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Abstroct

This report summarizes the development of handling and braking performsnce
requirements for passenger cars towing trailers. These requirements are based
on the results of over 2000 combination-vehicle tests with eight trailers and
three rear wheel drive tow cars {in 95 different configurations), over 500 tests
with three trailers and two front wheel drive tow cars {in 38 different configu-
rations), plus the results of previous trailer towing research. The proposed
standards include recommendations for straight line braking performance, trailer
swing stability, tow car steady turn stebility, and combined breke in turn sta-
bility end performance. For straight line breking, the recommended performance
criterion is 0.4 g deceleration of the cambination-vehicle. A tow car weight
based cn trailer brake capability requirement is pressented to insure that the
combination-vehicle will meet this deceleration requirement. For trailer swing
gtability the safefy-related performance measure is damping ratic, or the equi-
valent cycles to one-half amplitude. A minimum damping ratic of 0.15 (or 3/4
cycles to one-half amplitude) has been recommended, .- Test procedures and analysis
are presented which can be used to determine damping ratio for each trailer. In
this case a minimum hitch load criterion based on ftow car weight is suggested to
insure performance compliance. For tow car stebility a tentative performance
criterion of maintalinirg a positive tow car understeer gradient up to and includ-
ing 0.3 g cornering has been recommended. This requirement sets a limit on the
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ABSTRACT (concluded)

maximum allowable hitch load for a given tow car weight and is a fumction
of tne leoad leveling torque applied by a weight equalizing (Class III)
hiteh. Due to the compatibility of these latter two handling requirements,
they have been integrated into a single hitch load versus tow car weight
graph unique to each trailer. Use of this graph by a user or manufacturer
will define the proper hitch load range for a given tow car size and /or
nelp specify the minimum weight tow car for a given trailer.
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FOREWCRD

This document comprises Volume I of a four-volume techmicel report
documenting the development of car/trailer handling and braking standards.
This volume contains a condensed executive summary cf the program and key
results, Volume II presents the mein technical discussion and surmary
test results of Phase I testing with three rear wheel drive tow cars.
Volume III contains appendices providing raw deta and other supportive
material for the Phase I tests. Volume IV contains additional FPhase 11
test results for two front wheel drive cars and three trallers used for
validation of the proposed safety boundaries.

The research program was accomplished by Systems Technelogy, Inc.,
Hawthorne, California, for the Office of Passenger Vehicle Research of
the National Highway Traffic Safety Administration, under Contract DOT-
H3-7-01720. The Contract Technical Manager was Dr. J. Kanianthrs, and
tne STI Project Engineer was Mr. R, H. Klein, The STI Technical Director
was Mr. I. L. Ashkenas.

Significant contributions made by STI steff members include Mr. H. T,
Szostak for test direction and data analysis, Mr. L. A. Ingersoll for
vehicle instrumentation and maintenance, Mr. 5. Whitfield for test driv-
ing, and Mr. G. L. Teper and Ms. S. A. Riedel for development of automated
data reduction techniques.

Specisl acknowledgment is given for the fine cooperation and assisg-
tance extended to this program by the following organizations: S8AER
On-Highway Recreational Vehicle Committee, Recreational Vehicle Indus-
try Association, U-Heul, Fleetwood Enterprises, Prowler Industries, Coach-
man Industries, Shasta Trailers, Holidsy Rambler, Atwood Mobil Products,
‘Dexter Axle Co., Cal-Cemp, and Eaz-lift.
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BECTION I
INTRCDUCTION

This report summarizes the development of braking snd handling per-
formance criteria and compliance formats that can be used to develop the
foundation for passenger car/trailer safety standards. The need for this
work stems from the reported {i.e., Ref. 1) higher sccident rate for
vehicles pulling trailers than for passenger cars alone. (ritical para-
meters in car/trailer combinstions {as copposed to passenger cars a.lone)\
are frequently determined by the driving public, via "rules of thumb,” .
often with little regard to the few recommended practices availeble. As
a result, accidents involving car/trailer vehicles can be caused by loss
of control during straight-ahead and sub-limit (normal) driving, as well
as during accident avoidance and limit-of-performance conditions. Accord-
ingly, a need exisgts for a basic, uniform, performance-related handling
criterion to improve ;product safety. The criterion must be directly
relevant to dominant physical parameiers and not legislate minor design
details which might stifle competition. The related tests and measures
must be pimple and easily performed s0 ag to not work s hardship on the
smaller manufacturer. PFinally, the criteria, tests, and measures must
take into account the fact that the trailler manufacturer has no direct

control over what the customer will do with the other two companion
 elements — the tow vehicle and hitch device —— which have a 'profound

interasctive influence on the combined-vehicle handling and safety.

In this regard, this program is a direct extension to prior work
2ddressing the underlying problem of devising handling and braking tests
and key performance parameters for automobile/trailer eopbinationg. This
prior work was accomplished by STI (Refs. 2 and 3) end by the Univer-
sity of Michigan, Highway Safety Research Institute (HSRI) {Ref. 4). As
an extension, thiz program takes full account of the analytical methods,
test procedures, performance messures, and test apparatus used in accom-
»lishing the preceding research. The major thrust of this_effort, how-

.....

ever, was 1o define the performance criteria, recommend compliance test
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procedures, and produce the foundation for a trailer handling/braking
safety standard.

