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hSion parameters affect the response of the vehicle; these include weight, center-of-

ravity location,

moments of inertia, suspension ride and roll rates, suspension kinematic and compliance properties, and
shock absorber characteristics. These parameters must be quantified in order to predict vehicle responses.
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1.2

Measurement of most of these parameters will be limited to determining their values in the linear range for use
in directional control simulations. The limitation to linear range characteristics primarily reflects current
measurement practice, to which SAE J1574-1 is directed. In the case of mass and inertia properties, this
limitation clearly does not apply. For those to which it does apply, it is not felt to be a serious limitation since
most of the measurement techniques can be extended beyond the linear range through appropriate increases
in steering or suspension displacement or loading. Use of the measured parameters in simulations is assumed
as the most frequent use. However, this does not seem to limit their use to simulations. Vehicle and
suspension characteristics appropriate for simulation can equally well be used for vehicle and suspension
characterization and comparison, suspension development and optimization, and processing of road test data.

As noted in SAE J1574-1, vehicles addressed will be limited to passenger cars, light trucks, and on-highway
recreational and commercial vehicles with two or more axles of approximately the same whgel track. This
excludes bicycles, motorcycles, tricycles, and vehicles intended primarily for off-highway use.) “This limitation is
largely a r¢cognition of the types of vehicles historically measured for ride and directional control simulation,

since SAE
Additionall
to properly
not be sup

Assumpti

J1574-1 has been written to document the current state-of-the-art rather than
Y, inclusion of these other vehicles might well require measurement of @ther chassis
simulate their dynamic characteristics. The measurement of these additional char
borted by widespread experimental practice.

bns and Limitations—The focus of SAE J1574-1 is consalidation and documenti

to expand it.
characteristics
pcteristics may

pon of the best

existing te¢hnology. The intent is to avoid introducing unproven and ufiestablished practices.
The assUmptions related to the methods of suspension” characterization (static gharacteristics,
phenomenplogical descriptions, characterization for linear rahge maneuvers, and use of supefposition) stem
largely from established practice, with established validity:<;All of these suspension characterization methods
are widely,|though not exclusively, used and have givenvalid simulated responses of steady-state and dynamic
vehicle characteristics. This is not to say that other approaches are not also valid.

The IimitaLions associated with types of simulations addressed also stem primarily from thé limitations of
existing practice, which has generally focused on the simulation of fixed control directional control properties in
the linear [range. While simulation of free control vehicle responses is not uncommon in f{he automotive
industry, it$ inclusion in SAE J1574-1 would require the measurement of steering system component masses
and inertias. Such measurements are_.hot common practice.

The limitatjons associated with~vehicle characteristics addressed deserve brief discussion. Suispension side
view kinenpatic properties afe not addressed since they are not required for constant speed dirg¢ctional control
simulation| This is also true-of rotational inertias of wheels, tires, brakes, and driveline compongnts as well as
steer and [camber compliances resulting from longitudinal force. The measurement of ste¢r and camber
compliancés resultingfrom overturning and rolling resistance moment is omitted since these compliances
normally have small effects on vehicle directional control characteristics. (Rolling resistance moment generally
has neglig|ble ‘effects on steer and camber deflections.) Finally, the measurement of the remdining variables
(kingpin arjd-Caster offsets, ride and roll damping, and fifth wheel characteristics) is omitted due fto the absence
of standard industry practice. Ride and roll damping are usually calculated from shock absorber damping
constants and suspension kinematic characteristics. These calculations will be discussed in Section 10.

Characteristics Measured—No discussion in addition to that of SAE J1574-1.
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1.3

1.4

2.1

Nature of Measurements—SAE J1574-1 gives an overview of the types of measurements required for each
class of variable measured. This discussion will generally be repeated in much more detail in the first two
paragraphs of each section. This more detailed discussion will include minimum accuracy requirements,
based on simulation requirements or the capabilities of current experimental practice. In some cases,
simulation requirements are not particularly stringent and accuracy requirements may more realistically be
indicated by experimental practice. With this in mind, a brief, general discussion of accuracy requirements may
be helpful here, with a more specific discussion for each variable given in this Information Report for each
section.

In those cases where the data are used solely for vehicle subjective development, the measurements may
normally be made to 5% accuracy, especially if chassis parameter changes significantly larger than this are

vehicle regponses. The sensitivity of the response to errors in the input data varies with thd
simulated, [with its tire characteristics, and the characteristic in question, thus, making it difficu
about accurracy requirements. With regard to stability and control calculations, it may be obs
understeel| gradient is the summation of numerous effects, such as weight‘distribution, roll car
lateral forde deflection steer, and aligning torque deflection steer. A¢1% error in measurem
quantity is|likely to alter the understeer gradient by 1% or less. Only)when inaccuracies acg
same diregtion is it possible for a significant error in the simulatediresponse to result. Trans
such as lateral acceleration response time or yaw velocity respgnse time, can be expected to ha
similar to those for the understeer gradient. Accuracy requirements for simulation thus depend
accuracy df the simulation and on whether one assumes that'errors will accumulate in one dired

As a final [note on the nature of the measurements, the measurement of suspension kinemg
characterigtics with tires mounted should be briefly discussed. As noted in SAE J1574-1 f
common practice is to leave wheels and tires.mounted during all measurements. While this
small erroifs in some measurements, it is treated here as the primary mode of measurement,
widespreadl use and relatively small effection accuracy. However, other methods, which might
the tire arg@ not excluded if the additional’accuracy is desired. Paragraph 9.2.2 of this docum
subject in more depth.

Use of Recommended Practice-and Information Report—No discussion in addition to that o
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bhicle Description—The vehicle description forms presented in SAE J1574-1 are d
mplete vehicle description forsthree basic reasons. First, the vehicle description
interpretation of test results\through documentation of vehicle content. This becd
unfamiliarity, or multiple vehicle changes make human memory fallible. Second, sug
bquired if the test data‘'were part of subsequent litigation. Finally, although not the pr

as incorrect or out ,0f specification parts.
Unfortunately, this process depends on certain measurements made in subseque

in SAENJ1574-1. Excluding this interdependence, it should be possible to compl
forin-before proceeding to subsequent sections.
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mary purpose,

description process may identify aspects of the vehicle which make it unsuitable f¢r the intended

easurements~—The intent of the vehicle description form is to define and describe the vehicle prior

nt sections, as
bte the vehicle

Vehicle Preparation—The purpose of vehicle preparation is to ensure that the vehicle represents design
intent, or a predetermined out-of-specification condition, is safe for the intended tests, is sufficiently clean for
part identification and measurement, and is ballasted to proper tire normal forces or suspension trim heights.
Ballasting often results in undesired suspension trim heights, for the correct tire normal forces, or vice versa.
The discrepancy should be small if the vehicle, including springs, represents design intent. Generally, proper
tire loading is more important for directional control performance than proper suspension trim heights. But for
the measurements addressed in SAE J1574-1, suspension trim heights are generally more important than tire
normal forces. This is true for the measurement of vehicle geometric characteristics, center of mass positions,

and suspension and steering kinematic properties.

measurement of vehicle mass and moments and products of inertia.

Proper tire normal forces are more important in the
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4.

4.1

Measurement of Dimensional and Geometric Characteristics

Variables Measured—No discussion in addition to that of SAE J1574-1.

4.2 Apparatus

421

422

4.2.3

4.3 Test Procg¢dures

43.1

4.3.2

4321

GENERAL PERFORMANCE REQUIREMENTS—NOo discussion in addition to that of SAE J1574-1.

GENERAL CONFIGURATIONS—Table 3 of SAE J1574-1 lists a number of typical transducers used in making the

measurements listed. The reader should be reminded that this list of "typical" transducers
reference_but should not be limiting.

measurgments. For instance, an adjustable trammel bar, or set of these, may be more use
tape for many of the linear dimensions. Measurement methods and transducers should. be
types of pehicle measured, frequency of measurements, and cost.

PERFORMANCE REQUIREMENTS—The accuracy requirement for each measurement. covered
determinled by its role in:

a. Ddfining the test vehicle

b. Sifulating its dynamic performance
c. Chassis development, or

d. Prpcessing road test data

In generpl, accuracy reflecting the accuracy of available,.cost-effective transducers and go
measurgment practice exceeds the requirements of any.efithese uses. While these values ¢
seemingly more stringent than required, other sources;of error in simulation and vehicle test

is provided for

Many methods or special tools can be used on most of the

ul than a steel
determined by

by Table 3 is

od mechanical
f accuracy are
ng require that

those aspociated with vehicle definition be minimized:.This allows effort to be directed at mininizing the other

sources [of error. For this reason, the accuracy.requirements shown in Table 3 generally r
r accuracy and good measurement practice.

racy requirements in Table 3 are stated as a percentage of actual reading. This critg
be meaningful when the required acclracy is less than the accuracy of available transduc
occur with variables whose values Can be near zero. In this case, an alternate, absolute accu
be used jgs the accuracy criterion‘near zero. It should be used when larger than the accuracy
the perc¢ntage accuracy times:the actual reading.

