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ELECTROMAGNETIC INTERFERENCE I:I:IWXS 

ON MOTOR VEHICLE ELECTRONIC CONTKOI. ANI) s A i : r m  DEVICES 

VOLUME 2 - MEASUREMENTS, ANALYSIS, ANI) TESTING 

R.H. Espeland, D.H. Layton, B.D. Warner, m d  L.R. Teters* 

ABSTRACT 

This  r epor t  conta ins  the r e s u l t s  of a test series 
t o  evaluate  the  electrical  environment of a motor 
veh ic l e  during normal opera t ing  condi t ions and a 
summary of power supply v a r i a t i o n s  and e lec t r ica l  
s i g n a l  t r a n s i e n t  c h a r a c t e r i s t i c s .  Both source and 
coupled s i g n a l s  were measured. 

A computerized coupling a n a l y s i s  program was used 
t o  determine the  e f f e c t s  of body sh ie ld ing .  aper ture  
s i z e ,  and cable  lengths on signal  coupling i n  the 100 
t o  200 MHz band between a s imulated mobile rad io  emis- 
s i o n  and a modeled air-cushion r e s t r a in t  system cable  
as i t  might be  used i n  a motor vehic le .  

A series of s u s c e p t i b i l i t y  tests were performed on 
an e l e c t r o n i c  speed c o n t r o l  system and an an t i sk id  
c o n t r o l  module to  determine f u n c t i o n a l  upset l eve l s  
of i n j ec t ed  s i g n a l s  a t  c r i t i c a l  c i r c u i t  p o r t s  on 
t h e s e  devices.  The upset c r i te r ia  were based on 
performance departures  from normal, r e s u l t i n g  from 
t h e  i n j e c t i o n  of i n t e r f e r i n g  s i g n a l s .  T h e  i n j ec t ed  
s i g n a l s  were designed t o  r ep resen t  l e v e l s  and dura t ions  
character is t ic  of those generated wi th in  the  vehic le  
or coupled from external sources .  

Key Words: E l e c t r i c a l  s i g n a l s ,  autoniotive, i n t e r f e rence ,  
coupled s i g n a l s ,  measurements, t r ans i en t s ,  power 
supply v a r i a t i o n s ,  ape r tu re  s i z e ,  sh i e ld ing ,  
s u s c e p t i b i l i t y  t e s t i n g .  

* The au tho r s  a r e  with t h e  I n s t i t u t e  for Telecommunication Sciences, 
Off ice  of Telecommunications, U.S. Department o f  Commerce, Boulder, 
Colorado 8030’2. 



1. , INTRODUCTION 

I n  recogni t ion of the p o t e n t i a l  EMC/EMI problems associated with 

t h e  in t roduct ion  of electronic systems f o r  con t ro l  and sa fe ty  of motor 

veh ic l e s ,  the National Highway T r a f f i c  Safety Administration (NHTSA)'of 

t h e  U.S. Department of Transportat ion i n i t i a t e d  an inves t iga t ion  t o .  

determine the  range of poss ib le  problems and t o  develop preliminary 

design guide l ines  to  a s s i s t .  equipment and system designers i n  c i r c u i t  

'and configurat ion se l ec t ion  and con t ro l .  

models, regarding t h e  following areas of research:  

An e a r l i e r  study (Espeland, e t  a l . ,  1975) produced documents and 

1) computer ana lys i s  models t o  determine s e n s i t i v i t i e s  of 

e l e c t r o n i c  c i r c u i t s  and subsystems, 

a f i l e  of p 'otent ia l  i n t e r f e r e n c e  sources  i n t e r n a l  t o  the  

veh ic l e ,  
2) 

3) a f i l e  of po ten t i a l  i n t e r f e r e n c e  sources  external  t o  t h e  

veh ic l e ,  

4)  computer ana lys i s  models to determine the  conducted and 

coupled t r a n s f e r  of s i g n a l s  i n . t h e  cab l ing  and wi r ing . c i r -  

c u i t s  of the  vehicle,  and . .  