The approact taken to accomplish the above task was threefold. First,
preliminary analyses were performed to suggest the rule format and trends
to be expected, These are documented in Volume II. Second, & full-scale
test program was performed in which over 130 different hookup configura-
tions were tested using nine trailers and five tow cars, as summarized in
the pext section and detailed in Volumes IT and IV. Based on test results
the third step included selection of the applicseble performance criteria

and recommendations for a rule formsat.

Primarily, only four key test maneuvers were used; these included
straight line braking, step steer, pulse steer, and breke in tuwrn, which
are also described in the next section. Individual sections of Vols. II

and IV are organized according to these four key test procedures; that is,
A each section represents one test maneuver and stands alone in its treatment
of analytical foundations, full-scale test results, development of tenta-
tive standards format, selection of performance criteria, and, finally,

recomuendations for a rule format and compliance test procedure.

The final section of this report summarizes the results and recommern-

dations presented in each of the individual sections of Vols. IT and IV.

TR-1114-1-T 2



SECTICN II
PERFORMANCE REQUIREMENTIS

A. STRAIGHT LINE BRAXE FERFORMANCE

A significant problem in trailering safety is increased stopping dis-
tance due to increased total vehicle mass without proportional increase
in braking effectiveness. At the present time there are no federal brak-
ing performance standards for recreational or utility trailers designed
for towing by passenger cars or light trucks. There are, however, stop-
ping distance standards for the tow vehicles, i.e., FMVSS 105-T5 (Ref. 5).
In addition, even if there were a trailer brake standard, the many varia-
bles present in tow car/trailer hookups have sufficient influence such
as to alter the expected "combinetion-vehicle" stopping distances. In
other words, the totel may not necessarily be equal to the sum of the
parts. With this problem in mind, a basic objective of this program was
to conduct sufficient tests to identify appropriate breking requirement
levels for combination-vehicles and trailers alcone to form the basgis of
a federal standard.

- B. TRAIIEZR DAMPING FERFORMANCE

Prailer stabllity represents the second performance parsmeter for
which a vehicle handling standard is required. This trailer mode ia the
pendulous swing oscillation of a trailer commonly seen on the highway.
If trailer mass and inertis are small with respect to the tow vehicle,
this moticn is more of & nulsance than a handling problem and, in fact,
cannot become unstable if the hitch point does not move. However, as
the trailer approaches or exceeds the tow vehicle in mess and inertis,
the forces and moments applied by the oscillating trailer to the hitch
point {and hence to the automobile) become large enough to cause loss

o1 control, trailer separation, and/or combination-vehicle rollover.

Due to the frecuency and damping separation between the tow car and
traller modes, the trailer mode oscillation can be accurateiy moéeled

TR~1115-1-7 3



by a simple second-order system response. By analegy, the resulting
performance measure used to assess trailer stability is the reduction in
swing amplitude with successive oscillations. In vehicle dynamics ter-
minology such oscillatory stability is measured by cycles to one=-half
erplitude, or (an equivalent) damping ratio, {. When { = O the oscilla-
tion is sustained (undamped), and at ¢ = 0.5 the oscillation ceases
within 1 cycle. At ¢ = 1.0 there is no oscillation. If damping ratio
becomes negative, the oscillation amplitude incresses with time, and
hence is unstable — a very undesirsble condition. The most significant
changes pertinent to trailer swing occur at low or negative damping
ratios, i.e., from negative to 0.3, where the oscillations are percep-

tible to the driver and where safety implications arise.
€. TOW CAR STEADY-BTATE TURN STABILITY

It has been shown in previous car/trailer handling studies (Refs. 2
and 3) that a sensitive, repeatable, and easily determined handling para-
meter for quantifying combined-vehicle directional steady-state control
and dynamic stability is the understeer /oversteer gradient, or stability
factor, K. When K is positive the vehicle exhibits the normal understeer
characterigtic present in most vehicles. When K is zero the vehicle is
said to be neutral steering and the turn radius for a given steer angle
is independent of speed. When X is negative the vehicle exhibits over-
steer, which results in a tendency to jaccknife. The importance of this
parameter has been well recognized, and in the Ref. & study the first
known attempt to establish a trailer towing performance safety standard
based on this parameter was made. In this program we have suggested an
approach for using X to isolate rejuirements imposed on the tow vehicle
by the trailer, compared full-scale results to tentative stability boun-
daries, and suggested recommendations for stability criteria and tesgt

procedures.
D. COMBINED BRAKING AND CORNERING

The fourth combination-vehicle performance requirement was aimed at
uncovering tow car and/or trailer stability problems during a brake-in-

_turn maneuver. Ideally, if the automobile and trailer meet the individual

TRw1114~1-T Y



and combined vehicle requiremenis described previcusly, then there should
be little or no response degradation during the combined maneuver, If
a response degradation does occur, then the preceding requirements should

be altered or new requirements developed.

