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1 .0 INTRODUCTION 

Past research by HSRI relating to  antilock braking performance of 
commercial vehicles has indicated a need to  define in detail  the range 
and variety of current antilock system performance. The purpose of 
MVMA Project #1.37 was to col lect  data suitable to  those needs for  
further study of commercial vehicle antilock braking performance. The 
resul ts  obtained i n  Project #I .37 are reproduced in th i s  report. 

The f i r s t  portion of t h i s  report, Section 2 .0 ,  describes the work 
performed i n  testing of each system, followed by a discussion in Section 
3.0 of the t e s t  resul ts .  General observations and conclusions are pre- 
sented in Section 4.0. 

Sample time historites, i l  lustrat ing the performance of each ant i -  
lock system, are given in Appendix A. Appendix B contains an example- 
analysis showing how a mathematical representation of a system's control 
logic can be derived from t e s t  data, 



2.0 DESCRIPTION OF TESTING 

Five ai r-brake anti skid systems were acquired fo r  testing during 

the course of this  project. Each of these systems i s  l i s ted  in Table 1 

by matiufacturer and model number. 

Table 1 .  Antiskid Systems Tested. 

Manufacturer Modellpart No. 

Ben d i  x Logic Module EC-1 289359 

Ai r Val ve M-6 289614 

B.F. Goodrich Logic Module 1 800-6C 

A i  r Val ve 65328- C 

Eaton Logic Module 6 70002 

Air Valve 600000 

Kelsey-Hayes Logic Module KH095470006 ASSY 1088 

Air Valve 09869704 

Wagner Logic Module AF-97781-1227 

Air Valve 021 78 

The general operational features displayed by these systems cover 

a variety of characteris t ics :  singleldouble solenoid ai r valves, pneu- 

matic logic, and high-frequency pulse-rate solenoid modulation. As 
will be shown, these differences in hardware and control s t rategies  can 

resul -t in significantly different  wheel speed cycling behavior during 

antiskid operation. 



2.1 Hardware - Computer Test Setua 

The general t es t  setup is shown in the block diagram of Figure 
1 .  Tk~e antiskid hardware ( a i r  valve and logic module) was located in 
a laboratory area and connected by trunk lines t o  a hybrid computer 
(Figure 2 ) .  Single wheel dynamics were simulated on the analog computer 
and generated the required wheel speed signal t o  the antiskid logic 
module. Brake pressure was transduced from the brake cans connected t o  
the antiskid a i r  valve and returned t o  the analog computer for the 
calcullation o f  brake torque. The digital computer was responsible for 
progrim control and tes t  sequencing by a1 teri ng parameters on the analog 
computer between tes ts ,  initiating each test ,  and recording the digi- 
tized variables on magnetic tape during each run. The data recorded on 
magnetic tape resulted in a digital library of time histories for each 
an t i  s ki d sys tem. 

The matrix of simul ated tes t  conditions , represented by parameters 
on the analog computer, included three repeats for each variation in 
wheel load, wheel inert ia ,  t i  re-road friction, a n d  in i t ia l  velocity. 
Table 2 l i s t s  the specific values of each parameter variation used in 
the tx!s t matrix, totaling 288 tests for each system. 

Table 3 l i s t s  the variables recorded during each tes t  and  stored 
as a tligi tal time his tory a t  0.01-second intervals on magnetic tape. 
A sample tes t  result showing time histories for the Kelsey-Hayes system 
is given in Figure 3. 

Each tes t  was initiated by a signal from the hybrid computer which 
actuated a solenoid-controlled valve applying a nominal 100 psi a t  the 
pi l o t  port of the antiskid a i r  valve. Completion of  each tes t  was 
deterniined by the simulated vehicle velocity falling below 10 ft/sec. 
The time base used in the d i  gi t i  zed data was referenced to the time of 
application of  pi l o t  port pressure. 
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Table 2. Parameter Var ia t ions .  

Wheel Load: 2500, 5000, 7500 l b s  

Wheel I n e r t i a :  50, 75, 100, 150, 200, 300, 400, 500 in-1b-sec2 

T i  re-Road F r i c t i o n :  7 

I ( " LOW" 

I n i t i a l  V e l o c i t y :  60 mph 9 30 mph 
(88 f t / s )  (44 f t / s )  

c t i o n )  

S l i p  

Repeats: 3 



T a b l e 3 .  RecordedVariables. 

Var iable 

Wheel Speed 

Uni t s  

( rad/sec) 

Wheel Accel e r a t i  on (rad/sec2) 

Vehicle Ve loc i t y  ( f t / sec )  

Brake Pressure (ps i  > 
Wheel S l i p  (percent)  

F r i c t i o n  C o e f f i c i e n t  ( u )  ----- 
Ant is  k i d  Solenoid Signal (i) ( v o l t s )  
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2.2 Specia l  Loqic  Module Tests 

I n  a d d i t i o n  t o  the t e s t s  j u s t  described, a  se r i es  o f  spec ia l  t e s t s  

were performed on the Kelsey-Hayes l o g i c  module t o  s tudy the f eas i  b i  1  i t y  

o f  i d e n t i f y i n g  the  c o n t r o l  l o g i c  employed under s p e c i f i c  cond i t ions .  

The bas ic  t e s t  arrangement i s  shown i n  F igure  4. Each t e s t  was i n i t i a t e d  

by a s imu la ted  t r e a d l e  s tep  i n p u t  o f  100 p s i  t o  a  f i r s t - o r d e r  f i l t e r  

s imu l i t t i ng  a rep resen ta t i ve  brake pressure response, as shown i n  F igure 

5 .  The s imu la ted  wheel speed s i g n a l  was used as i n p u t  t o  the a n t i s k i d  

l o g i c  module. A t  the occurrence o f  the  a n t i s k i d  brake re lease so leno id  

s ignal ' ,  the analog computer was p laced  i n  the HOLD mode and values o f  
- 

u = uoff , - ;off, and t = to f  f were recorded. P l o t s  o f  each 

(Gaff, bof f )  p a i r  were a l s o  recorded on an X-Y recorder  f o r  each t e s t .  

Fo l  lohring the record ing  and p l o t t i n g  o f  these va r i ab les ,  wheel i n e r t i a  

o r  brake pressure a p p l i c a t i o n  r a t e  was a l t e r e d  and the  above t e s t  

repeated. After ten o r  f i f t e e n  such v a r i a t i o n s  and corresponding tes ts ,  

a  p a r t i a l  mapping i n  t he  LI - ; plane o f  the f i  r s t - c y c l e  pressure-re lease 

switchl ing curve was obtained. F igure 6 shows such a curve ob ta ined  f o r  

the Kellsey-Hayes l o g i c  module f o r  a  f i r s t - c y c l e ,  high-u, 60-mph i n i t i a l  

v e l o c i t y  cond i t i on .  By i n c l u d i n g  t ime ( t  = t o f f )  values as a t h i r d  

coord ina te  ax i s ,  t he  two-dimensional curve extends t o  a  three-dimen- 

s i o n a l  sw i t ch ing  locus. As w i  11 be demonstrated i n  Sec t ion  3.3, 

regress ion analyses can be performed on t h i s  three-dimensional  data t o  

y i e l d  an equat ion  represen t ing  the s w i t c h i n g  sur face  i n v o l v i n g  these 

variablles. This express ion cou ld  then be used t o  approximate the a n t i -  

s k i d  c o n t r o l  l o g i c  under these same, o r  s i m i l a r ,  ope ra t i ng  cond i t ions .  

