


APPENDICES 



APPENDIX  A 

V E H I C L E  PARAMETER SETS 

This appendix contains five data sets corresponding t o  ( 1 )  the 
empty baseline vehicle with original axle load estimates, ( 2 )  the loaded 
baseline vehicle with original axle load estimates, (3 )  the empty base- 
1 ine vehicle with subsequent axle load measurements, referred t o  here 
as "New Load Data," ( 4 )  a standard 35-foot bus data set  (empty), and 
( 5 )  the empty baseline vehicle data set  b u t  containing t i r e  model 
parameters in place of t i r e  data tables. The t i r e  model was used for 
a1 1 1 ow fr ic t ion traction/braking maneuvers because corresponding t i r e  
data was n o t  available a n d  i t  also faci l i ta ted changes in data sets  for 
the different road fr ic t ion conditions. 

Those parameters having the greatest uncertainty as t o  actual 
value and appearing in each of these data sets  are identified by an 
asterisk (*) in data set  X5 (sub-appendix A.5) .  Also, those parameters 
f e l t  t o  have the least  importance in affecting the simulation results 
are identified by a (+) i n  data set  #5. 
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A . 2  Loaded Baseline Veh i c l e  
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CANADIAN RRTIC BUS. EMPTY, 0- I -T.22 PSI.50-KPH, UU=O.3, OPEN LOOP, RUN (113 

VEHICLE CONf.lGURATf3N (NUMBER OF TRAILERS - ENTER 0 FOR R S T R A ~ G H T  TRUCK ) 1 
I N I T I R L  VEi-OClTY (FT/SEC)  95.60 
STEER TABLE (NUMBER O F  L INES) :  POSIT lVE  -STEER ANGLE TABLE. MEGATJVE - PATH FOLLOUER fAD1.E 3 

TAnLE ENIRIES:  T IME (SEC) LEFT UHEEL ( D E G )  RIGHT WtfEEL (DEC) -------- -- ----A ----------- ------&-----A&--- 

0.0 0.0 0.0 
1.50 120.00 120.00 

10.00 120.00 120.00 

TREnDLE PRE;SSURE TABLE (NUMBER OF L I N E S )  
TnBLE ENTRIES: 

M R K  1 MUM SXMULAT~ON TI HE ( SEC ) 
Tl!l€. INCREMENr OF OUTPUT (SEC)  

RORD K E Y  = 0 ? FLAT ROAD. 

DUIPUT PAGE OPTION KEYS! o ~ELETES P A G ~ S  
_---____-____-_-L_^--------------&-------- 

SPRUNG HRSS SPRUNG HbSS ' SPRUNG MASS T I R E  FORCES BRAKE SUUMRRY LATERAL UNSPRUNG HAS S TEMP 
POSlT lON VELOCITY ACCELERRTION PAGES PAGES PAGES PACES PAGES 





i i)Pid 
K Z P  
W Y  
Cc "4 
\ * d  
U O H  
U O Z  
P N  

-\ I V) 
z m  K c(azu  
-uL CI 

P W  
Z k r  
o w  C u m w x  
k W W C  
r = Z W &  
Z L J  
Gii. J 
a . 3 L I I W  
W W 4 P  
Lnwco 

U S  L?u 
e z o  * 
u u  3 * 
b K B Q  

W 
d Z  
6 nz 
3 0 
P LI 







I 
- 

I . .  

hi 0 0 -  
i l m 
3 I I 

id I 
0 0 0  
0 0 0  

@ I  t Y l O  
- 4  F I N O  
b? 1 * * *  

I oot- 
i- I a 
Lb I I 

2 I 





- I 
CI I 
L'i I 
& I 

0 0  

9 9 3 
of -o  

0 
r( 





A.4  S t a n d a r d  9us ( S i n g l e - U n i t ) ,  Empty 
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STANDAFrD- 35'-IIUS.STEP-STEER-RFlSPONSE. 0 0 - K H .  RUN l I 3 1 2 ,  JAN 1 U  '81 