A combined»vehicle performance parameter was developed in Ref. 2 to
relate initial tow vehicle directional rate of change (stability factor
change) and deceleration level. Time duration of sny adverse responge
was also a weighting factor. For example, Ref. 2 data suggested that yew
rate change per unit speed change greater than {0.3| (deg/sec)/mph sus-
tained for 1 sec or longer would result in a car/txailer Jackknife. It
was Telt that it would be almost impossible for the average driver, within
one second, to recognize the onset of a jackknife condition and initiate

corrective action.

TR-111h~1-1 5



SECTION III
TEST FROGRAM

This section summerizes the test wvehicles, combination-vehicle cone
figurations, and test procedures germane to the full-scale test portion
presented in Vols., IT and IV, Additional vehicle specifications, instru-
mentation details, complete run logs, and raw data are in Vols. IT and IV

and the Vel. ITI sppendices.

A. TCW VEHICIE SEIECTION

Based on contract reguirements, three rear wheel drive tow cars repre-
senting an intermediate, compact, and subcompact were selected for Phase I
testing. To provide a range of design differences each was to be repre-
sented by a different major automobile manufacturer, i.e., GM, Ford, and
Chrysler. All were to be 1976 model year or newer, s¢ that they would
comply with the passenger car braking standard FMVSS 105-75. For Phnase 7,
two subcompact front wheel drive cars were recommended, These were to vali-
date or revise the requirements developed in Fhase I. The final selection

of tow vehicles is described in Table 1.

B. TRAIIER SEIECTION

Characteristics considered in selecting the test trailers were type,
weight, class, number and position of axles, and brake type. Combining
all these factors led to the selection of eight ﬁrﬁilers for Phase I.
These are described in Table 2 and include four travél’trailers (two
Class. 2 single axle, one Class 3 tandem axle, and one Class 4); one
Class 2 single-sxle boat trailer with surge brakes; two Class 1 camper
and utility trailers with single axles and no brekes; and one Class &
horse trailer with brakes on only one axle. For the second, or valida-
tion, phase cf testing the twe small trailers plus an additional 16 £t

travel traeiler were tegted.

TR=1114<1-T 6
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TABLE 1. TEST TOW CARS
: CURP WEIGHT
R (gﬁg} TEST WEIGHT® | WHEELBASE TIRES
(1) {1n.}
Intermediate GRT0-15
{5513) 40/4T00 16 TPC 1007
Rear -
Wheel Compact A ~14
Drive LT 3400, 100 112.5 D78
{Phase 1)
Subcompact : -78.1
(3663) 2175 /5400 96 BR-T8-13K
Subcompact . P185/BOR-13
f:rn‘:g; (3571) 2722'/3200 105 8¢ 1029
Drive
(Phase I1) %‘3“:2;”)“1’&“ 2050/2675 %9 P155/80R-13

&Tneludes driver, instrumentation, hitch receptsble, nitch
head, hitch angle sensor, load levelling bar,s and one-

half fuel.
TABIE 2. TEST TRATLERS
TYEE OLV%EN:E}:%% ELS__TE%G_HT_ AXIES | BRAKES (PRTE?SEU%}
utilivy 2% 1500/2500 1 None ?hgogsl? U e
Camper 152 1600/2000 ﬁourn;eor ?Bgo:sg IRC
1€ ggggyjooo t Tlectrie, 2 2320;8;’; LRC
E:ije-l 18 gggg:/;a,gg 1 | Electric, 2 ?%35;1? LRC 8T
9 mém 1 | Electric, 2 ?@O;‘sl? LT LRC
Travel 22 1 ko0of5000 | 2 Elect;ic, b EgéB;;;% ST LEB
sres |21 | eooofBoo | 2 | Electric, b '('f'kgogal? LT IRC
Boat 20 3000/37100 1 | surge, 2 Ig;g';iil)ﬁﬁ
Hovse _71 ;%75960 2 | Electrie, 2 '(?325;;2):33

&Testeod in Phases I and II.

bTegted in Fhase II enly.




¢. TEST PROCEDURES AND CONDITIONS

Four basic test maneuvers were used. These included gtraight line
braking tests, ﬂ;ndling tests (step steer and pulse steer), and a com-
bined handling and braking test (brake in turn}. Each is described

below.
1. Straight line Breking

The approach taken in this program was to investigate rational
combination-vehicle stopping distance reguirements based on trailer-alone
deceleration capabilities. This is similar %o tﬁe approach of HSRI in
Ref. 4, Many combination-vehicles and hockup variables were then tested

to develop practical limits for the requirements;

Braking tests were tailored after FMVSS 105-T5 (Ref. 5), HSRI {Ref. L)},
and SAY Recommended Practice J134 (Ref. T) for the tow car alone, trailer
alone, and combination-vehicle, respectively. They were shortensed, how-
ever, to include only the preburnish effectiveness, burnish, and second

effectiveness tests.