I d e n t i c a l  l o g i c  module t e s t  sequences were performed f o r  a  lower  

i n i t i a l  v e l o c i t y  and a reduced ti re-road f r i c t i o n  c o e f f i c i e n t .  Tests 

were a l s o  conducted f o r  second-cycle operat ion.  Wheel spin-up cond i t ions  

f o l l ow ing  t h e  f i r s t  c y c l e  were used as the  s t a r t  o r  re ference cond i t i on  

f o r  the second-cycle t es t s .  These r e s u l t s  a re  discussed i n  Sec t ion  3.3. 

A s i m i l a r  example ana lys is ,  us ing the d i g i t a l  l i b r a r y  data, i s  p rov ided  

i n  Appendix B. 
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3.0 DISCUSSION OF RESULTS 

The f i r s t  portion of this section i s  devoted to a discussion of 
featuiqs character is t ic  of each antiskid system using analog time his- 
tories to  document these remarks. The majority of these time histories 
appeal* in Appendix A f o r  various operating conditions. Simulation of 
the basic features fo r  each system with the Phase 111 digi ta l  computer 
progrim are also outlined in this  section. Following this  discussion, 
the antiskid digi ta l  library tape and output format wi 11 be described 
and documented w i t h  example printouts, Finally, in Section 3.3, 
resulits of the special analog logic module t e s t s  described in Section 
2.2 wii 11 be examined. 

3 . I  Antiskid System Characteristics 

3.1.1 Bendix Antiskid System. The most characteristic feature 
of the Bendix system i s  the rapid on-off sawtooth modulation of brake 
chambrtr pressure appearing d u r i n g  an application cycle. This i s  
achieved by variable rate  pulsing of the high frequency solenoid valve 
controlling the p i lo t  ( t readle)  a i r .  The p i  l o t  a i r  modulation acts as 
an efl'ective secondary, internal electroni c treadle valve which limits 
the demanded p i lo t  a i r ,  thereby lowering the rate  a t  which brake chamber 
pressure i s  permitted t o  increase. Typical pulse widths are 15  mill i-  
secontls long w i t h  solenoid-pressure delays on the order of 20 milliseconds. 
Figure: 7 provides an example of the brake pressure and solenoid signals 
(lower two traces) measured by HSRI during the testing described in 
Section 2.1.  Typical cycli ng frequencies fo r  the Bendix sys tem ranged 
between 2 and 4 Hz. 

The Bendix logic module generates the appropriate solenoid sig- 
nal by comparing the measured wheel speed (lowest) w i t h  an internal 
reference speed signal. Figures 8 and 9,  provided by Bendix, describe 
the basic system operation and valve assembly. No pneumatic logic i s  
employed w i t h  the Bendi x system. 

Aside from a few adverse operating conditions involving low f r ic -  
tion and l ight  loads, control of wheel s l i p  over a variety of conditions 
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I Exhausring - Anti-Lock Mode/Sdenoid Activated I 

\ 

Sol 
EX1 
SU 

,- ATMOSPHERE 

Figure 9 .  Bendix a i r  valve assembly. 



i s  qusi  t e  good, as evidenced by the time histories of Appendix A and 
the d.igi ta l  l ibrary data. Most of the data for  the Bendix system 
demonstrates a preferred operati on wi t h i n  the low- and mi d-wheel s l  ip  
regimes. I t  should, of course, be noted that  the ideal operating 
condi *tions ( s t a t i c  load, simp1 i f i  ed brake torque-pressure characteris- 
t ics ,  e t c . )  of these tes t s  will enhance, in most cases, the overall 
operating performance of each of the systems appearing in this study. 

For purposes of modeling the characteristics of the Bendix system, 
the Phase 111 antiskid digi ta l  computer program [ I ]  appears to be quite 
capable of simulating i t s  basic behavior. Addition of a pulse-rate 
modulation option w i t h i n  the Phase I11 antiskid program would f a c i l i t a t e  
sirnulittion of the actual sys tern's p i  l o t  pressure modulation. Modulation 
of the computer program pulse rate could depend, for  example, upon the 
error  between the simulated wheel speed and an internal reference wheel 
speed:; the l a t t e r  defined to operate in the same fashion as the actual 
one depicted in Figure 8. 

3.1.2 Kelsey-Hayes Antiskid System. A unique feature of the 
Kelsey-Hayes sys tern i s  i t s  use of pneumatic logic. Generally, this  
featu1.e i s  displayed in an antiskid pressure time history as a slowly 
increasing linear pressure ramp (approximately 50 psi/second). I t s  
basic purpose i s  similar to tha t  provided by the pulse-rate p i lo t  
pressure modulation in the Bendix system; namely, to l imit  the rate of 
brake pressure application. A sample time history f o r  the Kelsey-Hayes 
system i s  shown in Figure 10. The pneumatic logic pressure ramp can be 
seen (luring the second pressure appli cation cycle. 

Most of the Kelsey-Hayes data collected during this  study dis- 
played 1i t t l e  of the pneumatic logic operation. This i s  apparently due 
to  a wqui remen t or characteris t i c  of the Kelsey-Hayes system which 
limits operation of the pneumatic logic to  cycling frequencies less 
than 2-3 Hz. The bulk of data collected on this  system showed typical 
cycling frequencies between 3 and 4 Hz, somewhat above the threshold for  
more f'requent operation of the pneumatic logi c feature. In actual 
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vehiclle use, additional delays and timing variations would derive from 
wheel load variations , non-i deal pressure- torque brake characteris tics 
(hysteresis, fade), and wheel sensor delays thereby producing somewhat 
lower antiskid cycling frequencies and more frequent pneumatic logic 
operal;i.on . 

Another characteristic exhibited by the Kel sey-Hayes system i s  
the release of brake pressure, during the f i r s t  cycle only, t o  a level 
equal t o  a b o u t  1/3 of the demanded (pi lo t )  pressure. Full release 
follohrs af ter  a short delay i f  certain wheel recovery conditions are no t  
satisfied. Solenoid-pressure time lags on the order of 0.040 second 
were rioted for f i r s  t-cycle releases, whi le subsequent cycles displayed 
much slmaller release lags of about 0.015 second. Application delays 
averaged about 0.025 second. 

The Kelsey-Hayes solenoid comands are primarily derived from a 
canparison o f  the lowest measured wheel speed and an internal refer- 
ence wlheel speed signal. An example of the Kelsey-Hayes control logic 
derived from the series of special logic module tests  i s  presented in 
Section 3.3. 

Like the Bendix sys tem, the Kelsey-Hayes sys tem tended t o  favor 
the low- and mid-wheel s l i p  regimes. However, i t  appears t h a t  the 
Kelsey-Hayes system spends a shorter percentage of i:ts time wi thin the 
pressure application portion o f  each cycle. This i s  no d o u b t  due to 
the aforementioned reduction in pneumatic logic operati on of the Kelsey- 
Hayes valve which would normally promote longer periods of operation 
within the pressure application portion of each cycle. Deep wheel 
excursions for  f i r s t  cycles were also noted for most combinations of 
low friction and l ight load. 