VEHICLE PREPARATION—NO discussion in addition to that of SAE J1574-1J1574-1.

TEST PROCERURES

pflect available

Brion ceases to
ers, which can
racy is given to
determined by

Meas
J1574-1 include averaging values on opposites sides of the car.
asymmetries in most dimensions of a vehicle.

Tement of tinear Dimensions—Many of the measurements —of timear dimensions o

utlined in SAE

This reflects the existence of lateral
These are generally small but can occasionally be

significant. Thus, measuring values on both sides allow a check of the magnitude of the asymmetry and

averaging allows a truer representation of the vehicle's dimensions.
magnitude of the asymmetry may be desired (in vehicle development, for instance) and ave
be appropriate. In addition, side-to-side asymmetries sometimes represent a special des
(wheelbase, on certain vehicles) which should be documented.
particular laboratory or circumstance should take precedence.

However, in certain instances the

raging may not
ign asymmetry

In these special cases, the needs of a
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4.3.2.2

4.3.2.3

4.4

5.

51

SAE J1574-1 specifies ballasting the vehicle to curb suspension trim heights, measured either between the
suspension and sprung mass or between the sprung mass and ground. The former is preferred and both
are discussed further here.

Suspension trim height can be defined in various ways and measured with different techniques to different
levels of accuracy. The simplest, and least precise approach is to measure the vertical distance between
the wheel center and an arbitrarily defined point on the body fender lip. This is usually done with a steel

tape.

Its disadvantage is in not uniquely defining suspension trim exclusive of body posi

tion relative to

suspension attachment points. Further, the wheel lip reference is often arbitrary and may be difficult to
reproduce at a later date. A more precise and repeatable method is to measure relative heights between

some

point(s) on the suspension and/or a point on an adjacent frame member. (Such poi

nts are often a

ball jo
measy
usually
plate.

The m
cambeg
at fron
an adq
discus

Measu
Measu
Calibratio
Measurenmn
Variables
normal for
specified G
weight wh
considered
for a furth

weights.

Since the

all three. |t is customary to measure total and unsprung weights and determine the sprung wg

difference.

nt seat, axle centerline, control arm pivot bolt, or frame "kick-up" above axle cent
rements are more difficult and require that the test vehicle be on an accurate herizg
a steel bed plate. Vertical measurements should be made between reference’ poin
Subtraction defines their relative height.

basurement of wheel track, between centers of tire contact, can be complicated by t
r and toe-in. Itis customary to measure wheel track above the road plahe at the tire t
and rear. These dimensions should be averaged to correct for toe-in. In addition, t
itional correction made for camber, normally measured on a wheel alignment facilit
sed in 8.2.2 of SAE J1574-1.

rement of Wheel Alignment—No discussion in addition'to that of SAE J1574-1.
rement of Tire Pressure—No discussion in addition to that of SAE J1574-1.

N Procedures—No discussion in addition to-that of SAE J1574-1.

ent of Vehicle and Component Weights

Measured—Total vehicle weight,.front and rear unsprung weights, sprung weight, an
ces are measured. The total-wehicle weight is the weight of the complete vehicle
onditions, including appropriate quantities of coolant, fuel, and lubricant. The unspru
ch is not carried by the suspension system, but is supported directly by the tire

to move with it. Pertions of the weight of the suspension members are also includeg
br discussion of this"issue.) The sprung weight is the total weight minus the tot

bprung weight is the difference between total and unsprung weights, it is not necess

erline.) These
ntal reference,
ts and the bed

e existence of
read centerline
here should be
y. This is also

i individual tire
conforming to
ng weight is all
or wheel, and
. (See 5.3.2.2
al of unsprung

hry to measure
pight from their

Some applications may not require the measurement of unsprung weight, such as the simulation of a
nonrolling "bicycle" model. If such is the case, it should be avoided, due to the difficulty of disassembling the
vehicle suspensions.
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5.2

521

522

5.2.3

The need to measure individual tire normal forces stems from the need to determine the vehicle horizontal
center of gravity position, discussed in the next section. To measure the vehicle's longitudinal center of gravity
position, only the "axle loads" (sum of tire normal forces on an axle) are required, assuming the wheelbases
are the same on each side. (This symmetry usually exists, at least nominally, for most vehicles.) Given the
axle loads and the wheelbase, the solution of a statics problem provides the longitudinal center of gravity
position. Similarly, to measure the vehicle's lateral center of gravity position, only the sum of tire normal forces
on each side of the vehicle would be required, if the wheel tracks were the same. But, this is generally not true
and individual tire normal forces are required. Because of this, the need to measure individual tire normal
forces will be assumed in SAE J1574-1. The accuracy requirements for these measurements will be
determined by the accuracy requirements set for the measurement of total vehicle weight and center of gravity

position, not by accuracy requirements for the measurement of tire normal forces, per se.

This will be

discussed
Apparatug
GENERAL

GENERAL

further in 5.2.3 of this section.

PERFORMANCE REQUIREMENTS—NOo discussion in addition to that of SAE J1574-1.

CONFIGURATIONS—Due to the general need to measure individual tire’normal force

scales ¢

If a givgn laboratory does not need to measure center of gravity,herizontal position, a

measur
measur
horizont

PERFORN

of tire nIrmaI forces, sprung and unsprung weights,.Scale level, and scale planarity. The |

discussi
accuracy
own acc

It is assWimed in this discussion that individual tire normal forces are to be used primarily tg

vehicle
(center @
in which
limited tg
this disc
total wei

as indicqtions of the-effect of measurement error on the determination of horizontal ce|

position.
planarity,
thereforg

pable of measuring each tire normal force are required. In centain cases, this may n

total vehicle weight and sprung or unsprung weights would suffice. Similarly, a
axle load or the sum of tire normal forces on one sjdefof the vehicle could be us
| center of gravity position, if the vehicle symmetry eonditions discussed in 5.1 were

ANCE REQUIREMENTS—Table 5 in SAE J1574-1%gives accuracy requirements for the

n is to explain these requirements by developing the theory related to them. Sing
requirements are vehicle dependent, the availability of the theory will allow the use
iracy requirements which are consistént with those of Table 5.

veight, longitudinal weight_distribution (center of gravity position), and lateral wei
f gravity position). They may also be used as input to four-wheeled directional cont
case their importancesdepends on tire force and moment nonlinearities. Since S
directional controlssimulation in the linear range, these effects will be assumed sm
Ission will focus onjerrors in the measurement of tire normal forces which ultimately
pht and horizantal center of gravity position. (Longitudinal and lateral weight distributi

The errors discussed are: scale error, side view scale slope, front view scale sl

5, one or more
ot be required.
single scale to
single scale to
pd to measure
met.

measurement
purpose of this
e a few of the
r to set his/her

calculate total
pht distribution
ol simulations,
AE J1574-1 is
all. Therefore,
pffect apparent
on will be used
nter of gravity
bpe, and scale

Errors introduced by inaccuracies in these variables are assumed to superinpose and will

be'disCussed separately. Derivations will assume a four-wheeled vehicle.
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The following variable names will be used:

dy side view slope of plane of scale(s)
Oy front view slope of plane of scale(s)
a horizontal distance from total vehicle center of gravity to front wheel centerline
b horizontal distance from total vehicle center of gravity to rear wheel centerline

¢ horizontal distance from vehicle lateral plane of symmetry to total vehicle center of gravity (assumed
positive to the right)

e scale error, measurement error divided by true value
h height of one tire center of tire contact above plane of others
H height of total vehicle center of gravity above ground
ks front roll stiffness, including tire effects

K, rear roll stiffness, including tire effects

Kq effective stiffness of roll stiffnesses in series

L wheelbase

P1 left front tire normal force

P> right front tire normal force

P3 left rear tire normal force

Py right rear tire normal force

Ts front wheel track

T, rear wheel track

W total vehicle weight

Ws front axle load

W, rear axle load

WD, | longitudinal weight distribution

WDy, | lateral weight distribution

apparent value of variable resulting from, effects of error(s)

The effect of scale error is easiest to address by first defining its effect on the measurement pf an individual
tire nofmal force. Using the previous definjtion of e (see Equations 1 and 2),

(Eq. 1)
e=(R'-P)/R

and,

(Eq. 2)
R'=(1+e)P

The worst-case effect of scale error in the measurement of total vehicle weight would be four scales with
errors in the same direction, or one scale with the same error. In this case, the apparent total weight would
be as shown in Equation 3:

(Eq. 3)

W'=(1+e)P +(1+e)P, + (1+e)P; +(1+e)P,
=(1+e)W
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The apparent total weight depends only on scale error and total vehicle weight and is independent of vehicle
center of gravity position or other design attributes.