Several points are worth noting with regard to the test procedures.
First, a test speed of L0 mph was selected. This was done to tie in
with the previoug HSRI and STI work that used 40 mph as the test speed.
Second, the trailer-alone and combinaticn-vehicle (CV)} procedure allowed
trailer lockup. This was consistent with SAE J134 and that recommended
by HSRI. Third, the CV tests were almed at maximum performance. This
was defined as "incipient" tow car wheel lockup; hence the fixed pressure
brake actustor mechanism was set to provide at least three stops just

below lockup and at least three stops at partial lockup.

Appendices for Vols. II and IV give the exact sequences and raw data

results for each vehicle.
2. Hendling

The step and pulse steer test procedures gpecified in Ref. 2 were
used. These are described below.

TR=1114~1-T 8



a2, BStep Steer Test

A constant amplitude step steer was applied and held for a minimum
of 90 deg path change at constant speed. The steer angle input was
adjusted to provide a 0.3 g turn at 30 mph for the combination.vehicle.
This was usually between 60 and 90 deg steering wheel. The test was rerun
at speeds between 10 and 50 mph in 5 mph increments to derive understeer
gradient. When a combination-vehicle had a jackkmife potential (i.e.,
high hitch loed), edditional 2.5 mph test speed increments were used in
order to obtain data points in the transition range to jackknife. Both
left- and right-hand turns were performed; however, due to data verie-

bility the right-hand turns were discontinued later in the test program.

An elternative test procedure tailored after SAE XJ266, "Pagsenger
Cexr Steady State Directional Control Response Test Procedure,' was also
used. This test procedure required driving the vehiclie around a 200 f%
constant radius cirele at inereasing speed. Date were taken with the
steering wheel position and throttle position fixed at a steady-state
condition. The vehicle was then sccelerated to the next speed at which
dafé were taken. In general, this corresponded to 0.05 g lateral accel-
eration increments. Steer angle was plotted versus lateral acceleration
to determine understeer gradient.

b. Pulse Steer Test

The vehicle was driven in a giraight line at 55 mph and & fixed empli-
tude rapid pulse was applied to the steering wheel to excite the tow vehi-
cle and trailer dynamic modes, Four replications were performed to
provide a measure of the variance in damping ratio.

%. Combined Handling end Braking Test
(Brake in Turn)

Constant brake level stops were initiated from 40 mph during a ateady-
state turn on a 355 f't radius circle. This provided 0.3 g lateral accel-
eration. Brake pedal pressure levels were increased on succeeding runs

up Lo lockup of one tire on one axle of the tow car. In &1l cases the

TR-1714-1-T 9



steering was held fixed during the deceleraticn interval. The test was
also performed with full and with partial trailer brakes.

L., Additionsl Tests

Seversl other peripheral tests were performed to check analysis or
date consistency. These included a trailer-alone damping test (external
force epplied at axle); tests to determine effects of speed; inertia, and
lateral asccelerstion on trailer damping; and coast-~down versions of step
steer and constant radius circle tests to determine power effects. These

are described in detail in Appendix B of Vol. III.

5., Test Conditions

All tow vehicles and trallers were new or put in "as new" condition
with OEM brakes, tires, and adjustable air shocks. Each tow vehicle except
the smallest front wheel drive car was also equipped with a Class ITI frame
mounted hitch and Kelsey-Huyes electric breke controller,

Tire inflation pressure of all vehicle tires was maintained at the
manufacturers' recommended cold inflation pressﬁre for the test loading
condition. The vehicle was then driven at L0 mph for 15 ml to establish
the "hot' inflation pressure. This inflation pressure was then main-
taired for all tests conducted under the given loading condition. In
addition to maintaining inflation pressures, all new tires were "broken
in" prior to effectiveness tesiing. For the tow vehicles, the burnish
procedure was adequate for thise purpose. For the trailers; several turng

{both left and right) around the 200 £t radius circle were @erfbrmed.

Trailer electric brakes were set up using an external resistor mounted
in the tow car. Since no quantitative procedure was provided by the manu-
Facturer for selecting the resistor value it wﬁs set up such as to pro-
vide o minimum of 10 volts at the trailer brakes with full controller
application, -

TR=-1114~1-1T 10



D. TEST CONFIGURATION SUMMARY
1. Phasge I

in addition to the 24 potential combination-vehicles (3 cars x 8 trail-
ers), several other veriables were considered in order to develop mean-
ingful handling and braking performance standards. These were the trailer
weight, hitch load, loasd leveling torque, air shocks, and trailer brake
authority. In general, each combination-vehicle was tested through a
range of hitch loads. At the heavier hitch loads a minimum of two velues
of load leveling were then used. These corresponded to the current recom-
mended practice of "+25% percent® (i.e., 25 percent of the hitch load being
transferred to the tow vehicle front axle) and that recommended by STI in
Ref. 3 of "only that necessary to relevel the combination-vehicle after
air shocks have been used to their fullest.”