TRUCK PARAMETERS 

WHEk.LI3ASE - DISTANCE FROM FRO1JI AXLE TO CENTEH OF REAR SUSPENSlON ( I N  ) 
PRSE VEHICLE CURB WEIGi1T ON FHONl SUSPENSION ( L U )  
UASE VEHICLE CURB UEIGI-IT ON REAR SUSPENSION ( L B )  
SPRUNG MASS CG IIEIGl1T ( I N .  ABOVE GROUND) 
SPRUNG MASS ROLL MOMENT OF I N E R T I A  ( IN -Lb -SEC=*2 )  
SPRUNG MASS PITCH MOMENT OF lNERT IR  ( IN-LH-SECe*2 ) 
SPHUNG MASS YRU MOMENT OF I N E R T I A  ( IN-LB-SECe-EZ ) 
pnur .onn U~I(;HT ( LR 

=c" ZFNO ENTRY INDICATES NO PAYLOAD **+ 
*** F I V E  PAYLOAD DESCRIPTION PARAMETERS ARE NOT ENTERED *** 

SUSI'EI4SION SPRING IIRTE ( LB/ IN /S IDE/AXLE ) 
SUSI'ENSION VlSCOIJS DAMPING ( LB-SFC/ IN /S IDE/AXLE ) 
(:OULUMIJ FRICTION ( LH/SIDE/AXLE) 

AXLE ROLL MOMENT OF INERT IA  (IN-LO-SEC**2 ) 
ROLL CENTER HEIGHT ( I N .  ABOVE GROUND) 
ROLL STEER COEFFICIENT ( D E G .  STBER/DEG. ROLL] 
AUXILIARY ROLL STIFFNESS ( IN-LB/UEG/AXLE ) 
LA1 EHRL DISTANCE BETWEEN SUSPENSION SPRINGS ( I N  ) 
TRRL'K WIDTI1 ( I N )  
UNSPRUNG WEIGHT ( LIJ) 
SIEE,HlflC GEAR RATIO ( DEG STEERING UHEEL/DEG ROAD WHEEL ) 
SrEERIMG STIFFNESS ( IN-LB/DEG)  
TIE, ROD STIFFNESS ( IN-LB/DEG)  
MECHANICAL TRA IL  ( I N )  
TORSIOEIAL WRBP-UP S f  IFFNESS ( I N - L B / I N  
LATERAL OFF SET OF STEERING AXIS ( 1 N  ) 

TRUCK FRONT TIRES AND WliEELS 
------------------------------ 

CORNERING S f  IFFNESS ( LB/DEG/TlHE ) 
2%" NEGRTIVE ENTRY INDICATES TADLE ENTERED **a 
:c*-E ECtlO W l L L  APPEAR ON TRBLE INDEX PAGE a** 

I.ONGITIJDINAL STIFFNESS ( L B / S L I Y / T I R E  ) 
133 NEGATIVE ENTRY INDICATES TAHLE ENTERED *Q* 
*** ECIlO M I L L  APPEAR ON TRBLE INDEX PAGE 

CAHljEli STlFFNESS (LR/DCG/TIRE) 
ALIGNING MOMENT ( IN-LU/OEG/TIRE ) 

e** NEGRTIVE ALIGNING MOMENT ENTRY *** 
c-=t- ALIC~JNG MOMENT CURVE FIT P A A A M ~ T E R S :  ( 0 . 0  0 .0  

TIRE SPRING RATE ( L U / I N / I I R L  
T I N E  1,OADf:D RADIUS ( I N )  
I'OI,AR I.fOMt:tJI OF INERT IA  ( IN-Lf l -SE.C"*2/Ut ImL) 

LEFT S IDE  RIGHT S I D E  --------- ---------- 
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HSRI/flVf'!A ORAKIHC AND HANDLING S I H I I L A T I O N  C F  TRIICKS,  T E A C T O R - S B E I T R A I I . E R S ,  DCIIDLES,  AND T R I P L E S  - P H A S E  4, I N P U T  PACE NO. 2 