The worst-case effect of scale error in the measurement of longitudinal weight distribution would be having
front scales with errors in one direction and rear scales with errors in the opposite direction. In this case (see

Equations 4 to 6),

The app

distribut
indicate

true weig

The wor
on one S
direction
substitut]

then the
not the

usually n
tracks afe significantly different, then the lateral weight distribution is not a true indication g
gravity 1g
normal f

Scale si

e
distributitn. This results from the fact that the weight vector acting at the vehicle total center

(Eq. 4)
Wf'= (1 + e)Wf

(Eqg. 5)
W.'=(1-e)W,

(Eq. 6)

WD, '=(1+e)W; / ((1+e)W; + (1-e)W.)
=W /(Wi +(1-e)W, /(1+e))

arent longitudinal weight distribution depends on the scale error and the vehicle
bn.  For a vehicle with 50/50 weight distribution, a 5%scale error in the direction
A weight distribution of 52.5% front. This sensitivity is’roughly, but not exactly, the sa
ht distributions.

st-case effect of scale error in the measurement of lateral weight distribution would be
de of the vehicle with errors in one direction“and scales on the other side with errors

In this case, the governing equations@re the same as those for the longitudinal an
on of tire normal forces on one side-of the vehicle for axle loads. If the wheel trackg
ateral weight distribution correspands to lateral offset of the center of gravity. If the w

early equal and the previous-sensitivity of weight distribution to scale error is applical]

teral position. The apparent offset of the center of gravity is determined from apparer
prces and the solution of a statics problem:

=[P, =P /2)+ (P, —Ps)(T, /2)]/ (P +P, + Py +P,)

view’slope can also produce errors in the measurement of total weight and long

's true weight
5 assumed will
me for different

having scales
in the opposite
alysis, with the
are the same,
heel tracks are

same, this correspondence nonlenger holds exactly. For most passenger cars, wiheel tracks are

le. If the wheel
f the center of
t individual tire

(Eq.7)

itudinal weight

bf gravity is not

perpendicular to the plane of the scales. Its component normal to the plane of the scales is Wcosqy and its

longitudinal component is Wsingx.

These effects result in the following apparent axle loads (assuming

insignificant sprung mass pitch resulting from the scale slope and a slope which raises the rear of the vehicle
above the front) (see Equations 8 and 9):

W;'=Wcos6,b/L+Wsing H/L

W,'=Wcos6,a/L-Wsing H/L

(Eq. 8)

(Eq. 9)
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The apparent total weight is the sum of these loads. The apparent longitudinal weight distribution is as
shown in Equation 10:
(Eq. 10)

WD, '= W' /(W' +W, ")

Scale front view slope can produce similar errors in the measurement of total weight and lateral weight
distribution. As before, suspension deflections are assumed to be insignificant and the slope is assumed to
raise the left side of the vehicle. Lateral load transfer will be assumed to be distributed according to the
longitudinal weight distribution. This is related to the assumption of insignificant suspension deflection, due
to Coulomb friction. In this case, suspension roll center heights and roll stiffness distribution do not come
into play|and the assumption of load transfer distribution equalling the weight distribution is-justifiable. The
apparent individual tire normal forces are as shown in Equations 11 to 14:

(Eq. 11)

P,'= Wbcos8, /(2L)— WbHsin8, / (LT;)
(Eq. 12)

P,'=Wbcos8, / (2L)+ WbHsin®, / (LF)
(Eq. 13)

P,'=Wacos8, / (2L)-WaHsin®, /(LT;)
(Eq. 14)

P,'=Wacos8, /(2L)+WaHsin®, / (LT,)

The apparent total weight is the sum-of these values. The apparent longitudinal weight distrijution is shown
in Equation 15:
(Eg. 15)

WD, '= (P, +P,') / (P, +P,'+Py'+P,")

The apparent lateral weight distribution (again ignoring wheel track differences) is shown in Efuation 16:
(Eg. 16)

WDy'=(P2.+P4.)/(P1'+P2 +P3 ‘H"‘4 )

The last source of error to be discussed is lack of scale planarity. Since scale slope errors have already been
addressed, it will be assumed that tire normal forces are being measured by four scales, three of which are
level and coplanar. The fourth will be assumed to be higher by an amount h. Assuming that the front axle
has the out-of-plane scale, the centers of tire contact are displaced in roll by h/Tf, using small angle
approximations. In this displacement mode, with the vehicle in static equilibrium, the suspension roll
stiffnesses (including tires) are in series and carry equal and opposite moments. Therefore, knowledge of the
magnitude of this moment will allow determination of the load transfer across each axle and the individual tire
normal forces. The tire normal force at the out-of-plane (higher) scale and diagonal to it will be higher than
that for coplanar scales.

-10-
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The series spring rate of the two suspensions is shown in Equation 17:
(Eq. 17)

ke = kik, / (ks +k,)

The moment carried by each suspension is the product of this effective stiffness and the imposed roll
displacement due to the scale height h is shown in Equation 18:

(Eqg. 18)
M=kh/T
The load transfer across the front suspension is this moment divided by the wheel track iscshown in Equation
19:
(Eqg. 19)
Pr=M/T;
=kich/[T2(ke +k,)]
The load transfer across the rear axle arises from the same momentand imposed roll angle (at the front) but
may be ¢arried across a different wheel track as shown in Equation 20:
(Eg. 20)
P, =kikh/[T,2(ke+K)]
Therefork, the apparent individual tire normal forces are shown in Equations 21 to 24:
(Eq. 21)
P'=WbY2L + kkh/[T2(ks +k, )]
(Eq. 22)
Py'=Wb/2L -kikh/[T;2(ks +k, )]
(Eq. 23)
Py'=Wa /2L - kikh/[T.2(k +k,)
(Eq. 24)

P,'=Wa /2L + kkh/[T.2(k +k,)]

The equations developed previously should allow the reader to calculate acceptable values of scale level and
planarity, for a given vehicle, such that the accuracy requirements of Table 5 of SAE J1574-1 are met. The
absolute accuracy requirements for scale level and planarity shown in Table 5 of SAE J1574-1 are given so
that such calculations are not required. Table 5 gives some insight into these requirements, using the
previous equations, and based on the characteristics of a small front-wheel-drive passenger car.

-11-
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TABLE 5—SCALE ERROR, LEVEL, AND PLANARITY
CONTRIBUTIONS TO TOTAL ERROR

Error Error Error Error
Total Sources Sources Sources Sources
Variable Error Scale SV Slope FV Slope Planarity
total vehicle 0.2% max error: 0.20% 0.0005 0.0005
weight sensitivity: 1.00%/% 0.002%/deg 0.002%/deg
max source: 0.20% 0.25 deg 0.25 deg
long. weight 0.2% max error: 0.10% 0.10%
gistribution SEnsIvity: U.50%7% U.50%/0€g
max source: 0.20% 0.20 deg
lat. weight 0.2% max error: 0.10% 0.10%
distribution sensitivity: 0.50%/% 0.50%/deg neg.
max source: 0.20% 0.20 deg
frpnt tire 1.0% max error: 0.20% 0.10% 0.20% 0.50%
normal force sensitivity: 1.00%/% 0.50%/deg 1.20%/deg 0.20%/mm
max source: 0.20% 0.20 deg 017 deg 2.50 mm
rgar tire 1.0% max error: 0.20% 0.20% 0.20% 0.40%
normal force sensitivity: 1.00%/% 1.00%/deg 1.20%/deg 0.20%/mm
max source: 0.20% 0.20 deg 0.17 deg 2.00 mm
Nptes
1|The "max error" is the maximum error permitted for a given ertersource. The sum of these values equald

N

N

the "total error" shown for each variable.
The "sensitivity" is the measured error, in percent, for the \variable per unit of error at the source. Values ane
approximate for the vehicle studied.

The "max source" is the maximum error at the souree such that the "max error" is not exceeded for the
"sensitivity" shown. The "max source" is the "max error" divided by the "sensitivity."

No entry indicates no influence of an error soufce on the variable. Planarity can influence indicated laterd
weight distribution for unequal wheel tracks.) For most vehicles, these are roughly equal and the sensitivit
is negligible, although not zero.

The "max source" angles for scale slope on total weight do not equal the "max error" divided by the
"sensitivity," due to the nonlineaf nature of the source and resultant error.

Table 5

J1574-1
(0.2 deg
weight d

Use of th

vehicle h

sensitivity studies not included here.

discussed in Section 7.