The resulting matrix of test configuations is given in Teble 3a. This
table shows 92 different configurations tested in seven different maneu-
vers. The matrix is not full factorial, however, since the trailer damp-
ing test (pulse steer), for example, is only relevent with light hitch
loads, and tow car stability and braking tests (step steer, straight line
brake, and brake in turn) are only significant with heavy hitch loads.
This selection process resulted in 250 total configuration/meneuvers
requiring a total of over 2000 actual test runs. The complete run log
summary is conteined in Appendix C of Vol. III. '

2. FPhese IT

In Phase II the two tow cars amd' 3 trailers were tested in 34 different
combination-vehicle configurations. These are listed in Table 3b. Basi-
cally, no load leveling can be used with these vehicles, since & Class III
hitch cammot (or will not) be installed. However, a specially built
Ciags IIT hitch was instelled on one front wheel drive car in order to
demonstrate towing with the rear wheel off the ground. Agsin only the
poluentially worst case conditions were evaluated. This resulied in almost
750 individual test runs, which are listed in vol. IV.

TR=1114~1~I 11



TABIE Ja. FULL-SCALE TEST SUMMARY FOR FHASE I

TE37 JCNTIZGURATION TIET FROCEDURES
T"J"L:' e HITCH LNAD ;IR SET CHT ! FS sl 21T 3TA CTHER
i AD TIEWRLIMG jedoexs I cslicsiroc 8|1 CsiI 08I0 ICS
1500 < i} s | N ® X X x
2.5 4 *
f 5 NYY XX % x x
Utility 7= v w
e RYY xix XlixxxIwxxix x
20 M x X *® x x b4
1600 o I et | XM X
5 Y e § X X% KX x
Camper 10 X x XK M X
15 l x » X * %
2 X ® x ¥ x
3000 13 &5 N x * x X x X
N b4 X x X *® X
3420 = N Y X X x
7.5 1 & b4 X x
18t 3880 c H 20 31| Nemmem x X X %
Travel 7.5 2% x
10 2% 35 3. i X X XX X|®x K|
1= 23 2% % % X X % % X
2% -25 T X X X b X
20 25 R w » X = x
C00 5 i ¢ N ¥ 3y LA 4
19 ft 10 E100] YWY X % X
Travel 1% 25 k] ® = ES P D X x
1% 2z Y x ® S
hooo 0 hy N »
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19 |-1= ¥ x
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w800 | 10 thopot | Y e X P X
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1Q this x X % X X X
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tfoted -
fiileh Load ~ percent of traller welght PS — pulse steer (steer pulse at 55 mph)
load leveling — percent of hiteh load SLE ~ straight line brake (meximum decelera-
transferred to front axle tion from L0 mph)
Alr Srocka — Yes 1f used to level CV; BIT — brake in turr {rmaxizum éeceleration
o if not used from 2 zph at 0.3 g 2ormering)
BST ~ step steer test {mteering aset for BTA - trailer-zlcne braite cavability test
0.3 g at 30 apn) Gther — miscellansous tests (ealibrations,
CHT — constant radius turn {+00 £t die damping, inertia, braking, etec.)
ameter cirzle at 2.3% g at 30 mph) I — intermediate; C = zompatt; § - subeerpact
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TABLE 3b. FULL-SCAIE TEST SUMMARY FOR FHASE II
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o

XX XX
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x
x
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1
e R R A N

R
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i

d
| &
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o

X XX
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300G 10
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8% = Subcompact No. 3 (FWD)
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SECTION IV
e e SUMMARY AND RECOMMENDATIONE

!

This program has provided the fourfh step in the process of develop-
ing motor vehicle safety standards covering the handling and breking
performance of passenger cars pulling trailers. Previous work has estsbe-
lished meaningful test procedures, performance measures, and in one case
a proposed rule format. This current step has proposed and eveluated a
justifisble set of performance criteria and tested over 125 different
combination-vehicle configurations against them. This section sumarizes
these criteria, suggests means for insuring compliance, recommends manu-

facturers' test procedures, and offers user guidelines.
~A. HANDLING AND BRAKING PERFORMANCE CRITERIA

The following performance criteria are suggested for passenger car/

trailer combinaitions:

® All combination~vehicies should be capable of stopping
within 134 ft from 40 mph, i.e., average deceleration
of 0.4 g.

& All trallers of a combination should exhibit a minimum
trailer swing damping ratic of 0.15 (i.e., 3/ cycles
to one-half amplitude) at 55 mph.

# All tow cars of a combination should exhibit a pogie
tive understeer gradient up to and including 0.3 g
cornering.

& All combination-vehicles should demonstrate maximm or
0.4 g deceleration (whichever comes first) during 0.3 g
cornering, without incurring transient oversteer for
longer than 1 sec duraticn.
All these requirements can be met by proper selection of a trailer for a

given tow car size (i.e., weight) and proper setting of the hitch load.

TR=1114wi-T ‘ H



B. MEANS FOR INSURING COMPLIANCE

Using the above criteria it was possible to derive tow car and
trailer characteristics that would insure the combination-vehicle meets
requirements.

1. Combingtien-Vehicle Decelerstion

To insure 0.4 g combination-~-vehicle deceleration it is peossible to
::'_pécii‘y a minimm tow car size (i.e., weight) for each trailer weight.

This selection must also consider the traller brake capability.