Computer modeling of the Kelsey-Hayes system has been performed 
in previous MVMA research using the Phase I11 antilock digital simula- 
tion. Control logic used t o  simulate an ear l ier  Kelsey-Hayes version 
and very similar to that identified for this system is  contained in 
Reference [2] ,  Detailed modeling of the pneumatic logic operation was 
also done in conjunction with the 1977 validation study involving the 
White truck equipped with the same Kelsey-Hayes system. 



3.1.3 B. F. Goodrich Antiskid System. The B.F. Goodrich system 
employs a dual-solenoid operation in i t s  a i r  valve modulation of brake 
pressure. Actuation of the f i r s t ,  second, o r  both solenoids permits 
pressure increases to 1/3, 2/3, o r  fu l l  apply levels demanded a t  the 
p i lo t  port. Figure 11 and those appearing i n  Appendix A show a s t a i r -  
case-'like pressure signal dur ing  the application portion of each cycle. 
Apparently, the main purpose of the s taircase behavior i s  to l imit  
brake pressure application levels and rates during each cycle based on 
inforrmtion obtained from previous cycles. The f i r s t ,  o r  f i r s t  two, 
cycles of each t e s t  typically tend to  produce deep wheel speed excur- 
sions which possibly serve as learning cycles attempting to  identify 
operating conditions. In some cases, the severity of these i n i t i a l  
wheel speed excursions and the i r  subsequent recovery could seemingly 
hasten the onset of undesirable pitching and bouncing characteristics 
inherent i n  the anti ski d braking dynamics of many heavy vehicles. 

In general, the B.F. Goodrich system tes t s  tended t o  display 
i n i t i a l l y  aggressive wheel s l i p  excursions which quickly diminish to  
s l i p  cycles operating in the low- and mid-slip range. Cycling frequen- 
cies ranging between 2 and 7 Hz were f a i r ly  typical. Time lags of 
about 0.025 second were measured between the solenoid and pressure 
res porlses . 

Operation of the logic module fo r  the B.F. Goodrich system i s  
somewhat more complicated than the two systems just  discussed in that  
two solenoid signals are generated. A1 though i t  i s  not known, i t  i s  
assumed that  the control logic used to actuate each of the two solenoids 
in the B.F. Goodrich system i s  probably similar i n  nature to the other 
systems, ut i l iz ing internal reference wheel speed signals and wheel 
accelc!ration condi tions. 

Simulation of the basic valve characteristics could be modeled 
within the current Phase I11 antiskid program. The a i r  valve operation 
could be simulated using the treadle pressure modulation option and two 
general-purpose or  one-shot variables representing the two solenoid 
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signals. By associating one of the solenoid variables with the 1/3 
pressulre application condition and the remaining variable with the 2/3 
pressure application, summation of these two variables in the treadle 
pressuire modulation option should dupl icate the general valve operation. 
Suitable control logic to generate the two solenoid signals would, of 
course, be needed. 

3 .l. 4 Eaton Antis ki d Sys tem. The Ea ton system employs pneumatic 
logic in a manner similar t o  t h a t  used in the Kelsey-Hayes system. 
Initiation of the Eaton pneumatic logic was generally delayed during 
most olf these tests  until the third cycle and only occurred during the 
brake pressure application mode of each cycle (Figure 1 2 ) .  The reduced 
pressulre rates, in Figure 12, occurring in the vicinity of 60 psi during 
the third and subsequent cycles reflect the operation of the pneumatic 
logic. The enlarged scale of Figure 13 demonstrates this in greater 
detail. For the high fr ict ion,  large wheel load condition, the pneu- 
matic logic was evident during the f i r s t  cycle, occurring a t  about the 
85% level of the demanded pressure. Overall operation of the Kelsey- 
Hayes and Eaton systems appear to be very similar, with the Eaton system 
cycling a t  a somewhat slower rate (1.5-3.5 Hz) and spending greater 
percentages of time in the pressure application portion of each cycle. 

Interestingly, the Eaton system was the only system of the five 
tested1 which was not confused by the most adverse operating conditions 
(light wheel load, low tire-road friction coefficient, and large wheel 
inert ia) .  Each of the other systems erroneously concluded that the 
vehicle velocity had  fallen to near zero several seconds too soon and 

therefore reverted t o  "normal" system operation prematurely with ful l  
pressure and a locked wheel. This behavior could suggest that the Eaton 
systerrl does not employ estimates of vehicle velocity usual ly derived 
from local, cycle- to-cycle wheel speed spi n-up conditions (e. g . , use of 
wheel acceleration conditions on ly ) .  However, a more likely answer i s  
the Eaton system simply allows greater time during some or a11 cycles 
for the wheel to recover, thereby achieving better estimates o f  vehicle 
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ve1oc.i t y .  Typ ica l  so leno i  d-pressure response t ime lags e x h i b i t e d  by 

the Eaton system were 30 m i  l l i seconds .  

S imu la t ion  o f  the Eaton system us ing  the  Phase I 1 1  program would 

appear t o  be q u i t e  s i m i l a r  t o  t h a t  o f  the Kelsey-Hayes system. P r i n c i -  

p a l  d i f f e rences  would presumably l i e  i n  t he  c o n t r o l  l o g i c .  

3.1.5 WagnerAnt i sk idSys tem.  The W a g n e r s y s t e m d i f f e r s  f rom 

the  o t h e r  systems t e s t e d  i n  t h a t  i t  prov ides f o r  two d i f f e r e n t  r a tes  

f o r  the re l ease  o f  brake pressure and one f o r  the  a p p l i c a t i o n  o f  pressure. 

Th is  iis achieved by a  dual  s o l e n o i d  opera t ion  which a c t i v a t e s  one so le-  

n o i  d  f o r  moderate exhaust r a tes  and increases t h e  exhaust r a t e  w i t h  

a second re lease va lve  ope ra t i ona l  under more severe wheel s l i p  o r  wheel 

a c c e l e r a t i o n  cond i t ions .  A1 though t h e  dual  so leno id  ope ra t i on  was 

d i f f i c u l t  t o  d e t e c t  f rom observa t ion  o f  most pressure t ime h i s t o v y  

traces,, i t s  opera t ion  i s  c l e a r l y  v i s i b l e  i n  the i n d i v i d u a l  so leno id  

t ime h i s t o r i e s  conta ined on t h e  d i g i t a l  l i b r a r y  tape. 

F igure  14 shows a  rep resen ta t i ve  s e t  o f  t ime h i s t o r i e s  f o r  the 

Wagner sys tern. I n  general, t he  Wagner system tended t o  p r e f e r  lower  

wheel s l i p  ope ra t i on  than t h e  o t h e r  systems tested.  I t s  o v e r a l l  opera- 

t i o n  a.lso seemed t o  be very  regu la r ,  opera t ing  w i t h  a  nea r l y  cons tan t  

c y c l i n g  frequency du r i ng  each t e s t .  The range o f  c y c l i n g  frequencies 

f o r  va,ry ing ope ra t i ng  cond i t i ons  f e l l  between 3  and 5  Hz. Solenoid- 

pressulre re lease t ime l ags  f o r  one so leno id  averaged about  50 ms, w i t h  

a  reduc t i on  t o  about  20 ms f o r  any secondary so leno id  ac tua t ions .  