The allowable scale slope and planarity errors of 0.2 degree, 0.2 degree, and 2.0 or 5.0 mm will also allow for
the measurement of individual tire normal forces to the stated accuracy of 1.0%. This accuracy, along with
ation of total weight, longitudinal weight distribution, and lateral weight distribution to within 0.2%, is
considered sufficient for directional control simulation and vehicle description. Measurement of individual tire
normal forces to greater accuracy is considered optional. If this is done, the sensitivities shown for individual

determin

tire normal forces should be used as guidelines or recalculated for the test vehicle in question.
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Ehows the rationalefor the maximum values of scale slope and planarity error in Tgble 5a of SAE
based on an aSsumed scale error of 0.2%. The allowable scale slope and planarity errors
ee, 0.2 degreeyand 2.0 or 5.0 mm) are small enough to allow measurement of tqtal weight and
stribution tathe accuracy stated. Wheel track differences up to 25% have small effe¢ts on the error
sensitivites.

e efuations developed previously for individual tire normal forces allows further deterjmination of the
orizontal center of gravity position, discussed in Section 6. The accuracy stated for tptal weight and
longitudinal weight distribution will allow the simulation of understeer to within about 0.05 degree/g, based on
The total error shown for lateral weight distribution is chosen to
minimize errors in the determination of center of gravity height, discussed in Section 6, and vehicle inertia,
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In this discussion, the determination of longitudinal and lateral weight distribution to given levels of accuracy
have been used as indications of the ability to determine horizontal center of gravity position to certain levels
of accuracy. In the longitudinal direction this is true, given wheelbase symmetry. In the lateral direction the
relationship between (lateral) weight distribution and center of gravity position is complicated by wheel track
inequality. Use of the equations developed previously with the example vehicle shows that the lateral weight
distribution does give a good indication of center of gravity lateral position, even with a rear wheel track 25%
smaller than the front. In all cases, determination of center of gravity lateral position from the lateral weight
distribution and average wheel track agreed very closely with the exact value, calculated from individual tire
normal forces and wheel tracks.

5.3 Test Procedures

5.3.1 VEHICLE
total wei
is small
center of

5.3.2 TESTPR

5.3.2.1 Meas\

5.3.2.2 MeasU
the su
Portior
consid

AX
B3
Br.

Dr|
Fr
(]l
St
St
St

TART T S@moa0 o

Wi
Wi

3

Suspe
be pro|

PREPARATION—The vehicle is ballasted to appropriate axle loads for the properyd
jht and center of gravity horizontal position. Suspension trim is uncontrolled(Since s
less than 1.0 degree) and any suspension trim error would produce onlyra“sine err|
gravity horizontal position.

DCEDURES

rement of Total Vehicle Weight—No discussion in addition to.that of SAE J1574-1.

ered to be directly supported by the tire or wheekand move with it:

les (solid axle suspension)
cking plates
bke assembly(s)

Differential

Lims/rotors

bnt and rear solid axle

tboard universal joints

hbilizer bar (mounted te_unsprung mass)
bering knuckles

Ib axles

Tifes

neels
neel bearings

hsion‘members connecting the unsprung and sprung masses function as both, and t

various HE GH 3 S 15 :
approximation is to assign 50% of the weight to the unsprung, and 50% to the sprung weigh

portioned accordingly. The complexity of correctly determining appropriate factors

omnonan aldalalla a on a a A 4l a

btermination of
cale level error
Or on apparent

rement of Vehicle Component Weights—The unsprung-weight is all weight which is| not carried by
spension system, but is supported directly by the tirevor wheel, and considered t¢ move with it.
s of the weight of the suspension members areralso included. The following components are

neir mass must
for each of the
rally accepted
t of the vehicle.

This method is suggested unless specific or more representative information is available. The following
components should be so divided:

Dr

S@~opoooe

Control arms

ive shafts/axle shafts (independent suspension)

Panhard rod/track bar

Shock absorbers

Springs

Stabilizer bars (mounted to sprung mass)
Suspension links

Tie rods

-13-
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5.4

54.1

54.2

54.3

5.5

55.1

6.1

6.2

6.2.1

6.2.2

6.2.3

Data Processing and Presentation

DETERMINATION OF TOTAL VEHICLE WEIGHT—NOoO discussion in addition to that of SAE J1574-1.

DETERMINATION OF UNSPRUNG WEIGHTS—NOoO discussion in addition to that of SAE J1574-1.

DETERMINATION OF VEHICLE SPRUNG WEIGHT—NOo discussion in addition to that of SAE J1574-1.

Calibration Procedures

CALIBRATION OF WEIGHT SCALES—NOo0 discussion in addition to that of SAE J1574-1.

Measurenjent of Center of Gravity Positions

Variables Measured—Direct determination of the unsprung cg locations presents-a time-
which, degdending on intended use and available information, may not be required. Reasonab
these locations can often be made with the unsprung component weights measured in Seg
weights frbm spare suspension components) and with component cg 4ocations from lay
Determinafion of effective unsprung mass center of gravity position should.rely on the 50/50 rulg
on established principles of mechanics. If the unsprung cg positionssare measured direc

estimated,|then the procedures of SAE J1574-1 should be followed,

Apparatug

GENERAL PERFORMANCE REQUIREMENTS—NOoO discussion ‘ig-addition to that of SAE J1574-1.

GENERAL CONFIGURATIONS—NO discussion in addition'to that of SAE J1574-1.

consuming job
e estimates of
tion 5 (or with
out drawings.
e and be based
ly, rather than

PERFORMANCE REQUIREMENTS—Both the data‘reduction techniques of 6.4.1, of SAE J1574-1, and the error

analysis [which follows require the basic equations covering the mechanics of the tilt table ¢
height tgst method. Only one fundamental equation covers this statics problem, but its

pnter of gravity
rearrangement

results ih a more useful relationship’ for cg height determination. This is derived ag follows, with

rearrangement, so that both the data’reduction and error analysis are more easily understood.

Figure 1|shows simple diagrams of the geometry of the tilt table and vehicle center of gravity, hoth before and

after tilt has occurred. Thé following variable names are used:

q able tilt angle

H vehicle center of gravity height above road plane and table pivot axis (assumed coindident)
M table restoring moment

w Vehicle“weight

atéral offset of vehicle center of gravity relative to pivot axis, at zero tilt angle

Y
Ysy lateral shift of vehicle center of gravity due to tilt angle

-14-
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Tab]e-——\\\

Pivot

Y + Yg
\(¢/”///‘)\ e

/

FIGURE 1—CENTER OF GRAVITY HEIGHT TEST GEOMETRY
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The governing relationship for this test method is the static equilibrium equation for the vehicle and table at a
nonzero tilt angle. To write this, the moment arm of the weight vector relative to the pivot axis is required.
This is the sum of the vertical projections of the moment arms (Y + Ygu) and H. This sum is (Y + YSH)cosQ

+ Hsing.

This can

Thus, the equation for the restoring moment is shown in Equation 25:

M =WI[(Y + Yg,)cos6 +Hsing]

be rearranged to Equation 26:

(Eq. 25)

This will

to note that Y is a constant but that Yg depends on ( and tanq. As a resultl(see Equation 2

Equation
=Y. The
excludin
with exp
is taken

These rq
knowled

forming the variables M/(Wcos() - Ygg and tang, with and without fixed errors introduced fo

Ygy. Th
rationalg
Informat

M/ (W cos8) - Ygy =Htan6 +Y

yield an expression for H if the derivative with respect to tan( is taken! |In-doing this

H=d[M/(Wcos6)- Yeu]/dtane

27 shows a relationship of the form y = mx + b, where y = M/(Wcos() - Ygy m =H,
derivative form simply isolates the cg height, Hgahd defines its value in terms of the
J Y, whose derivative with respect to tan( is zero. Equation 27, iny = mx + b form, is
brimental data. It can be used with linear regression techniques to determine the val
At a number of different tilt angles. This is‘the conceptual approach described in SAE

lationships also allow an error analysis to be performed to determine the accuracy
pe of M, W, (, and Ygy, for a desired accuracy in the value of H. This can be ag

e results of such an analysis;*for a small FWD passenger car, are shown in Table 7.
for the accuracy requirements of Table 7 of SAE J1574-1. It follows the format of
on Report of Section®s.

TABLE 7—RESTORING MOMENT, VEHICLE WEIGHT, TILT ANGLE, AND
LATERAL SHIFT CONTRIBUTIONS TO TOTAL ERROR

(Eq. 26)

it is important

/):

(Eq. 27)

K = tanq], and b
bther variables,
he most useful
ue of H, if data
F J1574-1.

required in the
complished by
r M, W, q, and
This forms the
Table 5 of the

Error Error Error Error
Total Sources Sources Sources Sources
Variable Error Moment Weight Angle Lat. Shift
fotal venicle 0.5% Max error. 0.20% 0.20% 0.10% 0.0Z %
cg height sensitivity: 1.00%/% 1.00%/% 1.00%/% 0.002%/%
max source:  0.20% 0.20% 0.10% 10.00 %
Notes

1 The "max error" is the maximum error permitted for a given error source. The sum of these
values equals the "total error" shown for each variable.

The "sensitivity" is the measured error, in percent, for the variable per unit of error at the source.
Values are approximate for the vehicle studied.

The "max source" is the maximum error at the source such that the "max error" is not exceeded

for the "sensitivity" shown. The "max source" is the "max error" divided by the "sensitivity."

2

3
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6.3 Test Procédures

6.3.1

6.3.2

6.3.2.1

6.3.2.2

Note that all of the "max source" values in Table 7 are expressed in percent since all of the values for
moment, weight, angle, and lateral shift are nonzero for a tilted table. In this case, it is appropriate to express
the error sources ("max source" values) as percentages of the variable itself. As a result, all of the
sensitivities carry the units %/%. This is not possible if the associated variable can be zero, which was the
case in Table 5 for slope and planarity errors.