5 )  a guide of va l ida t ion  t e s t s  and preliminary guidelines.  

This present  study s p e c i f i e s  a r e sea rch  e f f o r t  t o  expand t h e  

genera l  gu ide l ines  f o r  packaging and i n s t a l l a t i o n  of e l ec t ron ic  s a f e t y  

and con t ro l  devices  on motor vehic les  so as t o  a f f e c t  electromagnetic 

compat ib i l i ty  among t h e  devices and the electromagnetic and electrical . ~ . .  

environment of t h e  vehicle.  

of tests and measurements conducted t o  eva lua te  the e l e c t r i c a l  environ- 

ment of motor vehic les ,  on conductive and r a d i a t i v e  s u s c e p t i b i l i t y  tests 

of s e l e c t e d  e l e c t r o n i c  subsystems, and on cur ren t  research and s t u d i e s  

conducted by t h e  automotive and e l e c t r o n i c s  indus t r ies .  

t h i s  program are reported i n  two volumes. 

measurements ( e l e c t r i c a l  environment). the  ana lys i s  of coupled s i g n a l s ,  

and t h e  subsystem s u s c e p t i b i l i t y  t e s t i n g  are contained i n  Volume 2. 

extension and c l a r i f i c a t i o n  of the  work on automotive EMC guide l ines  is 

These gu ide l ines  are based on the  r e s u l t s  

The r e s u l t s  of 

The r e s u l t s  obtained from t h e  

The 

2 



reported i n  Volume 3 under t h e  same t i t l e .  

Section 2 of t h i s  repor t  dea l s  m a i n l y  w i t h  a measurement program t o  

study t h e  Charac te r i s t ics  of s i g n a l s  generated by the normal operation 

of t h e  e l e c t r i c a l  and electromechanical devices of t h e  motor vehicle .  

Dafa were recorded at  the source and a t  remote po in t s  within the primary 

power and con t ro l  system t o  determine t h e  amplitude, dura t ion ,  and 

frequency responses of t hese  generated s igna l s .  Typical con t ro l  ac t ions  

f o r  which s i g n a l s  are generated are t h e  a c t i v a t i o n  or deac t iva t ion  of 

t he  l i g h t  switch and f l a she r s ,  so lenoids ,  and motors. The a l t e r n a t o r ,  

i g n i t i o n  system, and v ib ra to r s  (horn and buzzer) are a l s o  sources.  A 

review of power supply va r i a t ions  and severe  t r a n s i e n t  c h a r a c t e r i s t i c s  

r e s u l t i n g  from the  previous s tudy were included t o  complete t h i s  sect ion.  

A field-to-wire coupling a n a l y s i s  of the e f f e c t s  of body sh ie ld ing ,  

ape r tu re  s i z e s  (such as windows. door seams, g r i l l s ,  e t c . ) ,  and cable  

lengths  and terminating impedances on coupled s i g n a l s  from e x t e r n a l  

f i e l d s  is reported i n  Sect ion 3.  using an air-cushion r e s t r a i n t  system 

cable  and simulated mobile rad io  emission a s  the  s tudy example. The 

program used i n  t h i s  ana lys i s  is r e l a t e d  t o  t h e  wire-to-wire coupling 

ana lys i s  program reported i n  the  e a r l i e r  s tudy (Espeland e t  a l . ,  1975). 

Sect ion 4 r epor t s  on t h e  methodology and r e s u l t s  of i n j ec t ed  

s i g n a l  s u s c e p t i b i l i t y  t e s t i n g  using an e l e c t r o n i c  speed con t ro l  sub- 

system and an a n t i s k i d  con t ro l  module. A d i r e c t  d r i v e  test f a c i l i t y  

operated by the  A i r  Force Weapons Laboratory ( A m )  a t  Kir.tland AFB, NM 
was used for these t e s t s .  The in t e r f e rence  t e s t  s i g n a l s  were se l ec t ed  

t o  be s i m i l a r  t o  those types observed i n  the source measurements work 

(Section 2).  Various system upset condi t ions  were observed and re- 
por t  ed. 