Solenoi  d-pressure a p p l i c a t i o n  lags averaged about 30 ms. 

S imu la t ion  o f  the bas i c  Wagner system cou ld  be modeled w i t h  the 

Phase I 1 1  a n t i s k i d  program. The dual  so leno id  va lve a c t i o n  would be 

approximated i n  a  fash ion  s i m i l a r  t o  t h a t  suggested f o r  the B.F. Goodrich 

system, us ing  two one-shot va r iab les  and combining these i n  t he  exponen- 

t i a l  pressure model. Appropr ia te  c o n t r o l  l o g i c  dependen t upon wheel 

speed and acce le ra t i on  cond i t i ons  would be requi red.  





3.1.6 Time Constants and Time Lags. A summary o f  approximate 

t ime constants ( e x p o n e n t i a l - l i  ke pressure r i s e  and f a l l  cha rac te r i s -  

t i c s )  and 1 i n e a r  r i s e  ra tes  (pneumatic l o g i c  opera t ion)  measured f o r  

each o f  the systems t e s t e d  appear i n  Table 4. Type 12 brake cans and 

1/2- inch brake 1 ines were used dur ing  t he  t e s t i n g .  A lso  i nc l uded  i n  

Table 4 a re  t he  approximate so leno i  d-pressure release/apply t ime lags  

measured f o r  each system. 

3.2 A n t i s k i d  D i q i t a l  L i b r a r y  

Dur ing the course o f  t e s t i n g  descr ibed i n  Sec t ion  2.1, a data 

bank o f  288 d i g i t a l  t ime h i s t o r i e s  was created f o r  each system corres-  

pondinlg t o  the t e s t  m a t r i x  given i n  Table 2. O f  these 288 t ime h i s -  

t o r i e s ,  108 were se lec ted  and format ted f o r  i n c l u s i o n  on a f i n a l  d i g i t a l  

magnetic tape known as t he  a n t i s k i d  d i g i t a l  l i b r a r y .  The reduced 

number o f  t ime h i s t o r i e s  appearing on t h e  f i n a l  format ted tape s imply  

r e f l e c t s  t h ree  o f  the o r i g i n a l  e i g h t  wheel i n e r t i a  values appearing i n  

the t e s t  m a t r i x  o f  Table 2 (75, 150, and 300 i n - 1  b-sec2). These three 

values are seen as adequately represen t ing  the i n f l u e n c e  o f  wheel i n -  

e r t i a  v a r i a t i o n  on a n t i s k i d  performance w h i l e  a l s o  p e r m i t t i n g  a s i g n i -  

f i c a n t  reduc t ion  i n  s i z e  o f  t he  f i n a l  a n t i s k i d  l i b r a r y .  

The o u t p u t  fo rmat  f o r  a t y p i c a l  t ime h i s t o r y  s to red  i n  t he  a n t i -  

s k i d  l i b r a v y  i s  shown i n  Tables 5 and 6 f o r  the Kelsey-Hayes system. 

The f i r s t  page, Table 5,' l i s t s  the name o f  the  system and s imulated 

ope ra t i ng  cond i t ions .  MU-PEAK and MU-LOCK r e f e r  t o  the values o f  t i r e -  

road f r i c t i o n  c o e f f i c i e n t  a t  20% and 100% wheel s l i p .  The t e s t  repeat  

number and l i n e a r  brake torque-pressure ga in  a re  a lso  shown on t h i s  

page. Subsequent pages conform t o  the format  shown i n  Table 6. The 

f i r s t  column i s  t ime w i t h  increments o f  0.01 second and referenced t o  

the tirne o f  a p p l i c a t i o n  o f  the t r e a d l e  pressure. Columns 2 and 3 show 

wheel speed and acce le ra t i on  i n  u n i t s  o f  rad/sec and rad/sec2 f o r  an 

assumed constant  wheel rad ius  o f  20 inches. Brake pressure ( p s i ) ,  
wheel :;l ip (percent ) ,  veh i c l e  v e l o c i  ty ( f t / s e c ) ,  and c u r r e n t  ti re-road 

f r i c t i o n  c o e f f i c i e n t  a re  l i s t e d  i n  columns 4-7. Column 8 shows the 



Table 4. Pressure Release/Apply Rates and 
Solenoi  d-P ressure Time Lags. 

Sy s tern Pressure Time ConstantsIRate 

Bendi x 0.045 sec (Release) 

0.11 sec ( F u l l  Apply) 

Va r i ab le  (Pulse Rate Modulat ion)  

Kelsey-Hayes 0.040 sec (Release) 

0.11 sec ( F u l l  Apply) 

50 p s i  /sec (Pneumatic Log ic )  

B. F. Eioodri ch 0.035 sec (Release) 

0.11 sec ( F u l l  Apply) 

Var iab le  (113, 213, F u l l  
App 1 i c a t i o n )  

Ea ton 

Wagne r 

0.040 sec (Release) 

0.11 sec ( F u l l  Apply)  

50 p s i  /sec (Pneumati c Logi  c )  

0.080 sec ( S i n g l e  Solenoid 
Re1 ease) 

0.040 sec ( B o t h  Solenoid 
Re1 ease) 

0.11 sec ( F u l l  Apply) 

Solenoid-Pressure 
Time Laq (sec)  

0.025 

Release and Apply 

0.040 1 s t  Cycle 
Release 

0.015 Subsequent 
Cycle 

0.025 Apply 

0.0250 

Release and Apply 

0.030 

Release and Apply 



- --- - - .- 
Tablle 5. Sample P r i n t o u t  f rom the D i g i t a l  L i b r a r y  Tape- 

*** KELSEY-HAYES ANTISKID SPSTEB *** 
IYITIAL VELOCITY = 88 FT/SEC LOAD = 5000 LBS 

WHEEL I N E R T I A  = 150 INCH-LBS-SEC2 MU-PEAK = -80 MU-LOCK = -50 

REPBAT #3 BRAKE G A I N  = 1500 INCH-LBS/PSI 



Table 6. 
XELSEY-HAYES ANTISKID SYSTZ3 *** 

TIHE 
(SEC) 

WHEEL 
SPEED 
(aaD/s) 

Bf tAKE RHEZL 
PRESS SLIP OELOC 
( P S I )  (PCT) W / S )  

FRICT 
COEFF S O L 1  S O L 2  

(VOLTS) -', 



recorded so leno id  vo l tage  i n  t he  case o f  a s i n g l e  so leno id  system. 

Fo r  systems employi ng a d d i t i o n a l  so lenoids (Wagner, B. F. Goodri ch), the 

f i r s t  so leno id  vo l tage  i s  shown i n  Column 8, the second i n  Column 9. 