Table 7 does not include the initial lateral position of the vehicle cg, Y, since its value is not required to
determine the cg height, using the equation form derived previously.

The sensitivity study shows that the sensitivities to measurement error for restoring moment, total weight,
and tilt angle are all about 1%/%, while that for lateral shift is much less, at 0.002%/%. The "max source"

values depend on the total measurement error established as acceptable and a rational alloca
each of
5a of SAE J1574-1 is 0.2%. Therefore, the maximum error in the measurement of(¢d heig

ion of errors to

e error sources. The maximum error ("max source") established for total vehicle.weight, from Table

ht, due to this

error, myst be 0.2% (0.2% error source times 1.0%/% sensitivity). Since the totalpmeasurenjent error must

be greatgr than this, due to additional contributions from the other three sources;its value can
at any vdlue above 0.2%. The 0.5% value shown is arbitrarily chosen in this contéxt. The "mg
of 0.2% for moment and 0.1% for angle are arbitrarily chosen to make up the'balance of the O
ignoring [the small contribution of lateral shift measurement error. Sincéithe sensitivities fg
angle mgasurement are 1.0%/%, the "max source" values for these error sources are the sar
error" vglues. The "max source" value of 10% for lateral-shift measurement is arbitrary,
negligible 0.02% total contribution for this error source.

This sengitivity study is based on the measurement of restoring moment for generality. If restg
measurgd by measuring a force acting through moment arm(s), then the measurement accura
force an¢l the moment arm(s) must not exceed that citéd for the measurement of restoring mg

PREPARATION—The vehicle is testeéd at curb loading to eliminate center of gravity m
the vehigle is tilted on the cg height tilt_.table. Such movement occurs as a result of thq
simulatefl passengers or cargo held.with compliant restraint systems. Since it is difficult to dq
rigid restraint systems, or systems with a specified compliance, testing consistency is improve
vehicle gt curb loading. Other loading conditions should be simulated using measured positi
center of gravity positions of‘passengers and cargo. This approach eliminates restraint cormj
on total |vehicle cg position, or allows it to be defined in a known manner.
indepenglent measurements of passenger and cargo cg positions, seat vertical compliance, 3

VEHICLE

ride rate$, at the least-and are not covered by SAE J1574-1.
The recgmmendation to completely fill or empty the fuel tank is also intended to eliminate
shifts dup to\fluid movement, both static and dynamic. Completely filling the tank should mini

to an ac

be established
X error" values
.5% total error,
r moment and
ne as the "max
resulting in a

ring moment is
icy for both the
ment.

ovement when

movement of
sign very light,
1 by testing the
ons and (local)
pliance effects

The approach also requires

nd suspension

nknown mass
Mize this effect
tank should be

Ceptable level but, if there is evidence that fuel movement or sloshing remains, the

completely drained before the center of gravity height measurements begin. The curb less fuel center of
gravity height should be corrected for the (normal) fuel load using the weight of fuel and dimensions of the

fuel tank.

TEST PROCEDURES

Measurement of Total Vehicle Center of Gravity Position—No discussion in addition to that of SAE J1574-1.

Measurement of Unsprung Center of Gravity Positions—No discussion in addition to that of

SAE J1574-1.
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6.4 Data Processing and Presentation

6.4.1

6.4.2

6.4.3

6.5

6.5.1

6.5.2

6.5.3

6.5.4

6.5.5

7.1

7.2

7.2.1

7.2.2

7.2.3

Calibratioh Procedures

Measuremnent of Moments and Products of Inertia
Variables Measured—No discussion in addition to that-6fSAE J1574-1.

Apparatug

DETERMINATION OF TOTAL VEHICLE CENTER OF GRAVITY PosITION—No discussion in addition to that of SAE
J1574-1.

DETERMINATION OF UNSPRUNG CENTER OF GRAVITY PosITIONS—No discussion in addition to that of SAE
J1574-1.

DETERMINATION OF VEHICLE SPRUNG CENTER OF GRAVITY PosITioN—No discussion in addition to that of SAE
J1574-1.

WEIGHT BcALES—NOo discussion in addition to that of SAE J1574-1.

RESTORING MOMENT TRANSDUCER—NO discussion in addition to that of SAE J1574-1.
TILT TABYE OR PLATFORM—NO discussion in addition to that of SAE J1574-1)
PRECISIgN PROTRACTOR—NO discussion in addition to that of SAE J1574-1.

DIAL INDICATOR DISPLACEMENT DEVICES—No discussion in additien to that of SAE J1574-1.

GENERAL PERFORMANCE REQUIREMENTS—NO) discussion in addition to that of SAE J1574-1.
GENERAL CONFIGURATIONS—NO discuission in addition to that of SAE J1574-1.

PERFORMANCE REQUIREMENTS—+The measurement accuracy required for moments and prodlucts of inertia
depends| on the sensitivityaf-'vehicle response parameters to errors in values for the pehicle inertial
charactefistics. This can(be determined through simulation by simulating a reference case pnd test cases
with errgrs introduced.in\the inertial characteristics. Such a study, using yaw velocity and Jroll angle 90%
responsg times (time/to reach 90% of steady-state value), shows the following sensitivities for a passenger
car:

a. Tojal vehiCle yaw inertia on yaw velocity response time: 1.0%/%
b. Sgrung mass roll-yaw product on yaw velocity response time: 0.0%/%
c. Sprung mass roll inertia on roll angle response time: 0.5%/%

These values can be used with an allowable error for the response parameter to establish allowable
measurement errors. Using the first of these (the most sensitive), an allowable error of 2.0% in the
determination of yaw velocity response time would require that yaw moment of inertia be determined to
within 2.0%. This arbitrary criterion is applied to the determination of total vehicle yaw moment of inertia,
and thereby extended to both sprung and unsprung mass yaw moments of inertia. For reasons of
consistency, this same allowable error is applied to the measurement of all moments of inertia. Due to the
low sensitivity of yaw velocity response time to sprung mass product of inertia, a less stringent criterion of
5.0% is established for the measurement of products of inertia.

-18-
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These allowable error criteria allow allocation of measurement error to the directly measured variables of
period and restoring spring rate, for moment of inertia, and reaction moment and roll acceleration, for product
of inertia. This allocation is shown in Table 9, with arbitrary allocation to the two error sources for each type
of inertia. The "sensitivity" shown is that for the sensitivity of calculated inertia to an error in input to the
governing data reduction equation. In the case of moment of inertia, calculated inertia is proportional to the
square of measured period, thus giving this measurement a sensitivity of about 2.0%/%. (A 1.0% error in the
determination of period will result in about a 2.0% error in calculated moment of inertia.) The other three
sensitivities are about 1.0%/%.

Table 9 shows allowable error allocations for the measurement of the primary variables used in the
calculation of each type of inertia. Since some of these may depend on other measurements (linear spring
rate and[moment arm, in the case of restoring spring rate), they reflect the aggregate error.allowed for that
"lumped error source. The experimenter must ensure that all measurements made, which tpntribute to the
measurgment of period, restoring spring rate, reaction moment, and roll acceleration, @re conpistent with the
allowabl¢ errors of Table 9.

TABLE 9—PERIOD, SPRING RATE, REACTION MOMENT, ANDROLL
ACCELERATION CONTRIBUTIONS TO TOTAL ERROR

source.

Variable Total Error Error
Error Sources Sources
Period Spring Rate

total vehicle 2.0% max error: 1.0% 1.0%

moment of sensitivity: 2.0%/% 1.0%/%

inertia max source: 0.5% 1.0%
sprung mass 2.0% max error: 1.0% 1.0%

moment of sensitivity: 2.0%/% 1.0%/%

inertia max source: 0.5% 1.0%

Reaction Moment Roll Acceleration

total vehicle 5.0% max error: 2.5% 2.5%

product of sensitivity: 1.0%/% 1.0%/%

inertia max source: 2.5% 2.5%
sprung mass 5.0% max error: 2.5% 2.5%

product of sensitivity: 1.0%/% 1.0%/%

inertia max source: 2.5% 2.5%
Notes

1 The’"max error" is the maximum error permitted for a given error source. The sum of
these values equals the "total error" shown for each variable.
2 The "sensitivity" is the measured error, in percent, for the variable per unit of error at the

S—TFhe*‘max source* s the maximurrerror at the-source such that the ™ meax error s ot

exceeded for the "sensitivity" shown. The "max source" is the "max error" divided by
the "sensitivity."

Note that all of the "max source" values in Table 9 are expressed in percent since all of the values for period,
spring rate, (maximum) reaction moment, and (maximum) roll acceleration are nonzero. In this case, it is
appropriate to express the error sources ("max source" values) as percentages of the variable itself. As a
result, all of the sensitivities carry the units %/%.
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7.3 Test Procedures

7.3.1

7.3.2

7.3.2.1

7.3.2.2

7.4 Data Procpssing and Presentation

74.1

7.4.2

7.5 Calibratioh Procedures—No discussion in addition:to that of SAE J1574-1.
8. Measurenjent of Suspension Kinematic Characteristics
8.1 Variable Measured—No discussion inaddition to that of SAE J1574-1.

