternate design choices could alternately be
implemented permanently on-board a vehicle as a separate processor or as part of a
vehicle's engine or transmission controller. ECU 22 includes a high speed continuous
period counter board for generating accurate time pulses of uniform frequency to be
associated with the measurements obtained by sensor 12. The number of pulses are in
effect counted between the sensed passage of each tooth. It can be appreciated that
at very high rpms, this information is acquired quite rapidly.

The time measurement for each tooth iIs related to the instantaneous
driveline angular velocity at the point of measurement. A gear with n teeth therefore
enables n measurements of angular velocity per revolution of the gear. The following

definitions apply to the present driveline vibration measurement system:
At = time measurement between consecutive gear teeth
N = number of data samples (preferably a power of 2)

A6 = 27 /n = angular displacement between any consecutive gear teeth

de/dt = AG/At = jnstantaneous driveline angular velocity

@ = N*(Ag) =average driveline
N -1 angular velocity

D (AY)
j=0

K; = order value for spectral line |
Conversion of the sensor output signal illustrated in Figure 2 into a square
waveform as shown graphically in Figure 3 is one manner in which ECU 22 can perform

quantization the time passing between each pair of adjacent teeth. This "time between

4
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teeth" can be represented as A&7, Alternately, however, any other suitable method

known. to those having skill in the art for determining A/ from signal 18 could also be
used. Knowing that the angular displacement between two adjacent teeth is equal to
2n divided by the number of teeth, the angular velocity 4¢/4d! can be calculated readily.

Because the velocity measurements are evenly spaced in terms of the

gear rotation angle, application of a discrete Fourier transform to the angle domain

velocity data results in a transformation of data into the order domain.

This can be accomplished in any suitable method, in the presently preferred
embodiment by a commonly available commercial FFT (fast Fourier transform) software
package run on ECU 22. The Fourier transformation is particularly useful since it

enables calculation of the torsional displacement and acceleration magnitudes in the

driveline as a function of the harmonic order of rotation of the driveshatt.

Since the velocity measurements are evenly spaced in terms of Af

application of a discrete Fourier transform to this angle domain data results in

transformation into the order domain. Because the input data contains real values only,

the double sided FFT (positive as well as negative order) block has real and imaginary

components which are equal. Disregarding the negative order data, the FFT function
puts the real and imaginary components Rj and [} into separate blocks having total of 1
+ N/2 elements with index | = 0,1,...,N/2. The relationship between the harmonic order

K and the index | is thus:
.
2
r. W)
Ki=j 2 =j \&V

n
Knax = 2 = max order
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n

AK = N = order resolution

DVA 10 is able to calculate all driveshaft vibration orders up to one-halif of

the number of gear teeth. Therefore, DVA 10 is sensitive to U-joint excited torsionals,
which are constant second order in all transmission gears.

Engine excited vibration can be analyzed in all transmission gears up to a maximum
gear ratio equal to one-half of the number of teeth divided by the engine crankshaft
vibration order. For example, the fundamental engine firing order for a six cylinder 4-
cycle engine is the third crankshaft order. With a sixteen tooth gear, DVA 10 could thus
analyze engine firing data in all gear ratios less than 2.67. Because engine excited
torsionals are of greatest concern in the high range transmission gears, a sixteen tooth
gear or wheel is thus adequate.

In addition, the order resolution can be improved by increasing the size of the sample.
For example, using the same gear and a sample size of 256, DVA 10 will record 16
shaft rotations and can resolve torsional vibration to the nearest 1/16 order.

At each rotational order of the crankshaft, ECU 22 produces velocity
magnitude data. From this velocity data, displacement and acceleration can also be
calculated in a manner well known to those having skill in the art. After the real and
Imaginary components are normalized, the magnitude of the velocity spectrum is

calculated for each Kth order component from:

J 2 2
a +b
A=YV X X =yelocity magnitude

From the above angular velocity magnitude spectrum, the torsional
displacement and acceleration magnitudes in the driveline are calculated as a function

of the harmonic order of rotation. This is derived as follows:
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(@)
art ) = A, cos (wg *1)

Wy sSin (wK *t)

drl = Ag *og *sin (@ *f)

by substituting “x =@ *Kinto the equations for the maximum (magnitude

displacement, velocity and acceleration:
AK

@)= @ *K

%)
dt )" = Ay

d*6
dtz max = AK *ZU*K

Details of these calculations are, however, provided in SAE paper No.