The primary problem that will cccur in meeting the straight line

.bruke requirements is specifying the tow car welght necessary for unbraked
trailers. This occurs because some states allow unbrakxed trallers wup to
3000 1b. For example, it was recommended in FPhase I, for rear wheel drive
tow cars, that, the tow car be a minimm of 2.1 times the trailer welght.
Tn Phase II we determined that for front wheel drive cars this multiplier
couwld be reduced to 1.5. This value definitely represents a lower bound
since it requires coptimum front and rear brake balance. If we hope to
meet (or exceed) a 0.4 g deceleration requ:ireﬁen‘é with all tow vehicles,
then the 2.1 value represents a more conservaii¥ve recommendstion. How-
ever, even assuming the more optimistic value of 1.5, the 3000 1b unbraked
treiler would have to be towed by at least a compact size vehicle (GVWR 2
4500 1b). If such a restriction is not possible, then the overall stopping
distance requicement will have to be relaxed. This would, however, be

intcnsistent with the stopping capability of braked trailer combinations.

For braked trailers the recommended tow car to weilght ratioc selected

abuve can be reduced by a factor of 3.5 times the "trailer-alone" braking
capability (in g units), i.e., "

ﬁ-"t' = 1"5_'3'5 5*5;“.1;&

Lontaenporary trail@r manufacturers are providing 0.43 g capability, and
best i1esulis from oth phases showed 5 out of 7 trailers (with brakes)

erceeded this value. Only when the trailer weight exceeded 1500 1b per
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each # X 10 in, brake did a trailer not meet 0.43 g. Assuming this
treiler brake design criterion, there would be no restriction on minimum

tow car weight.

- o

In terms of test compliance, stopping distance should be the primary

performance measure. This measure accounts for brake actuation time

delays. Average deceleration can then be computed from stopping distance.
2. Traller Stabllity

Trailer stebility can be insured by specifying a minimum hkitch load
boundary (as a function of tow car and trailer weight) for each trailer
model, A different model would be defined as & change in weight, effec-
tive torque length, tires, and/or moment of inertia. Methods have been
presented in Vol., IT and Ref. 9, and by the Recreational Vehicle Manu-
facturers Association, to analytically derive this boundary. However,
some full-scale OV tests are necessary, especially for large trailers that
require load leveling in order to properly coelesce the analytical and
empirical results.

3, fTow Car Stability

Sufficient tow car stability can be insured by specifying a fixed
maxirmm hitch load boundary as a function of tow car to trailer weight
ratio for various values of load leveling., This relationship is illus-
trated in Fig. 1. Three values of load leveling have been shown: none
{using air shocks only); minimum (based on using air shocks to their
fullest and then adding leveling torque as necessary to relevel the CV);
and meximm (based on no air shocks and leveling torque such as to trans-
fer 25 percent of the hitch load to the front axle).

Combining the trailer and tow car stability boundaries results in an
integreted handling compliance plot for each trailer. Figures Za through
2i show examples of this format for the nine trailers tested in this pro-
gram. Note that the minimum tow car size is equal to greater than the
trailer weight — a good rule of thumb. Also, the front wheel drive tow
cars allow a lighter hitch load than an equal weight rear wheel drive

car; in either case, the optimme hitch load for the minimum weight tow

TR-111k-1-1 16
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Figure 1. Proposed Maximum Allowable Hiteh Ioad Boundary
to Provide Understeering Tow Car up to 0.3 g Cornering
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car is about 10-15 percent., This figure is another common rule of thumb.
Increasing the tow vehicle weight rating quickly opens up the allowable
hitch load region. This consistency implies a proper selection of the

performance criterisa.

Although the trailer examples presented in Fig. 2 give a good overall
picture of the tow car/trailer tradeoffs, application by & user probably
always will start with a specific tow car. In this case, the upper hitch
load 1imit may be dictated by the tow car manufacturer due to limitations
of power, aooling, structure, etc. Generally, the manufacturer’'s limit
will occur prior to reaching the stability limit. For example, many sub-
compacts recommend hitch loads no more than 100 1b; whereas Fig, 1 would
allow up to LOC 1b. In short, manufacturers' meximm hitch load recom-
mendations should always take precedence. '

3. Hendling end Breking

No additional handling requirements appear necessary in order to meet
the breke in turn performance requirements., However, unbraked trailers
weighing more than 67 percent of the tow car cannot decelerate at a O.4 g
average. Since tow car lockup determines the transient tow car stability
change, it is recommended that if the CV camnot decelerate at 0.4 g the

test be conducted at the maximum deceleration with lockup of one wheel on
one axle permitted,

C. DEBIGN TEST FROCEDURES FOR TRAIIERE ATONE

Two procedures should be utilized by trailer manufscturers to deter-
mine trailer-alone brake capability snd trailer-slcone damping ratio.

1. Braking

Straight line braking procedures for the trailer-alone have been
detailed in Table 4, which follows the format of SAF Recommended Practice
J13he and the Canadian Standards Association proposed Standard D313. Key
poiuts of the procedure include:
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® Lockup of one wheel on one axle is allowed.

@ Brake stops are made from a test speed of ho.fﬁtﬁcv
(mph) to account for the unbraked pass of the tow car.