8.2 Apparatus

8.2.1

8.2.2

VEHICLE PREPARATION—In all of these tests, the vehicle should have been tested with an empty fuel tank.
Since fuel can represent a significant contribution to total vehicle mass, its absence results in inertia values
which do not correspond to those for the vehicle at curb condition (with fuel). Common practice is to
measure the location and shape of the fuel tank and add in its effect using standard inertia formulas for this
distributed mass. It is also common practice to similarly add the inertial effects of passengers and cargo, to
avoid the experimental complications of simulated passengers or cargo which may shift during the inertia
tests. This requires knowledge of the inertial characteristics of a passenger, relative to the seat "H point," not
covered in SAE J1574-1.

TesT PROCEDURES—NO discussion in addition to that of SAE J1574-1.

Measurement of Total Vehicle and Unsprung Mass Pitch and Roll Moments and Roll-Yaw Pfroducts of Iner-
tia—N¢ discussion in addition to that of SAE J1574-1.

Measurement of Total Vehicle and Unsprung Mass Yaw Moments of Inertia—No ‘discussior] in addition to
that of|SAE J1574-1.

DETERMINATION OF TOTAL VEHICLE AND UNSPRUNG MASS PITCH AND.ROLL MOMENTS AND ROLL-)YAw PRODUCTS
OF INERTIA—No discussion in addition to that of SAE J1574-1

DETERMINATION OF TOTAL VEHICLE AND UNSPRUNG MASS ¥Yaw MOMENTS OF INERTIA—No discu$sion in addition
to that of SAE J1574-1.

GENERAL PERFORMANCE REQUIREMENTS—NOoO discussion in addition to that of SAE J1574-1.

GENERAL CONFIGURATIONS—A basic displacement mechanism(s) is required; it must be capalble of providing
relative yertical mation between the ground plane (tire contact patch) and the sprung mass|of the vehicle.
This motjon canbe accomplished by either of the following methods:

a. Rigidly fixing the ground (tire contact patch) plane and rotating (roll) or vertically transliating (ride) the
sprung mass about it. (Care must be exercised in utilizing this method so that the sprung mass is
displaced in only planar rotation or planar translation.)

b. Rigidly fixing the sprung mass of the vehicle and rotating/translating the ground plane about it. An
advantage to this method is that it is possible to actuate individual wheels/axles in rotation or
translation.

The displacement mechanism should be able to cycle the suspension system(s) through its total available
ride travel and at a minimum of +5 degrees of roll motion. It should be capable of adjusting the vehicle trim
condition to reflect any changes experienced during actual vehicle operation (from curb to gross vehicle
weight).
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8.2.3

The reaction mechanism for the suspension forces generated by the ride/roll motions of the vehicle must be
sufficiently rigid so as to minimize any deflections which could be misinterpreted as suspension or wheel
motion. (See Section 9, paragraph 9.2.2 for a more in-depth discussion of this issue.)

Tire pad tables for each wheel position are required to provide for the rotational freedom about the steering
axis and lateral and fore and aft displacement of the tire patch with respect to the vehicle sprung mass. This
is to be accomplished with a minimum of frictional restraint.

A steering constraint mechanism is necessary to rigidly fix the sprung mass components of the steering
system (steering wheel, column, steering gear) to prevent any undesired or extraneous steering inputs

during test measurements.

A device to apply the vehicle service brakes is necessary

for those test
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TABLE 11—VARIOUS CONTRIBUTIONS TO TOTAL ERROR

Variable Total Error Error Error
Error Sources Sources Sources
HW Steer RW Steer
overall steering 1.5% max error: 0.5% 1.0%
ratio sensitivity: 1.0%/% 1.0%/%
max source: 0.5% 1.0%
Camber Susp. Roll
roll camber 2.0% max error: 1.0% 1.0%
coefficient sensitivity: 1.0%/% 1.0%/%
max source: 1.0% 1.0%
Caster Susp. Roll
roll caster 10.0% max error: 9.0% 1.0%
coefficient sensitivity: 1.0%/% 1.0%/%
max source: 9.0% 1.0%
Half Track Lat. Disp. Vert. Disp.
roll center 2.5% max error: 0.2% 1.5% 0.8%
height (disp.) sensitivity: 1.0%/% 1.0%/% 1.0%/%
max source: 0.2% 1.5% 0.8%
Half Track Lat. Force Vert. Force
roll center 2.5% max error: 0.2% 1.0% 1.3%
height (equil.) sensitivity: %.0%/% 1.0%/% 1.0%/%
max source: 0.2% 1.0% 1.3%
Steer Susp. Roll
roll steer 2.0% max errer: 1.0% 1.0%
coefficient sensitivity: 1.0%/% 1.0%/%
max source: 1.0% 1.0%
Shock Disp. Wheel Center Disp.
shock-absorber 5.0% max error: 4.0% 1.0%
travel ratio sensitivity: 1.0%/% 1.0%/%
in roll max source: 4.0% 1.0%
Half Track Wheel Center Disp.
suspension roll 1.0% max error: 0.2% 0.8%
sensitivity: 1.0%/% 1.0%/%
max source: 0.2% 0.8%
Notes

1 The "max error" is the maximum error permitted for a given error source. The sum of these values
equals the "total error" shown for each variable.

2 The "sensitivity" is the measured error, in percent, for the variable per unit of error at the source.
Values are approximate for the vehicle studied.

3 The "max source" is the maximum error at the source such that the "max error" is not exceeded for
the "sensitivity" shown. The "max source" is the "max error" divided by the "sensitivity."

Note that all of the "max source" values in Table 11 are expressed in percent since all of the values represent
displacements (linear and angular) or force changes relative to some datum and will always be nonzero. In
this case, it is appropriate to express the error sources ("max source" values) as percentages of the variable
itself. As a result, all of the sensitivities carry the units %/%.
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8.3 Test Procedures

8.3.1 VEHICLE PREPARATION—NO discussion in addition to that of SAE J1574-1.
8.3.2 TEST PROCEDURES
8.3.2.1 Measurement of Overall Steering Ratio—No discussion in addition to that of SAE J1574-1.
8.3.2.2 Measurement of Front and Rear Ride Camber Coefficients—No discussion in addition to that of SAE
J1574-1.
8.3.2.3 Measurement of Ride Caster Coefficient—No discussion in addition to that of SAE J1574-1
8.3.2.4 Measurement of Front and Rear Shock-Absorber Travel Ratios in Ride—No discussion in addition to that
of SAH J1574-1.
8.3.2.5 Measurement of Front and Rear Ride Steer Coefficients—No discussion in addition to that pf SAE J1574-1.
8.3.2.6 MeasuUrement of Front and Rear Roll Camber Coefficients—No discussion in addition tg that of SAE
J157441.
8.3.2.7 MeasuUrement of Roll Caster Coefficient—No discussion in addition to that of SAE J1574-1.
8.3.2.8 Measurement of Front and Rear Suspension Roll CenterHeights—No discussion in addifion to that of
SAE J|1574-1.
8.3.2.9 Measurement of Front and Rear Shock-Absorber Travel Ratios in Roll—No discussion in addition to that of
SAE J|1574-1.
8.3.2.10 Measurement of Front and Rear Roll Steén Coefficients—No discussion in addition to that of SAE J1574-1.
8.4 Data Procpessing and Presentation—ln-general, these test procedures will produce data |n the form of
hysteresis|loops describing the relationship of the dependent variable to the independent yariable. This
hysteresis [can be produced by friction and/or lash in the suspension or steering system. Such hysteresis loops
complicatg the data reductiony'process of determining slopes at a given operating point] Methods of
determining such slopes aré€ discussed in some detail in 9.4. No single method is recommendgd as the best,
since therg is no generally accepted industry practice for determining such slopes in thg presence of
hysteresis.
8.4.1 DETERMINATION,OF OVERALL STEERING RATIO—NOo discussion in addition to that of SAE J1574+1.
8.4.2 DETERMINATION OF FRONT AND REAR RIDE CAMBER COEFFICIENTS—NO discussion in addition [to that of SAE
J1574-1.
8.4.3 DETERMINATION OF RIDE CASTER COEFFICIENT—NO discussion in addition to that of SAE J1574-1.
8.4.4 DETERMINATION OF FRONT AND REAR SHOCK-ABSORBER TRAVEL RATIOS IN RIDE—No discussion in addition to
that of SAE J1574-1.
8.4.5 DETERMINATION OF FRONT AND REAR RIDE STEER COEFFICIENTS—NO discussion in addition to that of SAE
J1574-1.
8.4.6 DETERMINATION OF FRONT AND REAR RoLL CAMBER COEFFICIENTS—NO discussion in addition to that of SAE

J1574-1.
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8.4.7 DETERMINATION OF RoLL CASTER COEFFICIENT—NO discussion in addition to that of SAE J1574-1.