942324 entitled "DVA-A New Tool for the Trucking Industry", McGovern et al, presented
on November 8, 1994. ' | These values are preferably

formatted and plotted on a suitable display device 24 coupled to, or part of, ECU 22.
One way to present information to the DVA operator is in the manner

illustrated in the graphs of Figures 4 and 5. As shown therein, driveline speed (in rpm)
Is plotted over time in Figures 4a and 5a. One of skill in the art will readily appreciate
that a driveline rotating at a perfectly constant rotation free from torsional vibration

would produce a straight horizontal line in this graph. Calculated acceleration and

displacement are plotted relative to driveshaft rotational order in Figures 4b and 5b.
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Preferably, orders of particular interest, and the magnitude of acceleration for those
orders are also indicated to the DVA operator numerically at 26. In addition, numerous
additional displays of graphical and/or numerical information can also be provided to
the DVA operator at 26.

Driveline torsional vibration is induced from two primary sources. engine
torsionals occurring at the fundamental engine firing frequency and its harmonics, and
universal joints operating with non-zero working angles. The drivetrain system
responds to this torsional excitation by dynamically winding and unwinding. A certain
amount of this torsional activity is always present and generally represents no danger to
driveline components. However, if the excitation frequency is coincident with a driveline
torsional resonant frequency, serious amplification of driveline torsionals can occur.

The driveline consists of numerous components which can be dynamically
modeled as a discrete system containing spring and mass elements. In theory, the
driveline will produce one resonant frequency for every degree of freedom in the mode.
However, only the second torsionai mode is considered herein since it is the only
driveline resonant mode which is in the frequency range such that it is regularly excited
by forced inputs from the engine and universal joints.

The second torsional mode is described as the transmission and axle
rotating components torsionally sprung in phase on the clutch and shaft springs, with
nodes at the flywheel and wheels. Although the front drive axle is generally the system
anti-node, high torsional displacements can be consistently measured during
resonance at the transmission output.

Data obtained at each rotational order of the driveshaft can be compared
by ECU 22 to predetermined thresholds, above which torsional vibrations are deemed
to be excessive. Measured vibrations above the preset threshold can be indicated
visually to the DVA operator through flashing or colored display 24. The acceptable
vibration threshold levels can be calculated or determined empirically and most likely

will differ with combinations of driveline components.
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Although various calculations can be made from the basic rotational
speed measurements obtained, only those pertaining to the second torsional mode is
preferably considered in this exemplary embodiment of DVA 10 since it is the only
driveline resonant mode which is in the frequency range such that it is regularly excited
by forced inputs from the engine and universal joints. However, DVA 10 is capable of
evaluating higher and lower driveline torsional modes within the basic response
limitations defined by the maximum vibration order and order resolution as discussed
above. Second torsional mode typically ranges in frequency from 20-100 Hz, but most
commonly occurs between 30-70 Hz in the high range transmission gears. The second
mode increases In frequency as the transmission numerical gear ratio increases,
resulting in the lowest resonant frequency in top gear. The resonant vibration
amplitude is the highest in top gear and progressively decreases in amplitude for the
lower gears.

The internal combustion engine is the most dominant torsional exciter in
the driveline. The combustion process produces a dynamic torque waveform which
creates oscillatory driveline dynamic torque and torsional displacements. The engine
dynamic torque waveform is comprised mostly of the fundamental engine firing
frequency, but there is also a measurable torque component at the 0.5, 1.5 and 2.0
harmonics of the engine firing frequency. For a typical four-cycle six cylinder engine,
firing occurs three times per crankshaft revolution (3rd order). The 0.5, 1.5 and 2.0
harmonics would therefore represent the 1.5, 4.5 and 6.0 crankshaft orders,
respectively.

The 4.5 and 6.0 crankshaft orders usually do not present a problem
because they are too high in frequency to excite the driveline second torsional mode.
However, if the third crankshaft order is coincident in frequency with the second
torsional mode, significant resonant amplification can occur and therefore the third
order is of particular interest. Similarly, the 1.5 crankshaft order excitation is also a

concern because it will be coincident with the resonant frequency at some speed in the
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primary engine operating range. In some cases, the 1.5 crankshaft order excitation is
of sufficient amplitude to create damaging cyclical loading and, therefore is also of
Interest.

Torsional effects of nhon-zero working angles in universal joints will include
an oscillatory output rotational speed given a constant input velocity, varying at the rate
of two cycles per shaft revolution. Therefore, second order accelerations are also of
interest. Significant torsional accelerations in the second order are therefore indicative
of non-zero U-joint working angles.