@ Average deceleration at the static axle weight, W,
is calculated from stopping distance at 40 mph, SDyn-.
This must be ratioed to the gross axle weight rating,
GAWR, if lockup camnnot be obtained with fuil trailer
brakes, i.e.,

. W
53.7 o

ax., (8'8) =
ta SDuO WaaWR

@ 3Brake voltages are increased in increments up to maxi-
mun, at which point six incipient lockup runs are made.

¥or surge brake trailers a special apparatus is necessary to apply the
braXe pressure input. In this case incremental pressure changes replace
the incremental voltage changes used for electric braked treilers. Also,
the "surge brake gain," G, i.e., the amount of brake force generated per
pound of horizontal hitch force, must be determined. Once this is known
the "“effective" trailer-alone brake capability for this type of trailer

can be determined using the follewing eguation:

~ axcv(?%‘é’)
00

Where ay.. represents the combination~vehicle deceleration regquirement.
2. Trailer Swing

The analytical/empirical expression derived in Volume II requires
messurement of the trailer-alone moment of inertia as a funetion of hitch
Jund. 'fhis is readily accemplished with a' roller bearing turntsble (such
as used for wheel elignments), two coil springs, and a stopwatch. Thé
trailer wheels are held off the ground with a block positioned on the
roller bearing support turntsble., A counterweight is added fo the rear

s the treailer to balance the hitch load such that the trailer floats
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freely on the turntable with no offset forces. The trailer is oscillated
{by hend), ard elapsed time measurements are taken to determine the fre-
quency of osecillation. Knowing this (plus the coil spring rate and wheel-
base)}, the moment of inertia can he calculated using equations given in
Volume II or Ref. G.

D. BUFPORTIVE RESULIE

Significant results reported in Vols. II and IV of the report are
sumarized below,

1. Braking

® Several combination-vehicle configurations tested in
FPhase II were unable to exceed 0.5 g deceleration
even though the Tow cars exceeded the requirements
of FMVSS 105-T75 and the tysilers wére not loaded to
full GVWR. These results very closely matched the
analytical predictions using z generaliged static
braking model including load transfer, load leveling,
and tow car brake proportioning. :

® TProvided that wibraked tralilers are used by tow cars
weighing at least 1.5 times their weight, all com-
bination vehicle configurations tested in the pro-
grem except the horse trailer at full GVWR would
theoretically be able to pass & C.4 g decelsration
requirement.

® Trailer-alone deceleration levels for seven braked
trailers ranged from .35 g to C.6 g when adjusted
to GAWR. The current deceleration design goal for
trailer electric brake systems appears to be 0.435 g.

® All five tow cars exceeded the stopping distance

. requirements of FMVSS 105-75 from 40 mph during second
effectiveness tests. Average deceleration for inci-
pient lockup was 0.71 g for the three rear wheel drives
and C.64k g for the two front wheel drive vehicles,

@ Tow vehicles with rear brake lockup tendency will pro-
vide higher braking forces when trailer towing than
tow cars with front leckup tendency.

®  Suspension design of the horse trailer caused an unde-

sirable increase in hitch load with increasing decel-
eration. Since this trailer dees not allow for load
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2. Trailer

TR=-1114-1~1

leveling, braking tests could not be performed at full
GVWWR without scraping the hitch on the ground.

Average actuation time delay of the surge brake system
was 0.3 sec. No significant differences due to load
leveling could be determined. Previously, as indi-
cated in Refs. 2 and 4, load leveling rendered the
surge mechanism inoperative. Consequently, it appears
that a surge mechanism can be manufectured which is
campatible with Class IIT hitches.

Combination-vehicle stopping distences appeared
slightly improved with load leveling; however, the
results were not totally consistent.

Pedal forcesg in combinationevehicle breking tests were
less than the 120 1b recammendation of SAE J135.

Meximum performance combination-vehicle stopping dis-

tances with {tow car lockup were not significantly
different from those with no tow car lockup.

Swing

For the same hitch load, hesavier tow cars provide higher
combination-vehicle damping.

Front wheel drive tow cars appear to have better

cambination-vehicle damping than equivalent weight

rear wheel drive tow cers, In the analyticel expres-
sion this results in a lower tow car sensitivity con-
stant.

There is a strong decrease in damping with increasing
speed. This trend ig biased up (to higher damping)
with higher hiteh loads (or higher tow car weight)
and biased down (to lower demping) with lighter hitch
loads,

Longer trailer wheelbases (i.e., longer hitch to axle
distances) are desirable in order to maintain high
damping ratios at low hitch loads. In terms of sen-
sitivity, increasing tongue length on an 18 ft travel
trailer merely one foot increases damping 0.08 units.

For trailers with m:mmum loed leveling the trailer
damping of the combination-vehicle can be estimated
by a1 analytical/empirical relationship.

A -
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3. Tow Car

TR-1114=1-1

1oad leveling improves traller damping. This effect
is due, primarily, toc the tow car roll steer geometry
and hence is difficult to predict. However, empirical
regults showed an average increase in trailer damping
of 0.06 units per 1000 fi-1b of applied load leveling
torgque. This is higher than previously found in

Ref. 3.