8.4.8 DETERMINATION OF FRONT AND REAR SUSPENSION RoLL CENTER HEIGHTS—NoO discussion in addition to that
of SAE J1574-1.

8.4.9 DETERMINATION OF FRONT AND REAR SHOCK-ABSORBER TRAVEL RATIOS IN RoLL—No discussion in addition to
that of SAE J1574-1.

8.4.10 DETERMINATION OF FRONT AND REAR ROLL STEER COEFFICIENTS—NOo discussion in addition to that of SAE

8.5 Calibratioph Procedures—No discussion in addition to that of SAE J1574-1.

8.5.1

8.5.2

8.5.3

9.

Measurenjent of Suspension Elastic and Coulomb Friction Characteristics

J1574-1.

LINEAR QISPLACEMENT TRANSDUCERS—NO discussion in addition to that of SAE J1574D:

ANGULAR DISPLACEMENT TRANSDUCERS—NO discussion in addition to that of SAE J1574-1.

Force TRANSDUCERS—NO discussion in addition to that of SAE J1574-1.

9.1 Variables Measured—Section 9 of SAE J1574-1 describes meast@rement procedures for determining all of
the susperjsion compliance and Coulomb friction characteristic§ which have a major influence gn the vehicle's
wheel posjtion as regards linear regime, yaw, and roll plane performance of the vehicle. [ As a general

approach, land in order to comply with broadly used vehicle’modeling techniques, measuremént procedures
described |generally identify tire forces and moments,.@s defined by SAE, as the motivating, independent

variables ¢f the experiments. Further, suspension or\wheel motions, defined in the SAE vehicle-coordinate
system, arg considered to be the dependent variables of the experiments. Thus the procedurep are designed
to measurp suspension compliance, specifically excluding the contributions of tire complignces from the

measurement.
It is recogrjized that in specific instances,-it may be of value to the investigator to define alternate independent
and depengdent variables. For example, aligning moment about the kingpin of a steering suspension may be a
desirable independent variable.

9.2 Apparatug—There are a ndmber of points of interest regarding the apparatus described in 9.2 |of SAE J1574-
1 which dgserve further discussion.

9.2.1 GENERAL PERFORMANCE REQUIREMENTS—It was noted in 9.2 of SAE J1574-1 that "force,| moment, and

deflectioh measurements should be conducted continuously during quasi-static motions" of the suspension.
"Alternatjvely~displacement may be generated in a stepwise manner over time with measurements
conductid during quiescent periods. In this case, however, special care must be taken [to prevent the
abatement of the applied forces and moments during quiescent periods." The force/deflection characteristics
of vehicle suspensions may include significant levels of Coulomb friction as well as compliance properties. It
is the presence of Coulomb friction which, in the second case, may lead to experimental difficulty.

Figure 2 displays a hysteretic force/deflection relationship representative of many vehicle suspension
properties. Such a relationship might be determined from measurements made during an experiment
employing continuous motion. Figure 3 displays the force/deflection behavior of the same suspension during
a hypothesized experiment employing stepwise displacement of the suspension. In this experiment, at each
quiescent period in the increasing portion of the loading cycle, the motivating mechanism relaxes through a
very small displacement prior to the recording of each data point (indicated by the x's). Because of Coulomb
friction, however, the slight decline in displacement results in a significant drop in force. Thus the data taken
are not truly representative of the force/deflection characteristics of the suspension.
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Accordingly, in measuring force/deflection characteristics in which Coulomb friction may be present, the
investigator should take great care to prevent abatement of applied forces if a stepwise procedure is used.

FORCE

7 )
7

DEFLECTION

FIGURE 2—SUSPENSION LOAD/DEFLECTION RELATIONSHIP
FOR CONTINUQUS DISPLACEMENT

FORCE

7

i

DEFLECTION

FIGURE 3—SUSPENSION LOAD/DEFLECTION RELATIONSHIP
FOR STEPWISE DISPLACEMENT
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9.2.2

GENERAL CONFIGURATIONS—In 9.2.1 of SAE J1574-1 it is stated that "machine configurations which allow for
testing of suspensions with tires installed in their normal manner" are recommended by the standard, but that
to overcome certain deficiencies of this approach, specialized spindle support features are also acceptable.
Simply stated, a standard tire is a most convenient "fixture" by which to apply tire forces and moments to the
suspension. Further, leaving the tire installed, rather than mounting special fixtures, may simplify test setup
resulting in a more efficient test procedure. Unfortunately, using the tire as the "fixture" by which to apply
forces and moments to the suspension does not allow fully independent control of all test conditions and
variables. For example, the tire-rolling radius defines the position of the tire shear plane relative to the
vehicle and its suspension. Rolling radius is, however, a function of the individual tire, inflation pressure, and
the tire-loading condition. Thus, to the extent that rolling radius, and other geometric characteristics of the
tire, are variable, the geometry of the suspension-loading condition is variable. Further, when a tire is used
to apply|suspension loads, overturning moment becomes a dependent, rather than independent, variable,
being a [function of the individual tire, inflation pressure, the applied vertical and lateral)fgrces, and tire-
camber @ngle. For solid axle suspensions, tire overturning moment can generally be €ansidgdred as but one
portion df the total roll moment applied to the suspension. For independent suspensions, however, it stands
as a corceptually independent input, which unfortunately cannot be independently controlled if the input
"fixture" |s a tire resting on the ground plane.

Accordin
J1574-1
tire may
should b

As an ¢
overturn
fixtures,

equipme]

At the o
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forces) t
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gly, the investigator should be aware that the results obtained by the methods de
may be, in part, dependent on the particular tire fitted during testing. Although the i
be expected to be relatively small, tests with a variety of tirés installed and/or analyti
e conducted to determine this influence and its effect on.the test accuracy desired.

lternative, special spindle support fixtures, allowing independent control of rolli

while alleviating the aforementioned conceptual difficulties, may impose significa
Nt complexity and cost and cause a decrease in testing efficiency.

itset of 9.2.2 of SAE J1574-1, it is.indicated that "there are two reasonable, alter

vices in which the vehicle bady/frame is held fixed and the suspension is exercisg

vices in which the ground plane is fixed and the suspension is exercised by mov
dy/frame.

of the previousicases, the "proper" method of applying forces (be they reactive force
p the body/frame does not yield to straightforward definition.

/framesis; itself, a compliant element and consequently, can have a contributory effed
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Tes onty. Conversely, it may be Teasonabietoincludethe—effects—of body/frame

compliance in

"suspension” measurements since these compliances exist in the vehicle in normal operation and may
contribute to significant displacement parameters, e.g., road-wheel steer angle. In this case, however, it
must be realized that the inevitable point-wise loading which a test fixture will apply to the body/frame will
produce deflection patterns somewhat in variance with those produced under the distributed, inertial force
loading generated in vehicle use.
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Trucks and highway trailers deserve special consideration with respect to the issue of body/frame
compliance. The frame rail configuration of such vehicles generally yields high levels of body/frame
complianceaesufficiently high that these compliances may have as strong an effect on certain aspects of ride
and handling performance as do suspension compliances. Further, the wide variety of bodies which may be
mounted on a given chassis and the equally wide variety of loading configurations may strongly affect body/
frame compliances and their resulting effect on performance.

As a consequence of the previous issues, it is suggested that:

a. Ifitis the purpose of the investigator to isolate and measure only suspension compliances, the body/
frame_attachment_hardware should rigidly locate all members to which _suspension elements are
ma@unted as near to the suspension-mounting points as practicable.

b. Fgr passenger cars, if it is the intention of the investigator to include body/frame, eompliance effects,
then the passenger section of the vehicle should be rigidly located throughya mipnimum of four
attachment points located approximately at the four (plan view) corners=~of that| section. This
re¢ommendation should be tempered by the engineering judgment of the investigatof based on his
understanding of the structure of the specific test vehicle.

c. For trucks and trailers of conventional frame-rail construction, it is suggested that Item [a) be followed
and individual attention be given to the effects of body/frame compliance.

Paragraph 9.2.2 of SAE J1574-1 also indicates that a suspension eempliance measurement facility should
be capalple of independent application of tire-lateral force and aligning moment at each of the Wwheel positions
of the supject suspension. The application of either load is to be.accompanied by effectively zgro levels of:

a. Other tire shear forces and moments and
b. Sduspension vertical and roll displacements

Note thgt Item (a) implies a high degree of precision in establishing the line of action of the lateral force
through the tire contact center. Maintenance of, constant vertical wheel position (Item (b)) throughout the
loading process, in general, requires control ofithe vertical displacement actuator via feedback of the vertical
wheel digplacement signals. If such a control function is not available, an optional approach is as follows:
Having pstablished the nominal vertical displacement condition, maintain the relative position of the
simulatefl ground plane and the yehicCle body/frame constant during the experiment. In|this case, tire
deflectiops will allow small vertical and/or roll displacements of the suspension. Measure and|record vertical
and roll glisplacement data during the cyclical loading in order that this data, in conjunction with suspension
kinematit characteristics (Section 8) can be used to compensate the steer angle data colle¢ted during the
experimgnt. That is, vertical and roll displacements are to be used with ride and roll steer| coefficients to
predict the level of wheel steer generated by these kinematic effects. This level of steef is then to be
subtract¢d from the measured steer angles of this experiment prior to determining the lateral force steer
coefficient.