The r e s u l t s  and conclusions obtained from these  t a sks  are used i n  

p a r t  as a b a s i s  f o r  the automotive EMC guide l ines  report i n  Volume 3 .  

3 



2 .  INTERNALLY GENERATED MOTOR VEHICLE ELECTRICAL SIGNALS 

2 . 1  Measurement Plans and Methodology 

This s ec t ion  g ives  t h e  r e s u l t s  of t h e  tests conducted t o  evaluate  

t h e  i n t e r n a l  e l e c t r i c a l  environment of a motor vehicle.  The objec t ive  

of these  measuremenrs was to  c o l l e c t  information on source s i g n a l s  and 

t h e i r  d i s t r i b u t i o n  t o  a i d  i n  e s t a b l i s h i n g  guide l ines  to  achieve e l ec t ro -  

magnetic compatibi l i ty  betveen v e h i c l e  e l e c t r o n i c  c i r c u i t s ,  
The genera l  measurements philosophy followed i n  the performance of 

t h i s  t a s k  w a s  t o  record first t h e  s i g n a l  c h a r a c t e r i s t i c s  a t  t h e  source 

(varying opera t ing  condi t ions to determine the  po ten t i a l  range of 

cha rac t e r i s t i c s )  and then t o  observe t h e  degree o f  coupling of these  

signals t o  poin ts  of i n t e r e s t  throughout t h e  vehicle .  

source and d i s t r i b u t i o n  da ta  comprise 

p a r t i c u l a r  source. 

The combined 

an information set f o r  any 

A proposed test  plan (Espeland e t  a l . ,  1975) w a s  used as a re ference  

document i n  conducting these source eva lua t ion  tests. This plan (Table 

2.1) d e t a i l s  the types and loca t ions  of measurements t o  be made, empha- 
s i z i n g  t h e  80urce c h a r a c t e r i s t i c s  as w e l l  as poss ib le  signal d i s t r i -  

bution. 
The e l e c t r i c a l  and electromechanical  devices  on which measurements 

were made are as follows: 

1) t h e  l i g h t  switch, 

2) t h e  a i r  condi t ioner  c lu tch ,  

3) 
4) the  i g n i t i o n  system, 

5) 
6 )  
7) the  fan motor, 

8 )  t h e  a l ternator ,  
9) the  windshield wiper motor, 

t h e  s ta r te r  and s t a r t e r  so l eno id ,  

t h e  turn s i g n a l  and emergency f l a she r s ,  

the  f i e l d  dump t r ans i en t  s imula to r ,  
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10) the  horn, and 

11) the  genera l  veh ic l e  noise  (broadband noise).  

The r e s u l t s  and d a t a  from these  tests a r c  presented i n  the  next sect ion.  

The s i g n a l s  recorded are genera l ly  of four  forms: 1) d i r e c t  

cu r ren t  vol tage l e v e l  changes caused by switching equipment on o r  off 

t h e  primary power source,  2 )  t r a n s i e n t s  o r  decaying s inusoida l  wave- 

forms t h a t  a r e  generated during the switching ac t ions ,  3) per iodic  

waveforms generated by v i b r a t i n g  systems o r  r o t a t i n g  machinery, and 4 )  

high  frequency pulses  or b u r s t s  assoc ia ted  with r f  t ransmi t t ing  equip- 

ment o r  with ( i n t e n t i o n a l  or  unin ten t iona l )  resonance i n  e l ec t ron ic  

circuits.  

tests. 

time domain and i n  the frequency domain. Most of t h e  da t a  was taken i n  
real-time using an osc i l loscope  d isp lay  recorded photographically.  