CANADIAN l R T I C  OfIS EMPTII, 100 KPH,BRAKI  NG-IN-A-TORN- , 4 4 - P S I ,  5 0 - - D E G . R O N t 5 5 , J A N - 0 5  

TRACTOR PAR AHETERS -------- ---------- 
WIIEE1,UASE - D I S T A N C E  FROU FRONT AXLE T O  C E N T E R  O F  REAR S U S P E N S I G N  ( I N )  
DASE VEIITCLE C U R B  WEIGH'I  ON FRCHT S I I S P E N S I O N  (LO) 
EASE V E H I C L E  CTlRB UEIG114 ON GEAR S U S P E N S I O N  (LO) 
SPRUNG MASS Ci; A E I G I i T  ( I N .  ABOVE GRCIINO) 
SPRlJlIG MASS ROLL UCUENT O F  I N E R T I A  ( IN-LB-SEC**2)  
SPRUNG MASS P I T C H  tlOMENT O F  I N E R T I A  ( IN-LD-SEC**2)  
SPRUNG H A S S  YAW UOfiEN'I C F  I N E R T I A  ( IN-LD-SEC**2)  
FAYLOAD WEIGIIT ( I D )  

*** Z E R O  ENTRY I N D I C A T E S  NO PAYLOAD *** 
*** F I V E  PAYLOAD D E S C R I P T I C N  EARAHETERS ARR NOT ENTERED ***  

F I I ' T I I  WilEEL L O C A T I O N  ( I N .  AIlEAf G I  REAR SI ISP ,  CENTER)  
F I P T I I  WllEEL H E I G I i T  ADCVE GROllNO ( I N )  
TRACTOR F R A n E  STIFFNESS ! I N - L B J D P G !  
TRACTOR PRAflE T O R S I O N A L  A X I S  R E I G I I l  ABOVE GROUND ( I N )  

TRACTCR F R O N T  S U S P P N S I O N  ANn AXLE PARAt!ETERS -----------------_--------------------------- 
S f J S P E N S I O N  S P R I N G  RATE (LE/IN/SIC E/AXLE)  
S f l S P E N S I O N  V I S C O f J S  DA H t I H G  [ L B - S P C / I N / S f  CE/AXLE) 

U> 
c o n L o n n  FRICTION ( L e / s I  LEIAXLE) 

V 
AXLE ROLL MOMENT O F  I N E R T I A  [ IN-1 .6 -SEC**2)  
IlOLL C E N T E R  I IEIGI IT  ( I N .  ABOVE GROUND) 
ROLL S T E E R  C O E F P I C I E N T  (DEG. S T E  ER/DPG. ROLL) 
Al lXILIARY ROLL S T I F F N E S S  /IN-P.E/CEG/AXLEI 
L A T E R A L  DISTANCE B E T W E E N  S V S P E N S I O ~  SPRINGS (IN) 
TRACK U I D T i l  [ I N )  
rlNSPRIrNG W E I G H T -  [ L B )  
S T E E R I N G  GEAR R A T I O  ( D E G  S T E E R I N G  WIIERL/DEG ROAD WIIPIEL) 
s T e e n  I N G  STIFFNESS [IN-LO/DEG) 
TIE R o n  STIFPNESS (IN-LD/DEG) 
HECIIANICAL T R A I L  ( I N )  
T O R S I O N A L  WRAP-UP S T I F F N E S S  [ I N - L B / I N )  
I A T E R A L  O P P S E T  O F  S T E E R I N G  A X I S  ( I N )  

TRACTOIl FRONT T I R E S  AND W l l E E I S  ------------------------------ 

CORN ERIN(; S T I F F N E S S  ( L D / D E G / T I R E )  
***  C A L F  L E S S  Tl lAN - 2 0 0 ,  I W E I C A T E S  T I N E  flODEL IS  B E I N G  U S E C  *** 
***  HODEL P A R A H E T E R S  W I L L  BE ECHOEC FOLLOWING T l l E  T A H C E  ECIIOES * * *  

I .ONCITIII)INAL S T I F F N E S S  [ L O / S L I P / T I R F )  
CAHUER S T 1  P P N E S S  ( L B / D E G / T I R E )  
ALIGNT NC tlOllENT ( IN- I .E /DEI ; /TTR E )  
T I R E  S P R I N G  R A T E  ( L R / I N / T I R E )  
T T R E  LOADED RADTfJS ( T N )  
,-<,T l r .  . I , ." ....,... ,.,- V . . " " " . ' .  .-.. . -. r .  - .  .-. . - -. 