A universal joint offs'et by some working angle will produce torsional
acceleration in the output yoke approximately equal to the joint angle squared,
multiplied by the input yoke velocity squared. The torsional effect can be canceled by
mounting the downstream u-join in phase and with the same operating angle. The m u-

joints in series (and in phase), the approximate kinematic equation for the resultant

output torsional acceleration is given by:

2 2 2 2 2
a’o *(d —-a_ +a_—...+a )
dt’ = | 2 3 m

where =input shaft rotational speed (in radians/second) and -joint working angle (in

radians).' The highest torsional acceleration will be obtained in top gear at the highest

driveshaft speeds.

The drivetrain responds to such torsional excitations by dynamically
winding and unwinding. A certain amount of this torsional activity is always present and
represents no danger to driveline components. However, if the excitation frequency is
coincident with a driveline torsional resonant frequency, serious amplification of
driveline torsionals can occur. Excessive universal joint torsionals can cause steady

state vibration problems as well as resonant excitation. The steady state problems
typically occur at highway cruise speeds and cause excessive driveshaft and

component torstonal accelerations.

10
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If the joint torsionals are sufficient to excite the second torsional mode at the resonant

speed, even higher torsional displacements can develop.

In order to use DVA 10, a DVA operator or test technician preferably
connects lead 20 to sensor 12. The truck can be driven and data logged and stored in
a memory device for later use or processed in real time. Preferably, a graph such as
that shown in Figure 6 is provided on display 24 in order to indicate in real time to the
technician at what speed and in which gears torsional vibrations are most prevalent.
This real time speed display preferably has sufficient response to indicate torsional
activity in real time. Figure 6 illustrates the real time display screen for a driveline
experiencing engine firing excitation of the second driveline torsional mode. Using this
screen, the DVA operator can quickly cycle through each transmission gear under
varying operating conditions and loads in search of excessive torsionals (indicated by
speed variations which exceed a certain limit). If excessive torsional activity is
encountered, the DVA operator can immediately acquire data for further processing.
This saves a great deal of time and eliminates the need to obtain large amounts of data
at all speeds and gears.

Driveline torsional activity can be treated In several ways including
reducing the amplitude of the excitation source, shifting the resonant speed below the
engine's operating range or providing sufficient driveline damping to attenuate torsional
response. The preferred treatment is dependent upon the nature of the problem. By
using DVA 10 to identify the source of vibration, the appropriate remedy can be
selected. Referring back to Figures 4 and 5, Figure 4 illustrates measurements taken
from a driveline exhibiting significant fourth order vibration. Figure 5 illustrates
measurements from the same driveline after appropriate dampening was achieved, with
a significant decrease in fourth order vibration. Additional detail concerning this
example are provided in the incorporated SAE paper. To increase accuracy, it may
also be preferable to average data (as long as rotational speed remains constant) as
well as to add data from the 1 15/16 order and 2 1/16 order with the 2.0 order data.

11
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The same may also be applied to information obtained at the other orders of interest as

well.

DVA 10 thus provides a convenient and simple solution to many vehicle
vibration problems. Sources of vibrations can be pinpointed thereby in order to
eliminate expensive and inefficient trial and error driveline repair methods. DVA is
configured to allow a vehicle to be tested and the results analyzed in only a couple of
hours thereby minimizing vehicle downtime. Additionally, DVA 10 can also be used as
an engineering tool to study torsional vibration in vehicle drivelines for use in driveline
design as well as input to engine and transmission control algorithms.

The foregoing discussion discloses and describes an exemplary
embodiment of the present invention. One skilled in the art will readily recognize from
such discussion, and from the accompanying drawings and appended claims, that
certain changes, modifications and variations can be made therein without departing

from the spirit and scope of the invention as defined by the following claims.

12
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What is Claimed is:

1. A tool for measuring and analyzing the order based torsional vibration of a

rotating component in a vehicle driveline comprising:

a sensor for measuring an instantaneous speed of a driveline component
under test and generating speed signals;

a processor electrically coupled to said sensor for receiving said speed
signals from said sensor and for processing said speed signals into
rotational accelerating measurements, said processing including
calculating the amplitudes of said rotational acceleration

measurements at each of one or more predetermined frequencies,

saild frequencies tracking the rotational order of said rotating

component; and
display means for displaying said amplitudes of said rotational

acceleration measurements with their respective rotational orders.

2. The tool of claim 1, wherein said rotating component in a vehicle driveline

IS a transmission output shaft.

3. The tool of claim 2, wherein said processing is performed using a fast
Fourier transform.
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