The a n t i s k i d  l i b r a r y  tape format  i s  f i l e  s t ruc tu red .  Each f i l e  

conta ins a s e t  o f  t ime h i s t o r i e s  corresponding t o  a s i n g l e  t e s t .  Table 

7 i s  !:he index  f o r  the an t i s k i d  1 i bra ry  tape which i d e n t i f i e s  the opera- 

t i n g  condi t i o n s  and p a r t i c u l a r  a n t i s k i d  sys tern w i t h  a s p e c i f i c  f i l e  

number* on the l i b r a r y  tape. For exampl e, the t h i r d  t e s t  repeat  o f  the 

Kelsey-Hayes system w i t h  a wheel i n e r t i a  o f  300 in- lb-sec2,  2500 l b  

load, 88 f t / s e c  i n i t i a l  v e l o c i t y ,  and "HIGH" f r i c t i o n  cond i t ion ,  i s  

conta ined i n  f i l e  number 126. Table 8 descr ibes the tape format i n f o r -  

mat ion~ requ i red  by most computer i n s t a l l a t i o n s  f o r  reading the  a n t i s k i d  

1 i brauy tape. 

3.3 Specia l  Log ic  Module Tes t  Resul ts 

As descr ibed i n  Sect ion 2.2, a s e r i e s  of spec ia l  t e s t s  were con- 

ducted on t he  Kelsey-Hayes l o g i c  module us ing  the analog computer. A11 

t es t s  were performed f o r  e i t h e r  f i r s t  c yc l e  o r  second cyc le  brake 

re lease condi t ions.  (No brake a p p l i c a t i o n  sw i t ch ing  cond i t ions  were -- 
recorded o r  analyzed us ing  t h i s  technique.)  The r e s u l t s  are presented 

i n  Figures 15 through 20 i n  t he  f o m  o f  wheel speed a t  brake re lease 

(uof f )  versus wheel acce le ra t i on  a t  brake re lease (koff) ,  and t ime o f  

brake release, toff, p l o t s .  Each locus represents t he  sw i t ch ing  condi- 

t i o n  c o i n c i  denta l  w i t h  brake re1 ease ob ta ined  f o r  v a r i  ous combinations 

o f  wheel i n e r t i a  and r a t e  o f  pressure app l i ca t i on .  The locus o f  measure- 

ments i s  presumed t o  l i e  w i t h i n  a " sw i t ch ing  sur face"  which approximates 

the  c o n t r o l  law l og i c ,  By per forming a regress ion ana lys is  upon the 

data se t :  (uoffi, koffi, toffi ; i = l  , . . . N) ,  a mathematical expression 

can be ob ta ined  which represents a three-dimensional  sw i t ch ing  surface. 

For  example, the  l i n e a r  regress ion o f  uoff on b o f f  and t o f f  would be o f  

the form 
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Table 7 .  

Ant isk id  D i g i t a l  x 
Tape L i b r a r y  Index. .F 

u 
C w m 

5 
0 
C) 
#-a W 

TAPE FILE U 
21 7 

218 

219 

220 

22 1 

222 

22 3 

OPERATING CONDl TIONS ---- 
150 5000 88 HIGII 

LOW 



T a b l e  7 .  ( C o n t . )  x 

OPEHATING CONDlTIONS -- -- -- - 
1 5 0  2 5 0 0  88 LOW 

C P E  FILE I/ 
253 3 6  1 

5 0 0 0  44 HIGH 



LOW 

OPERATING CONDiTJONS 

7500 44 HlGll 1 
2 

3 

1 

2 

3 

1 

2 

3 

5000  1 

2 

3 

1 

2 

3 

1 
2 

3 

2500  1 

2 

3 

1 
2 

3 

1 

2 

3 

7500 1 

2 

3 

1 

2 

3 

1 

2 

3 

TAPE FILE # -- -- 
2 89 39 7 



Table  8. A n t i s k i d  L i b r a r y  Tape Format. 

9 Track 

1600 b p i  

Un 1 abe l ed 

B l o c k i n g :  FBS(4200, 70) 

F i x e d  l e n g t h  records :  70 by tes  

Maximum b l o c k  s i z e :  4200 by tes  

EBCDIC c h a r a c t e r s  





F i g u r e  1 6 .  Logic module  t e s t  result ( K - H ) ;  w o = 8 0 :  h i g h  mu, 1 s t  cycle.  
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Figure 1 7 .  L o g i c  module t e s t  resul t  ( K - H ) ;  b0=88, low mu, 1s t  cyc le .  

3 7 



Figure  18. Logic module t e s t  resuit  ( K - H )  ; u =40, h i g h  mu, 1st c y c l e .  
0 

3 8 



i i g u r e  1 9 .  Logic module  t e s t  r e s u l t  ( X - H ) ;  d0=88, h i g h  mu,  2nd  c y c i e .  

3 9 



Figure 20. Logic module t e s t  r e su l t  ( K - H ) ;  .,=88, h i g h  mu, 2 n d  
cyc l e ,  slow apply.  



where A, B, and C are constants obtained from the regression process 
and provide the "best" f i t  ( l eas t  squares) t o  the specified data se t .  

Table 9 l i s t s  the parameter values A, B y  and C obtained for 
regression analyses of this form performed on the data shown in Figures 
15-20. Also shown for  each regression i s  the coefficient of detemina- 
tion, R2, which indicates the degree o f  variabili ty accounted for  by 

the regression. I n  each case, R2 i s  about 0 . 9  or greater, indicating 
excellent matching between the measurement locus and the l inear 
regression form of Equation ( 1 ) .  

The regression results for the f i r s t  cycle tes ts  suggest a basic 
switching condition involving a reference wheel speed ramp which s t a r t s  
a t  95% of the i n i t i a l  velocity and decays a t  about 16 f t /sec,  as shown 
in Figure 21. The ; term indicates the presence of some delay effect  
possilbly deriving from input f i l te r ing  or  a n  intentionally programmed 
delay. The regression would also indicate an  increased delay effect  
and greater slope fo r  the reference wheel speed signal a t  lower velo- 
ci t i  e:;. 

Also included in Table 9 are the regression results for  two 
second-cycle tes t s ,  differing only by the rate of pressure application 
used -in each sequence. Two regressions were performed for each of these 
tes t  sequences. The f i r s t  regression includes the e f fec t  of ;, while 
the second ignores i t s  influence. Both regressions for the slow-apply 
t e s t  sequence agree quite closely, indicating l i t t l e  o r  no dependence 
upon the ; term, whi le suggesting u and toff terms very simi l a r  t o  those 

0 
obtained for the f i rs t -cycle  tes ts .  The regression results for the 
higher-apply rate sequence are similar though somewhat more scattered 
than the s 1 ow-apply resul t s .  Further tests and analyses are probably 
needed t o  help clarify these differences. 

I n  general, i t  appears that i f  enough tests  of this nature are 
performed, reasonable approximations t o  the actual control logic can be 
obtained. However, the work involved becomes progressively more d i f f i -  
cu l t  as additional cycles, conditions, and variables are included. A 

sample analysis similar t o  that just  discussed, b u t  using the digital  
l ibrary data instead i s  included in Appendix B .  

41 



Table 9. Regression C o e f f i c i e n t s .  

Tes t  
Condi t i o n  -- 
1 s t  c.ycle 

HIGH MU 
( F i g .  15)  

I s  t c:ycle 

w = € Q  
0 

HIGH IYU 

( F i g .  16) 
- - - -- -- -. 