LEFT S I D E  B I O R T  Sf DB --------- ---------- 
5 0 8 - 0 0  508.00 

2 6 . 0 0  26.00 #-4 
0 -0 0.0 ----------------------------------- 

5307.00 4- 
17.00 
0.06 -K 4 
0.0 

4 0 - 2  5 
85.60 

8 0 2 . 0 0  
38. $0 

7 5 0 0 , O O  * 
1s000.00 * 

0.70 f i  
1000000.00 * 

3.00 % 

L E F T  S I D E  R I G I I T  S I D E  --------- ---------- 
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APPENDIX  B 

T I M E  H I S T O R Y  PLOTS AND S I M U L A T I O N  R U N  D E S C R I P T I O N S  

This appendix contains time history plots  f o r  each of the simu- 
la ted  vehicle maneuvers. Each s e t  of p lo t s ,  corresponding t o  a  spec i f i c  

maneuver (ramp-step, pulse-steer ,  e t c .  ) , i s  separated by a  t ab le  which 
describes the par t i cu la r  runs which follow. Each simulation run i s  
ident i f ied  by a  Run # and fu r the r  described with regard t o  loading 
condition, speed, maneuvering type, and whether or not the a r t i cu la t ion  
con t ro l l e r  and re tarder  were in US?. 



Tab le  1.  Rarnp/Step I n p u t  

Ca1 c u l  a t  i o n  Loading  Speed A r t i c u l a t i o n  
Run # # C o n d i t i o n  (KPH)  Maneuver Cont ro  I 1  e r  

1 .I 11 E 100 40" s t e p  Yes 

1.2 12 E 100 85" " Yes 

1.3 13 E 100 135" I" Yes 

1.4 3 0 E 5 0 120" " Yes 

1 .5  3 6 E 50 220" " Yes 

1.6 8 L 100 85" " Yes 

1.7 9 L 100 175" " Yes 

1.8 10 L 100 270" " Yes 

1.9 2 9 L 5 0 215" " Yes 

1.10 3 5 L 5 0 300" " Yes 

1.11 7 L 100 85" " No 

1.12" 112 E 100 40" " N / A  

*Standard 3 5 - f o o t  B u s  





CRNRDIRN RRTICULATED BUS, STEP STEER MQNEUVERS. EMPTY, 100 KPH. 
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CRNRDIRN RRTICULRTED BUS. STEP STEER MRNEUVERS. EMPTY. 100 KPH. 
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CRNRDIFIN RRTICULFlTED BUS, STEP STEER MRNEUVERS. E M P l Y .  100 KPH, 
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Tab le  2. Pu lse-Steer  I n p u t  

C a l c u l a t i o n  Load ing Speed A r t i c u l a t i o n  
Run # # C o n d i t i o n  (KPH) Maneuver C o n t r o l  I e r  

100 120" P u l s e  
S t e e r  

Yes 

34 E 50 I I Yes 

2.3 3 1 L  100 I [  Yes 

2.4 3 2  L 5 0  II Yes 

2.6" 11 1  E 100 I[ Yes 

*Same as Run # 2 . 1 ,  w i t h  new l oad  da ta  
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Table  4 .  Cornering wi th  A c c e l e r a t i o n  on a Low F r i c t i o n  S u r f a c e  
Speed = 10 f t l s e c ,  Maneuver = 1460" S t e e r  Inpu t  

C a l c u l a t i o n  Loading A r t i c u l a t i o n  Drive Torque 
Run f # Condi t ion Control  1 er in - l  b 