Finally, 9.2-2\0f SAE J1574-1 states that a suspension-compliance measurement facility should be capable
of meas |ring tire normal force lateral force, nligning moment_and n\/nrtllrning maoment At each wheel
position of the subject suspension. Due to the influence of tire and suspension compliances, the strict
maintenance of the proper orientation of both the applied loads and the load-transducer systems may be
difficult to accomplish. While it is straightforward to orient the normal force axis perpendicularly to the ground
plane, the maintenance of the lateral force axis through the contact center and in a direction perpendicular to
the line of intersection of the wheel plane and ground plane may be difficult. Two options appear reasonable
with respect to both force and moment application and measurement, viz.:

In the initial zero lateral force and zero aligning moment condition, the force and moment application system
and the measurement system axes should be oriented coincidentally with the SAE tire axis system.
Thereafter:
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9.2.3

9.3

a. These systems may remain fixed in the ground plane segment whose motion induces aligning moment
and/or lateral force, or

b. These systems should remain fixed in the ground plane as referenced to the line of intersection of the
ground plane and the vehicle plane of symmetry.

Either option produces errors in the orientation of the force and moment reference axis system relative to the
SAE tire axis system under deflected conditions. For example, under conditions of applied aligning moment,
because of tire compliances the force reference system of option (a) will rotate in the ground plane through a
larger angle than will the SAE tire axis system. Conversely, the reference system of option (b) will not, by
definition, rotate at all. In either case, induced errors for linear range measurements should be small.

In generil, The shear-load actuation system requires a low-friction planar bearing paraliel toine ground plane
in order fo support tire normal loads. This bearing may represent a path-to-ground for sheat|loads which is
parallel o the shear-load transducers, as well as being a source of unwanted longitédinal shear loads.
Therefork, the bearing should have a maximum friction coefficient under operational‘cenditionjs of 0.001.

PERFORMANCE REQUIREMENTS—AS in other sections of this document, this paragraph is ¢levoted to the
rationale| for the accuracy requirements shown in Tables 13a and 13b, of SAEXJ1574-1. This Is addressed in
Table 13|which shows allowable errors for the variables discussed in SAEAJ1574-1, as well ag allocations for
contribugjons to that error.

Four of {he variables listed (two steer and two camber coefficiehts) directly affect total vehitle understeer.
For these variables, the "total error" values shown in the secend column are based on sensitivity studies
performgd with a vehicle dynamics simulation of a small . EWD passenger car and are conpistent with an
understeer error contribution of less than 0.025 degree/g.(per axle) for that coefficient. Acceptable errors for
the camper coefficients are based on a worst case of a bias tire. The acceptable error for ride rate is
consistept with the determination of sprung mass ride frequency to within 2.5%. That [for roll rate is
consistept with the determination of roll gradientte within 5%. The acceptable errors for Cpulomb friction
match thiose for ride and roll rate since they are.determined from the ride and roll rate load deflection curves.
The accgptable error for lateral force deflection coefficient is arbitrary.

As in Talple 11, all of the sensitivities have values of 1.0%/%. This reflects the fact that an errpr of 1% in any
of the "npax source" variables (such as aligning moment) will result in an error of 1% in the|variable being
computed (such as aligning moment steer coefficient). All of the "max source" errors are gxpressed as a
percentdge of a measured vafiable which is normally nonzero. Possible exceptions to this arel camber angle,
in the measurement of aligning moment camber coefficient, and steer angle, in the measurgment of lateral
imits in Tables

gt the resulting
raIIy defined to
, hominal axle
load (9.3.1); gle According
to the S|mplest theory, such gains may be determmed by exercising the suspenS|on through infinitesimal
ranges about the operating point. In fact, the presence of Coulomb friction-related hysteresis requires testing
through finite ranges as do limitations of instrumentation. These procedures recommend exercising the
suspension to the estimated possible extremes of what is normally considered the linear range. These
procedures allow the experimenter to evaluate the appropriateness of the linear assumption. They also
generally ensure that gain and hysteresis effects may be clearly distinguished. It is also recommended that the
test suspension be exercised over smaller ranges as may be appropriate to the intended application of the
data. Recommendations for choosing such ranges are given in 9.4 herein.
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TABLE 13—VARIOUS CONTRIBUTIONS TO TOTAL ERROR

Total Error Error
Variable Error Sources Sources
Camber Aligning Moment
aligning moment 10.0% max error: 5.0% 5.0%
camber coeff. sensitivity: 1.0%/% 1.0%/%
max source: 5.0% 5.0%
Steer Aligning Moment
aligning moment 5.0% max error: 2.5% 2.5%
steer coeff. sensitivity: 1.0%/% 1.0%/%
max source: 2.5% 2.5%
Camber Lateral Force
lateral force 5.0% max error: 2.5% 2.5%
camber coeff. sensitivity: 1.0%/% 1.10%/%
max source: 2.5% 2.5%
Lat. Disp. Lateral Force
lateral force 5.0% max error: 2.5% 2.5%
deflection sensitivity: 1.0%/% 1.0%/%
coefficient max source: 2.5% 2.5
Steer Lateral Force
lateral force 5.0% max error: 2.5% 2.5%
steer coeff. sensitivity: 1.0%/% 1.0%/%
max source; 2.5% 2.5%
Vert. Force Wheel Ctr. Displacement
Coulomb friction 5.0% max-error: 2.5% 2.5%
in ride Sensitivity: 1.0%/% 1.0%/%
max source: 2.5% 2.5%
Vert. Force Wheel Ctr. Displacement
ride rate 5.0% max error: 2.5% 2.5%
sensitivity: 1.0%/% 1.0%/%
max source: 2.5% 2.5%
Roll Moment Roll Displacement
Coulomb friction 5.0% max error: 2.5% 2.5%
inoll sensitivity: 1.0%/% 1.0%/%
max source: 2.5% 2.5%
Roll Moment Roll Displacement
roll rate 5.0% max error: 2.5% 2.5%
sensitivity: 1.0%/% 1.0%/%
max source 2.5% 2.5%

Notes

1 The "max error" is the maximum error permitted for a given error source. The sum of these
values equals the "total error" shown for each variable.

2 The "sensitivity" is the measured error, in percent, for the variable per unit of error at the
source. Values are approximate for the vehicle studied.

3 The "max source" is the maximum error at the source such that the "max error" is not exceeded
for the "sensitivity" shown. The "max source" is the "max error" divided by the "sensitivity."
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9.3.1

9.3.2

9.3.2.

9.3.2.

9.3.2.

9.3.2.

9.3.2.

The linearity assumption also implies the validity of superposition, i.e., the absence of cross-coupling effects of
the independent variables on the dependent variables. The procedures are structured accordingly. Further,
certain dependent variable-independent variable relationships are assumed. For example, with respect to
steer angle related compliances, it is assumed that vehicle models to which measured parameters will be
applied have a general form as shown in Equation 28:

(Eq. 28)
8; =1(8gw» 0, Fyis My, ...)
where

& = Steer angle of the wheels of axle i

35w = Steering-wheel angle (assuming i is a steerable axle)

¢ = Vehicle roll angle

F,i = Tire lateral force on the wheels of axle i

M,; = Tire aligning moment on the wheels of axle i

Or in lineatized form as shown in Equation 29:

(Eqg. 29)

8, = 8y +(95; / 00)do +(38; / OF;)dFyi+ (95; / OM;; )My +..

where the purpose of these procedures is to determine-the partial derivatives.

For example, the aligning-moment steer-test procedure is intended to produce a direct measprement of 1di/
IMzi through a measurement of the relationship of di and Mzi. To do so, of course, requires that this
relationship be determined under conditions-in which the other independent variables (dsw, f, Fyj) are constant.
The follow|ng procedures imply linearizéd’ models of particular forms, by describing variables tp be measured
(the deperjdent variable and the independent variable corresponding to the partial derivatives ¢f interest) and
the other independent variables ‘to be held constant. The experimenter should determine that the implied
model forms correspond to these in which his measurements are to be employed. If th¢y do not, the
procedure$ should be altered or expanded accordingly.

VEHICLE PREPARATION==No discussion in addition to that of SAE J1574-1.

TesT PROPCEDURES—NO discussion in addition to that of SAE J1574-1.

1 Measurement of Aligning-Moment Camber Coefficients—No discussion in addition to that of SAE J1574-1.

2 Measurement of Aligning-Moment Steer Coefficients—No discussion in addition to that of SAE J1574-1.
3 Measurement of Lateral-Force Camber Coefficients—No discussion in addition to that of SAE J1574-1.
4  Measurement of Lateral-Force Compliance Coefficients—No discussion in addition to that of SAE J1574-1.

5 Measurement of Lateral-Force Steer Coefficients—No discussion in addition to that of SAE J1574-1.

9.3.2.6 Measurement of Ride Rate—No discussion in addition to that of SAE J1574.1.
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