1 s t  c y c l e  

w 58 
0 

LOW MU 

( F i g .  1 7 )  

1 s t  c y c l e  

w = 40 
0 

HIGH M U  

( F i g .  18) 

2nd c y c l e  a. 

u =138 b.  ( i gnor ing ; )  
0 

HIGH MU 

( F i g .  1 9 )  

2 n d c y c l e  a .  

u = (38 b. ( i g n o r i n g  ;) 
0 

HIGH FIU 

Slow Apply 

( F i g .  20) 



Figure 21. Example wheel speed reference signal ( K - H ) ;  1 s t  cycle. 



4.0 GENERAL OBSERVATIONS AND CONCLUSIONS 

The d i f f e r e n t  hardware and c o n t r o l  s t r a t e g i e s  used by each o f  

these systems can produce s i g n i f i c a n t  d i f f e r e n c e s  i n  wheel speed c y c l i n g  

b e h a v i o r .  Very o f t e n  these  d i f f e r e n c e s  i n  c y c l i n g  b e h a v i o r  can account  

f o r  o ' r  h e l p  e x p l a i n  d i  f f e r e n c e s  i n  o v e r a l l  system performance, as 

r e f l e c t e d  i n  s  t o p p i  ng d i s t a n c e  o r  average d e c e l e r a t i o n  measures. How- 

ever ,  i t  i s  n o t  n e c e s s a r i l y  t r u e  t h a t  t h e  d i f f e r e n c e s  i n  c y c l i n g  b e h a v i o r  

which e x i s t  under  one s e t  o f  o p e r a t i n g  c o n d i t i o n s  w i  11 h o l d  a t  ano the r .  

To i l l u s t r a t e  t h i s ,  average d e c e l e r a t i o n s  were c a l c u l a t e d  f o r  each 

sys tern under  t h r e e  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s  and a r e  1  i s t e d  i n  

Tab le  10. The i n i t i a l  v e l o c i t y  i s  60 mph i n  each case, w i t h  wheel 

i n e r t - i a ,  v e r t i c a l  load,  and t i r e - r o a d  f r i c t i o n  d i f f e r e n c e s  d e f i n i n g  

t h e  t h r e e  o p e r a t i n g  c o n d i t i o n s .  As seen, s i g n i f i c a n t  d i f f e r e n c e s  can 

o c c u r  f o r  a  s p e c i f i c  system, as we1 1  as between d i f f e r e n t  systems, when 

o p e r a t i n g  cond i  t i o n s  a r e  changed. Th is ,  o f  course,  i s  e s p e c i a l l y  t r u e  

f o r  t he  t r a n s i t i o n  f r o m  l a b o r a t o r y  t e s t s  such as these  t o  a c t u a l  v e h i c l e  

cond i  l:i ons where v e r t i  c a l  loads and b rake  sys tem c h a r a c t e r i  s  ti cs a r e  

c o n t i n u a l l y  changing.  

For  systems wi  t h  b a s i c a l l y  s i m i l a r  c y c l i n g  c h a r a c t e r i s  t i c s ,  de- 

t a i l e d  examina t ion  o f  the  wheel s l i p  t ime  h i s t o r i e s  can o f t e n  uncover  

s i  g n i f ' i  c a n t  d i  f f e r e n c e s .  F r e q u e n t l y  , two sys terns may c y c l e  w i  t h  t h e  

same f'requency and across  t h e  same range o f  wheel s l i p ,  and t h e r e f o r e  

appear t o  be q u i t e  s i m i l a r .  However, percentage o f  t i m e  s p e n t  i n  v a r i o u s  

r e g i o n s  o f  t he  s l i p  c y c l e  may d i f f e r  c o n s i d e r a b l y ,  t he reby  sugges t ing  

s i g n i f i c a n t l y  d i f f e r e n t  a n t i s k i d  b r a k i n g  performance c a p a b i l i t i e s .  

The t e m p t a t i o n  t o  c o n j e c t u r e  and draw conc lus ions  about  b r a k i n g  

performance o f  v e h i c l e s  equ ipped w i t h  such systems, on t h e  b a s i s  o f  

l abo ra l to ry  a n t i s k i d  t e s t s  alone, i s  c l e a r l y  s p e c u l a t i v e .  Heavy v e h i c l e  

p i t c h  and bounce dynamics, p r o d u c t i v e  o f  l a r g e  v e r t i c a l  l o a d  o s c i  1  l a -  

t i o n s ,  coup led with brake system l a g s ,  h y s t e r e s i s ,  and s i d e - t o - s i d e  

imbalances,  o f t e n  de te rm ine  t h e  t i m i n g  and c y c l i n g  c h a r a c t e r i s t i c s  o f  an 

a n t i s k i d  system d u r i n g  t h e  cou rse  o f  a  heavy v e h i c l e  a n t i s k i d  s t o p .  What 



Sys tern 
Bendi )( 

€a ton 

B .  F. Goo dr i  ch 

Ke 1 s ey -ti ay es  

Wagner 

Ea ton 

6. F. Eioodri ch 

Bendi x: 

Kelsey-Hayes 

Wagner 

Bendi x 

Wagner 

Eaton 

Kelsey-Hayes 

6. F. Goodri ch 

Table 10. Average Decelera t ion Measure f o r  
Three Di f f e r e n  t Operat ing Condi t i o n s .  

Average Operat ing 
Dece le ra t ion  ( g '  s )  Condi t i o n  

0.62 

0.60 Wheel I n e r t i a  = 150 in - lb - sec2  

0.59 High Mu 
0 .53 Wheel Load = 5000 Ibs  

0.50 

Wheel I n e r t i a  = 300 in - lb - sec2  

High Mu 

Wheel Load = 7500 l b s  

Wheel I n e r t i a  = 75 in - lb - sec2  

Low Mu 

Wheel Load = 2500 lbs  



m i g h t  be d e s c r i b e d  as " t i m i d "  a n t i s k i  d  performance d u r i n g  l a b o r a t o r y  

t e s t s  cou l  d  conce ivab ly  t r a n s f o r m  t o  "agg ress i  ve" under more t y p i  c a l  l y  

adverse v e h i c l e  o p e r a t i n g  e n v i  ronments. 

A genera l  f e a t u r e  sha red  by most of t h e  a n t i s k i  d  systems i s  t h e  

r e c u r r e n t  p h i l o s o p h y  o f  s low brake p ressu re  a p p l i c a t i o n  and q u i c k  re- 

l ease .  The degree o f  des ign  o r i g i n a l i t y  p r e s e n t  i n  each system and wh ich  

most  separa tes  system f rom system appears t o  be c e n t e r e d  abou t  those 

d i f f e r e n t  mechanisms (pneumat ic  l o g i c ,  p u l s e - r a t e  modu la t i on ,  113-2/3 

p r e s s u r e  a p p l i c a t i o n )  wh ich  s e r v e  t o  ach ieve  t h i s  common p ressu re  modula- 

t i o n  p h i l o s o p h y .  The b a s i c  s t r a t e g y  can be e x p l a i n e d  on t h e  b a s i s  o f  

wheel s l i p  dynamics. S ince  i t  i s  e a s i e r  t o  c o n t r o l  wheel s l i p  on the  

low arid dynamica l l y  s t a b l e  s i d e  o f  t h e  p - s l i p  curve,  usua l  l y  encountered 

d u r i n g  brake p r e s s u r e  a p p l i c a t i o n s ,  i t  i s  1 i  kewise e a s i e r  t o  promote 

l o n g e r  p e r i o d s  o f  t ime  w i t h i n  advantageous s l i p  regimes d u r i n g  t h i s  

p o r t i o n  o f  a  c y c l e .  