4.1 3 7 E Yes 20,000 

4 . 2  38 E Yes 40,000 

4.3 3 9 E Yes 60,000 

4.4 40 E Yes 80,000 

4 . 5  41 L Yes 28,800 

4 . 6  42 L Yes 57,600 

4 .7  43 L Yes 86,400 

4 . 8  44 L Yes 115,200 

*Same a s  #4.2 wi thou t  c o n t r o l l e r  

**Same as f 4 . 4  wi thou t  c o n t r o l l e r  
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Table  5. S t r a i g h t - L i n e  Braking 

Brake 
C a l c u l a t i o n  Loading Speed P r e s s u r e  

Run # # Condi t ion ( K P H )  (ps i  ) Reta rder  Comments 

Yes =0.3  
P 

Yes p =0.6 
P 

E 50 7 Yes p =0.1 
P 
s =0.08, s =0.1 

P 
L 100 3 0 Yes p =0.3  

P 
5 .6  50 L 100 6 0 Yes uP=0. 6 
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APPENDIX C 

LINEAR ANALYSIS OF DIRECTIONAL RESPONSE CHARACTERISTICS 

A broad understanding of the directional qua1 i t i e s  of the a r t i -  
culated bus can be gained by conducting a 1 inear yaw plane analysis of 
i t s  directional resporlse characteristics. I n  th i s  appendix, eigen- 
values of the articulated bus are utilized t o  establish the extent t o  
which the directional qualit ies of the bus ( a t  highway speeds) are 
affected by changes in the following design parameters and operating 
conditions: 

1 ) Loading condition 

2 )  Forward velocity 

3)  Tire properties 

4 )  Location of t r a i l e r  c.g. 

5 )  Fifth wheel damping 

I n  the discussion that follows, a brief description of the yaw 
plane model a n d  eigenvalues i s  f i r s t  given, following which the results 
of the calculations are presented. 

Linear Yaw Plane Model 

A 1 inear yaw plane model which was developed by HSRI as part of 
an ear l ier  study on double tankers [ ] was used for conducting the 
eigenvalue calculations. In the model, a l l  motions are assumed t o  take 
place on a horizontal plane. Moreover, the cornering forces and! a1 ign- 
ing moments generated a t  the tire/road interfaces are assumed t o  be 
linear functions of the sideslip angles a t  the t i r e s .  Steering system 
dynamics are l e f t  o u t  of the model and the steering input i s  assumed t o  
be given directly t o  the front wheels. The only degrees of freedom 
permitted in the model are therefore: (1)  the sideslip velocity of the 
tractor,  ( 2 )  yaw rate of the t ractor ,  and (3)  articulation of each of 
the t ra i l ing units. 



I t  was n o t  possible to represent the articulation controller in 
the 1 inear model due to the fact  that ,  even for small art iculation 
angles, the yaw moment produced by the controller i s  a highly nonl inar 
function of the articulation angle. The influence of the damping moment 
produced by the control 1 er was studied separately by representing the 
controller as a viscous torsional damper whose damping moment i s  directly 
proportional t o  the rate of change of the articulation angle. 

Ei genval ues 

The two-unit articulated bus, as represented in the linear model, 
has a set  of four complex eigenvalues and a corresponding set  of four 
complex eigenvectors. The eigenval ues for a ful ly 1 oaded bus, travel - 
ing a t  100 KPH, are shown in Figure C . 1 .  The pair of l ightly damped 
eigenvalues marked A1 correspond t o  the yaw motion of the rear unit 

( t r a i l e r )  and the pair of heavily damped eigenvalues marked A2 corres- 
pond t o  the front unit (or t rac tor ) .  Expressions for the damping rat io  
and se t t l  i n g  time for equivalent second-order systems are a1 so included 
in Figure C . 1 .  From these expressions i t  i s  obvious that the closer a 
pair of eigenvalues i s  t o  the imaginary axis,  the less damped i s  the 
corresponding natural mode of oscil lation. The time taken for a dis- 
turbance to s e t t l e  down i s  also inversely proportional t o  distance of 
the rest  from the imaginary axis. Hence, the influence of changes in 
operating conditions or design parameters on the directional response 
characteristics of a vehicle can be determined by studying the location 
of the eigenvalues in the complex plane. 