& frietion sway danper can significantly improve
trailer damping. At %5 mph this type of damper was
able to increage damping on a Large travel traller by
0.19 units. The electric brake type of damper acted
primarily as a speed control device by limiting speed
to that for zero daxping.

Increased trailer moment of inertia (separated loed)
reduces trailer damping in a predictable manner.

High cornering levels significantly reduce trailer
damping. For example, damping ratic of the medium
travel trailer was reduced 0.29 unitg when the lateral
acceleration was increased to 0.+ g, This effect was
attributeble to the loss of cornering stiffrness of the
trailer tires at high glip angles, which in turn pro-
duces a legs of damping according to the trailer-alone
damping equation.

Steering free play can have a significant effect on
reducing the traller damping., For example, allowing
steering to be free reduced trailler damping as much
ag O.4 units at 55 mph as compared t¢ that measured
with steering held fixed. This effect has strong
implications for tow cars with excessive steering
free play and/or for drivers who allow the steering
wheel foree feedback to move tne wheel. This, in
turn, amplifies the trailer swing oscilletion., Hold-
ing the wheel fixed is the safest procedure.

A trailer-alone damping test prccedure was successfully

used with one test traller to check anziytically derived
predictions. BResults were sufficlently close as to not

warrant formalization (or recommendation) of a separate

traller-alone damping test procedure.

Stability

For the intermediate tow car a hitch lcad of 800 ib
produced a neutral steer response at low cornering

{less than 0.3 g). If viewed as a mass distribution
this implies that any loading resulting in & 37/63 front
to rear weight distribution would iikely result in over-
steer at or above 0.3 g cornering.
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The compact and subcompact tow cdrs became neutral
steering at approximately 600 and 4LOO lb hitch loads,
respectively. These levels convert to 39/61 and 41/59
front /rear weight distributions, -respectively.

Front wheel drive tow cars are less sensitive to hitch
load since they start out with & heavy front weight
bias, e.g., 62/49. Consequently, the same hitch load
applied to a FWD car does not produce as much of a
rear mass distribution as would be obtained with a
RWD vehicle.

Ioad leveling 25 percent of the hitch load to the tow
car front sxle reduced understeer sbout 1.1 deg/g from
that required to relevel the combination-vehicle with
air shocks and minimum or no lead leveling.

Right~hand turn results showed understeer gradients
0.7 deg/g less than those for left-hand turns. This
is attributable to rear axle torgue effects during the
turn at constant speed.

Due to the general nonlinear variation in understeer
gradient with lateral scceleration, a constant radius
circle test procedure is recommended es a combination-
vehicle test procedure. This procedure provides a
closer determination of the lateral acceleration at
which the tow vehicle becomes neutral steering and
provides a continuous resdout of trailer articulation
angle change with speed. This is necessary for trailer
gtability factor caleulstions., An optimum radius of
200 It is recommended.

k., Brake in Turn

TR-1114-1-1

ALL rear wheel drive combination-vehicle configura-
tiong could decelerate (from LO mph) at or above
0.4 g during a 0.3 g turn without loss of control.

All front wheel drive configurations could decelerate
at meximur capsbility, with tow car lockup, during

a 0.3 g turn without loss of control, or transient
oversteer longer than 1 sec duration. Based on this,
and the above, no additional recommendations can be
added to the suggested braking and handling stan-
dards previously presented.
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E. USER QUIDELINES

Based on the full-scele results of this and previous NHTSA-sponsored
trailer braking and handling programs several general recommendations for
the user can be offered. These might be used to supplement public infor-

mation documents such as Ref. 8,

@ ‘There is definitely an optimum hitch load for each tow
car and trailer combination. Hitch loads too high,
even with load leveling, will cause the tow venicle %0
rdig in" during sudden turning maneuvers and sharpen
the turn even further. The trailer will then tend to
push the rear of the tow car into a jackknife position.
Hitch loads toc light lead to trailer swing. Heavier
tow cars reduce the effect of both problems. 1In gen~

_eral, the tow car gross vehicle weight rating should
exceed the trailer gross vehicle weight rating.

@& Use of load leveling should be supplemented by the use
of air shocks and heavy duty suspension. In addition,
the manufactuer's maximum hitch load rating should not
be exceeded with or without these devices.

@ Tire inflaiion pressure should be set for the maximum
rated tire load. If recommended or allowable, it is
desirable from a handling standpoint to set the front
tires st a lower inflation pressore than the rear.

® If trailer swing occurs, the steering wheel should be
held fixed and the combination-vehicle allowed to
decelerate by itself, or by applying trailer brakes.
Sway dsmpers are also useful in reducing trailer swing.

@ Sharp cornering should be avoided at highway speeds.
Tne increased lateral acceleration induced by these
maneuvers reduces trailer damping, tow car stability,
and braking capability.

® Tire and brake capacity of the trailer should be care-
fully checked., Tire capacity is stamped on the tire
by the manufacturer. Adequate breke capacity may be
judged by multiplying the number of braked wheels by
1500 1b. For 10 in. brakes this value should exceed
the trailer GVWR.
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