F i n a l l y ,  i t  s h o u l d  be c l e a r  t h a t  t h e  a n t i s k i d  d a t a  base genera ted 

d u r i n g  t h i s  p r o j e c t  can be u s e f u l  i n  c o n t r i b u t i n g  t o  f u r t h e r  s t u d i e s  o f  

a n t i s k : i d  b r a k i n g  performance o f  heavy v e h i c l e s .  Use o f  t h i s  data  t o  

approx imate  and r e p r e s e n t  a n t i s k i d  system per formance w i t h i n  l a r g e - s c a l e  

v e h i c l e  s i m u l a t i o n s ,  such as [I], w i l l  unques t ionab ly  a i d  i n  any such 

e f f o r t ; .  
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APPENDIX A 

SAMPLE TIME HISTORIES 

Th is  appendix c o n t a i n s  sample t ime h i s t o r i e s  f o r  t h e  a n t i s k i d  system 

t e s t s  d e s c r i b e d  i n  S e c t i o n  2.1. S i x  t ime  h i s t o r i e s  a r e  shown f o r  each 

system c o v e r i n g  t h r e e  v e r t i c a l  l oads  and two f r i c t i o n  c o n d i t i o n s .  A l l  

t e s t  . r e s u l t s  i n c l u d e d  here  a re  f o r  60 mph i n i t i a l  v e l o c i t i e s  and 150 
2  i n c h - l  b-sec wheel i n e r t i a s .  



Wheel Speed 

Wheel Acce l .  0 

Wheel S l i p  

Brake Pressure 

Release 

S o l e n o i d  Apply 

Ficiure A l .  Bend ix ,  5000 l b .  %Jigh Mu. 



Wheel Speed 

Wheel Acce l .  0 

Wheel S l i p  

V e l o c i t y  

0 
100 p s i  

Brake Pressu re  

Release 

S o l e n o i d  Apply 



60 rad / s  

Nheel Speed 

0 

1200 r a d  / s2  

Wheel Accel. 0 

Wheel S l ip  

Velocity 

0 
100 psi 

Brake  Pressure 

Re1 ease 

S o l e n o i d  Apply 



Brak 

Sol el 





Wheel Speod 

0 

Whee 1 
Accel. 0 

1 .o 

Wheel Slip 

0 
100 f t , '~ 

Vel oci t y  

0 

Brake 
Pressure 

Re1 ease 

Solenoid 
A?? 1 Y 



60 r a d s  

Wheel Speed 

0 

600 rad /s2  

Wheel Accel . 0 

- 600 

1 . o  

Wheel S l i p  

0 
100 f t / s  

Vel oci t y  

0 
100 psi 

Brake Pressure 



Wheel Speed 

Wheel Acce l .  0 

Wheel S l i p  

Ve loc i  ty  

0 
lOCl p s i  

Brake Pressure  

Release 

So leno i  d App ly  



Wheel Speed 

Wheel Accel . 0 

Uheel S l i p  

V e l o c i t y  

0 
100 p s i  

Brake Pressure 









Wheel Speed 

Wheel Accel . 0 

Nheel S l i p  

Veloci t y  

0 
100 psi 

Brake Pressure 

Re1 ease 

So leno id  Apply 



Wheel Speed 

Wheel Accel. 0 

Wheel S l ip  

0 
100 p s i  

E rake Pressure 

Re1 ease 

Solenoid Apply 



Wheel Speed 

Wheel Acce l .  0 

Wheel S l i p  

V e l o c i t y  

Brake  P r e s s u ~ r e  

Release 

S o i e n o i d  Apply 



60 rad yr ,- -: 
.. , . I:-.._[: 
2 [ : - !  

Wheel i d d  
-. i-4- 

Nheei -- I 

Accel . -4- , i 

' .  - 
I ^  ! -  

-600 1 
1 - - -  

ill heel  

Vei oci 

B rake 
Pressu re; 

. . 





60 rad/s  

Wheel Sp 

0 

\i hee 
Acce 

1 .o 

Wheel S 1  

0 

Velocity 

0 
100 p s i  

B rake  
P ressu re  



Whe 

Wheel Speed 

IJhee'l S l i p  

Ve'i o c i  t y  

0 
100 psi 

sake Pressure 

Re1 ease 

l e n o i  d Apply 



Wheel Speed 

Wheel Accel . 0 

Wheel S l ip  

Velocity 

0 
100 psi 

Brake Pressure 

Release 

Solenoid Apply  



Wheel Speed 

Wheel Ac:cel. 0 

Wheel S l ip  

Velocity 

0 
100 psi 

Brake Pressure 

IRe 1 ease 

Solenoi d Apply 



60 r a d l  

Wheel Spee 

W hee 1  
Accei . 0  

Wheel S l i p  

V e l o c i t y  

0 
100 p s i  

Brake 
Pressure  

Release 

S o l e n o i d  
Apply 



1200 rad/s 

Wheel Acce 

-1200 

Wheel S1 

Ve loci ty 

0 
100 psi 

Brake 
Pressure 

Re 1 ease 

So 1 enoi d 
Apply 



60 ra 

Wheel 

0 

W hee 1 
Acc21. 

1 .o 

Wheel S 

0 

100 p s i  

Brake- 
Pressur 

Release 

Solenai  
A P P  1 Y 



Bra 

Wheel Speed 

!1 Acce l .  0 

idheel S l i p  

V e l o c i t y  

0 
100 p s i  

S o l e n o i d  Apply 

#1 Release 



Whet 

Wheel Speed 

2 1  Accel. 0 

Wheel S l ip  

Velocity 

0 
100 psi 

ake Pressure 

lenoid Apply 

#1 Release 



60 rad/s 

Wheel Speed 

0 

1200 rad/s2 

Wheel Accel. 0 

-1 200 

Wheel S l ip  

Velocity 

0 
100 psi 

Brake Pressure 

Sol enoi d Apply 

Y 1  Release 



60 ra 

Wheel 

0 

Wheel 
Accel . 

Solenoi 

$1 Re' 



60 rad/s 

Wheel Speed 

0 

Nheel 
Acce l .  0 

kiheel S l i p  

Ve loc i  t y  

0 
100 p s i  

Brake Press 

S o l e n o i d  App 

1 Release 



60 pad/ 

Wheel S 

0 

W hee 1 
Accel , 



APPENDIX 6  

EXAMPLE REGRESSION ANALYSIS USING THE DIGITAL 
ANTISKI D LIBRARY DATA 

The 1  i n e a r  reg ress ions  shown i n  Sec t i on  3.3 o f  t h e  r e p o r t  and w i t h i n  

t h i s  appendix serve  t o  p r o v i  de s imp le  and reasonable mathemat ical  app rox i  - 
mat ions o r  r e p r e s e n t a t i  ons o f  t h e  a n t i s k i  d  c o n t r o l  l o g i c  under spec i  f i  c  

o p e r a t i n g  c o n d i t i o n s .  Fur thermore,  t h e  forms o f  t h e  d e r i v e d  mathemat ical  

express ions  are,  i n  gene ra l ,  con~pa t i  b l e  w i t h  t h e  a n t i s k i d  l o g i c a l  expres- 

sion:; used by t h e  Fhase 111 a n t i s k i d  d i g i t a l  computer program. 