Since the eigenvalues lying in the lower half of the complex 
plane are just  a mirror image of the roots lying in the top half' plane, 
we shall i n  a l l  future references t o  eigenvalues show only the roots 
lying in the top half of the complex plane. 

Infl uence of Loading Condition 

The eigenvalues of the articulated bus for four different load- 
ing conditions, ranging from ful ly  loaded t o  empty, are shown in Figure 
C.2. For each loading condition, the eigenvalues are shown for two 



Figure C.1 .  Eigenvalues of the fully loaded articulated blr~s. 
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Figure ( - 2  Influence of speed and load distributions on the eigenvalues 

of the articulated bus. 



forward speeds, namely, 50 and 100 KPH.  I t  i s  interesting to note that 
changes in the loading condition do not have a significant impzict on 
the l ightly damped t r a i l e r  oscillation mode. At 100 K P H ,  the eigenvalue 
corresponding t o  the t ra i  1 er osci 11 ation mode has an observed natural 
frequency of about 3 radlsec (1 /2  H z )  and a damping rat io  of approxi- 
mately 0.3 for a1 1 the four loading conditions. On the other hand, 
loading condition has a significant effect on the eigenvalues which 
correspond t o  the motion of the tractor.  When the lead unit is  empty, 
the eigenvalues of the tractor are characterized by a pair of real roots. 
When the lead unit i s  empty and the t rai l ing unit i s  loaded, one of the 
real roots tends t o  cross over t o  the right half of the complex plane, 
resulting in a yaw divergence type instabi l i ty  a t  speeds exceeding 130 
KPH. 

Influence of  Speed 

In Figure C.2 we note that increasing the speed from 50 t o  100 

KPH results in the translation of a l l  of the eigenvalues towards the 
right. The damping ratios of the roots decreases and the time needed 
for a disturbance to se t t l e  down increases. For example, the damping 
ratio of the t r a i l e r  oscillation mode i s  reduced from 0 . 6  t o  0.3 by an 
increase i n  the speed from 50 to 100 KPH. 

Tire Properties 

I n  this  section we shall discuss the effects of reducing the 
cornering s t i f fness  levels of the t i r e s  on each of the three axles of 
the articulated bus. The calculations were performed for a forward 
velocity of 100 KPH. 

The influence of reducing the cornering s t i f fness  of the t i r e s  
on the tractor front axle i s  i l lustrated in Figure C.3 for the fully 
loaded bus. As the cornering stiffness i s  reduced, the observed 
natural frequency of the pair of eigenvalues which correspond t o  the 
tractor motion i s  increased and the damping rat io  i s  reduced. Reducing 
the cornering stiffness of the t i r e s  on the front axle from 1220 

1 b/deg to 800 1 b/deg reduces the damping rat io  from 0.9 to 0.65. I t  



F O L W  LOADED, 100 K P H  - : 

REAL A X I S  - Y W v  
Figure C.3. Influence of reducing the cornering stiffness of the 

tractor's f r o n t  tires. 



i s  interesting to note that changing the cornering stiffness o,f the 
t i r e s  on the tractor front axle has a negligible effect on the eigen- 
value of the t r a i l e r  oscillation mode. This i s  due t o  the fact  that 
there i s  very l i t t l e  participation of the tractor motion in the t r a i l e r  
oscil lation mode. 

The influence of reducing the cornering stiffness of the t i r e s  
on the mid axle i s  portrayed in Figure C.4. As the cornering stiffness 
of the t i r e s  on the mid axle i s  reduced, the complex eigenval ues which 
correspond t o  the tractor move toward the real axis and s p l i t  i n t o  a 
pair of real eigenvalues. When the cornering stiffness of the t i r e s  i s  
reduced below 1600 Ib/deg, one real root crosses over t o  the right half 
plane, resulting in a yaw divergence type instabi l i ty  a t  100 KPH.  The 
eigenvalue corresponding to the t r a i l e r  oscillation mode can be seen 
t o  once again remain unaffected by a change in the cornering properties 
o f  the tractor t i res .  