Two example reg ress ions  are shown i n  t h i s  appendix u s i n g  t h e  da ta  

a v a i l a b l e  i n  t h e  d i g i t a l  l i b r a r y .  These reg ress ions  are p r o c e d u r a l l y  

i d e n t i c a l  t o  t h e  ones performed i n  Sect ions  3 .3  excep t  f o r :  1 )  t h e  data  

used here i s  taken f rom t h e  d i g i t a l  l i b r a r y  and i s  s u b j e c t  t o  smal l  quan- 

titi z a t i o n  e f f e c t s ,  and 2 )  t h e  reg ress ions  shown here are per formed f o r  

s e v e i ~ a l  cyc les  f rom a  s i n g l e  t e s t  r e s u l t  - n o t  f o r  t h e  same c y c l e  o v e r  

d i f f e r e n t  t e s t s ,  as was t h e  case f o r  t h e  analog t e s t  r e s u l t s  o f  Sec t i on  

3.3. 

The f i r s t  example reg ress ions  are per formed f o r  t h e  brake re1 ease 

(OFF:) c o n d i t i o n ,  f o l l o w e d  by a  second s e r i e s  o f  .regressions f o r  t h e  re-  

app ly  (ON) c o n d i t i o n ,  The data  o f  f i l e  4110 (K-H  system) i s  used f o r  t h e  

example regress ions .  A p a r t i a l  l i s t i n g  o f  f i i e  f l l O  i s  shown i n  Table B-1. 

Us ing  t h e  da ta  f r o m  t h e  second - t e n t h  cyc les ,  cand idate  reg ress ion  

v a r i a b l e s  a t  e i t h e r  brake re lease  (OFF) o r  re -app ly  (ON) c o n d i t i o n s  are 

f i r s i :  recorded f o r  each c y c l e  as shown i n  Table 6-2. Column 1  shows t h e  

c y c l e  #, f o l l owed  by wo (wheel speed spin-up va lue  f o r  each c y c l e ) ,  uOff 

(wheel speed a t  b rake r e l e a s e ) ,  A o f f  (wheel a c c e l e r a t i o n  a t  brake r e l e a s e ) ,  

w (:wheel speed a t  r e - a p p l y ) ,  ; (wheel a c c e l e r a t i o n  a t  re -app ly ) ,  ton on on 
( t i m e  e lasped  d u r i n g  each c y c l e  f rom sp in-up t o  r e - a p p l y ) ,  and toff ( t i m e  

e lapsed f rom spin-up t o  brake r e l e a s e ) .  

The l i n e a r  r e g r e s s i o n  o f  w o f f  o n t ~  ,, ;off, and toff f o r  t h e  data  i n  

Table B - 2  y i e l d s ,  



TableB-1.  L i s t i n g  o f  Digi ta l  Library F i le  #110. 
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Tab le  B - 1 .  L i s t i n g  o f  D i g i t a l  L i b r a r y  F i l e  t i l l0 ( C o n t i n u e d ) .  
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Tab le  B-2 ,  Candidate Regress ion  V a r i a b l e s  ( F i l e  k(110). 

Cycle # 
-- 

2 

3 

4 

5 

6 

7 

8 

9 

10 



w i t h  a  c o e f f i c i e n t  o f  d e t e r m i n a t i o n  va l ue ,  R ~ ,  o f  0.999. A  compar ison o f  

w o f f  va lues  w i t h  those  p r e d i c t e d  by  t h e  above r e g r e s s i o n  e q u a t i o n  i s  shown 

i n  Tab le  B-3. 

An a1 t e r n a t i v e  r e g r e s s i o n  i n  wh i ch  t h e  above v a r i a b l e s  a r e  f i r s t  

n o r m a l i z e d  b y  wo y i e l d s  t h e  r e s u l t ,  

2 w i t h  an R v a l u e  o f  0 .994.  C l e a r l y ,  e i t h e r  one o f  t h e  above r e g r e s s i o n s  

c o u l t l  be used t o  r e p r e s e n t  t h e  b rake - re l ease  s w i t c h i n g  l o g i c  under  t hese  

ope r a t i  ng cond i  ti ons . 
Fo r  t h e  b r a k e  r e - a p p l y  (ON)  c o n d i t i o n ,  t h e  r e g r e s s i o n  o f  won o n  u 

0 ' 
; and ton f r o m  Tab le  8 -2  y i e l d s  t h e  e q u a t i o n ,  on ' 

2  w i t h  an R v a l u e  o f  0.999. The won  d a t a  i s  compared w i t h  t h e  p r e d i c t e d  

va lues  f r o m  t h e  above r e g r e s s i o n  i n  Tab le  B-4. 

An a1 t e r n a t i v e  r e g r e s s i o n  o f  won on  uOff and ( t o n  - t o f f )  y i e l d s  t h e  

e q u a t i o n ,  

2 w i t h  an R va l  ue o f  0 .994.  

I g n o r i n g  t h e  i n f l u e n c e  o f  t h e  ( t o n  - toff ) term,  t h e  r e g r e s s i o n  s i m p l y  

becom~es , 

2 w i t h  an R va l ue  o f  0.972. 

Aga in ,  i t  appears t h a t  q u i t e  reasonab le  app rox ima t i ons  t o  t h e  c o n t r o l  

l o g i c  can be d e r i v e d  w i t h  t h e  use o f  l i n e a r  r e g r e s s i o n s .  However i t  s h o u l d  

be emphasized t h a t  these  r e g r e s s i o n s ,  such as t h e  examples i n  t h i s  Appendix,  

o n l y  a p p l y  t o  s p e c i f i c  o p e r a t i n g  c o n d i t i o n s .  I f  a n t i s k i d  b e h a v i o r  o v e r  a 



Table 8-3. u O f f  vs.  Regression Predictions.  

"off - 

4 2 . 7  

40.6 

38.8 

Regression Prediction Cycle if 

2  

3 

4 

5 

6 

7  

8 

9 

10 



Table B -4 .  u vs. Regression P r e d i c t i o n s .  on 

Regression P r e d i c t i o n  Cycle # 



v a r i e t y  o f  o p e r a t i n g  c o n d i t i o n s  o r  t r a n s i e n t  l o a d  v a r i a t i o n s  i s  t o  be 

a c c u r a t e l y  represented,  then 1  a r g e r  se ts  o f  data,  r e p r e s e n t a t i v e  o f  those 

d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s ,  need t o  be i n c l u d e d  i n  the  a n a l y s i s .  For  

example, ex tend ing  the  data  s e t  shown i n  Table 8-2 t o  i n c l u d e  the  l i g h t e r  

and h e a v i e r  wheel l o a d  data, and then per fo rming regress ions  s i m i l a r  t o  

those shown i n  the  above examples. Adapt ive  fea tu res  are a v a i l a b l e  w i t h i n  

the  Phase I11 d i g i t a l  a n t i s k i d  program [ I ]  and c o u l d  a l s o  be employed t o  

a l t e r .  the  c o n t r o l  l o g i c  under d i f f e r e n t  ope ra t i ng  c o n d i t i o n s .  