The effect of changing the cornering stiffness of the t i r e s  on the 
t r a i l e r  axle i s  i l lustrated in Figure C.5. I t  can be observed that 
the eigenvalue corresponding t o  the tractor motion i s  unaffected by 
changes in the cornering stiffness properties of the t r a i l e r  t i r e s .  The 
eigenvalue corresponding t o  the t ra i  1 e r  oscil lation mode shows a decrease 
in the observed natural frequency and a decrease in the damping ratio 
as well. When the cornering stiffness of the t r a i l e r  rear-axle t i r e s  
is  reduced from 2396 1 b/deg t o  1200 lb/deg (a 50 percent reduction), the 
damping rat io  i s  reduced from 0.303 t o  0.206 (a reduction of 32 percent). 

Changes in the cornering stiffness of the t i r e s  on the tractor 
front axle, mid axle, and the t r a i l e r  axle of an empty bus are i l l l u s -  
trated in Figures C.6, C.7 ,  and C.8, respectively. The comments made 
in connection w i t h  discussing the fully loaded vehicle (Figs. C.3-C.5) 

hold true for these figures as we1 1 .  

From these figures i t  can be concluded that (1  ) a variation of 
10 t o  20 percent in the cornering properties of the t i r e s  should n o t  
make a significant difference in the high-speed transient response 
characteristics of the vehicle and ( 2 )  the damping rat io  and natural 
frequency of the 1 ightly damped t r a i l e r  oscillation mode i s  primarily 
determined by the cornering stiffness of the t r a i l e r  t i r e s .  
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Figure C.4. Influence of reducing the cornering stiffness of the 
t i res  on the mid a x l e .  



Figure C.5. Influence o f  reducing the cornering s t i f fness  of the 
t i r e s  on the t r a i l e r  a x l e .  



Figure C.6. Influence of reducing the cornering stiffness of the 
tractor front tires - empty bus. 



Figure C . 7 .  Influence of reducing the cornering stiffness of the 
t i r es  on the mid axle - empty bus. 
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Figure C.8. Influence of  reducing the cornering stiffness of the 

t i res  on the t r a i l e r  ax le .  



Location of Trai ler  c~ 

In the baseline configuration, the c.g. of the t r a i l e r  (when 

empty) i s  very close t o  the t r a i l e r  axle. The vert ical  load carried 

by the f i f t h  wheel i s  therefore very small--around 1900 lbs.  We shall 

in t h i s  section discuss the ef fect  of moving the t r a i l e r  c.g. further 

back and closer t o  the t r a i l e r  axle. Figure C.9 shows the eigenvalues 

of the empty art iculated bus traveling a t  100 KPH for  three positions 

of the t r a i l e r  c.g.-21.7 i n . ,  12 in . ,  and 0 i n .  ahead of the t r a i l e r  

axle. I t  can be seen t h a t  the location of the t r a i l e r  c.g. has a signi- 

f icant  impact on the damping r a t i o  of the t r a i l e r  osci l la t ion mode. 

When the t r a i l e r  c.g. i s  moved back by 21.7 in. ( t o  a point which i s  

exactly above the t r a i l e r  ax l e ) ,  the damping ra t io  i s  reduced from 

0.305 t o  0.177--a reduction of 42 percent. The observed natural f re-  

quency i s  also reduced from about 3 rad/sec t o  2.5 rad/sec. 

Fifth Wheel Damping 

For small ar t icula t ion angles, the res is t ing moment produced by 

the ar t icula t ion angle control 1 e r  i s  composed of a damping moment which 

i s  dependent on angular velocity and  a moment which i s  dependent on the 

angular displacement. The influence of the damping moment on the 

directional behavior of the vehicle was studied by incorporating a 
l inear  viscous damper a t  the f i f t h  wheel of the l inear  model. Results 

of the eigenvalue calculations fo r  various levels  of damping varying 

from 0 t o  2000 in-lb-sec/deg a re  shown in Figure 10 for  a n  empty 

vehicle traveling a t  100 KPH. 

The presence of the damping element increases the damping ra t io  

of the t r a i l e r  osci l la t ion mode t o  a small extent. The presence of a 

viscous damper of 2000 in-lb-secldeg merely increases the damping r a t i o  

from 0.305 t o  0.377 (an increase of 23 percent),  thereby suggesting 

that  the damping moment produced by the controller  i s  not powerful 

enough t o  radically increase the damping ra t io  of the t r a i l e r  osci l la-  

tion mode. 



Figure C.9. Influence of shif t ing the c.g. of the t ra i l e r .  



Figure C.10. Influence o f  f i f t h  wheel damping. 



APPENDIX D 

SIMPLIFIED BRAKING ANALYSIS 

The equations of "steady" motion for an art iculated vehicle 
making a nearly constant deceleration stop are given in Equations (1 )  
through ( 4 )  using the symbols i l lus t ra ted  in Figure D.l and defined 
in Table D. 1 .  

Tractor Plus A ( W 1 + W 2 )  = F + F + F 
Trai 1 e r  1 2 X3 
Accel eration W 1 + W 2 = F Z  + F  + F  

1 2 23 

Trailer:  0 = F h f  + F (a2+b2) - W2a2 + A W 2 ( h 2 - h f )  ( 3 )  
Pitch Moments X3 3 
about the 
Fifth Wheel 

Tractor: 0 = ( F  + F  ) h f  + F ( b , - b f )  + Wlbf - FZ (a l+bf )  
Pitch Moments X1 X 2  2 1 
about the 
Fifth Wheel 

The fol l  owing calculation procedure, employing Eauations ( 1  ) 
through ( 4 ) ,  was used to  determine operating conditions that  will re- 
s u l t  in wheel lock: 

1. Select a treadle pressure (based on a reasonable guess). 

2. Look u p  the brake torques, T i ,  using Figure 2.4. 

3.  Calculate the longitudinal forces, Fx , a t  each axle, i  . e . ,  
i 

2T 
F = -  

20" where 
'i 

20" "ire rol l ing radius 

2 = mu1 tiplying factor for  2 brakes on  an axle. 



Figure D.1. I l lus t ra t ion  of symbols. (For the bus, bf > b 
and tandem axles are replaced by single axles.\  



Table D.1. Definition of Symbols 

Note: 

Deceleration of the vehicle in g ' s  

Front axle t o  c.g. of the tractor 

Fifth wheel t o  c.g. of the t r a i l e r  

cog .  of tractor t o  center of tractor rear suspension 

c.g. of t r a i l e r  t o  center of t r a i l e r  rear suspension 

c.g. of tractor t o  f i f th  wheel 

Brake force produced by the front t i r e s  

Brake force produced by the t i res  on the, tractor rear 
suspension 

Brake force produced by the t i r e s  on the t r a i l e r  suspension 

Vertical load on the front t i r e s  

Vertical load on the t i res  on the tractor rear suspension 

Vertical load on the t i r e s  on the t r a i l e r  suspension 

Height of the tractor c.g. 

Height of the t r a i l e r  c.9. 

Height of the f i f th  wheel 

Weight of the tractor 

Weight of the t r a i l e r  

For the bus 

"tractor" E "leading unit" 

" t rai ler"  2 "trail ing unit" 



4. Calculate deceleration, A, using Equation. (l), 

5. Compute vertical loads, FZ , at each axle. (Solve Equation 
i 

(3) for F . Then solve (2) and (4) simultaneously for F 
23 2 

and FZ . )  
1 

6 .  Compute friction utilizations, Ki, where Ki = Fx ./Fz . 
I i 

(This assumes that the friction level is large enough to 

provide these utilizations. ) 

7 .  Choose p slightly less than the largest Ki but greater than 

the other Ki values. The axle corresponding to the largest 
Ki is expected to lock up for this value of p. 

The results given in Section 2.5 are based on the above procedure 
using the parametric values 1 isted in Table D.2. 



Table 0.2 

Empty 

121.6 

181.7 

113.4 

21.7 

191.7 

39.4 

43.3  

27.5 

14,135 

18,205 

32,340 

Ful l  - 
122 i nc hes 

I I 