Two methods of d a t a  recording and ana lys i s  were used i n  these 

They are shown i n  Figure 2.1,  and represent  recording i n  the 

2.2 In t e rna l  E l e c t r i c a l  Sources 

The objec t ive  i n  compiling the  d a t a  f o r  t h i s  s ec t ion  w a s  t o  pre- 

sent,  i n  the  most u se fu l  manner, all of the a v a i l a b l e  da t a  on electrical 

sources  within a motor vehic le .  Although t h e  bulk of t he  ma te r i a l  

presented i n  th is  s e c t i o n  r e s u l t e d  from the  tests described above, 

c e r t a i n  u s e f u l  da ta  from o t h e r  references (Espeland, e t  a l . ,  1975) is 
included where appropriate .  

Summary Tables (2.2)  and (2.3) desc r ibe  the  s i g n a l  s tud ie s .  The 

p e r t i n e n t  information i n  t he  t ab le s  def ine  t h e  s i g n a l  (type, amplitude, 

and durat ion)  and  t he  source and event t h a t  caused it .  The format used 

t o  present  t h e  da ta  from t h e  ind iv idua l  sources includes a c i r c u i t  

diagram, a descr ip t ion  of t he  sources and  t h e i r  func t ions ,  t rac ings  of 

t h e  s igna ls  and waveforms recorded, and observat ions of t h e  s i g n a l  

c h a r a c t e r i s t i c s .  These d a t a  a r e  i n  Figures 2 . 2  through 2 .12 .  I n  the 

c i r c u i t  diagram a t  t h e  top of each f igu re ,  an arrow i s  used  t o  ind ica t e  

the  loca t ion  a t  which the  s i g n a l s  a r e  generated. 

2.2.1 Light Switch 

The  main l i g h t  switch con t ro l s  t h e  park and t a i l  l i g h t s  and head 
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l i g h t s .  Additional l i g h t  switches inc lude  the  stop l i g h t  switch,  the  

back-up l i g h t  switch, the  high-low beam switch and accessory lamp switches 

and cont ro ls .  A s  these switches are ac t iva t ed ,  a load is placed on t h e  

primary power bus (ba t te ry)  and energy is coupled t o  adjacent  vires, 

which o f t en  produces t r ans i en t s .  

t h e  main bus load and se l ec t ed  t r a n s i e n t s .  

The d a t a  presented i n  Figure 2.2  shows 

Figure 2.2 (a) shows a 200 mV l i n e  drop when t h e  low beams a r e  

turned "on." 
signal lamp when the  low beam is switched on, and a t r a n s i e n t  with peak 

amplitude of -40 mV occurs a t  t h e  same point  when t h e  low beam is switched 

"off." 
at t h e  t u r n  s i g n a l  lamp when the  high beam is turned "on." 

A t r ans i en t  of 150 mV occurs  a t  the  r i g h t  f r o n t  tu rn  

Figure 2 . 2  (b) shows t h a t  a p o s i t i v e  t r ans i en t  of 400 mV occurs 

Fur ther  documentation of t r a n s i e n t s  associated with the  ac t iva t ion  

of l i g h t  switches is shown i n  Figure 2.2  (c) and 2.2 (d). 

(c) shows t h e  waveforms a t  t h e  low beam lamp when t h e  high beam is 

switched "on" and "off." 

time. 
are open c i r c u i t s .  

tudes of H.75 V and -1 .2  V.  This test simulates a condi t ion of burned 

out  lamps. 

Figure 2 .2  
. 

An amplitude of 240 mV is reached a t  t h e  "on" 
In Figure 2 .2  (d)  t h e  low beam lamps were removed, thus t h e  wires 

Larger and sharper  t r ans i en t s  occur,  reaching ampli- 

2.2.2 Air-Conditioner C l u t c h  

The air-condi t ioner  compressor i s  driven from a pulley coupled by 

b e l t  t o  t h e  crank-shaft d r ive  pul ley.  When the  air-condi t ioner  switch 

is a c t i v a t e d ,  the compressor is coupled t o  the  pul ley by means of an 

electromagnetic clutch.  

supply. Trans ien ts  occur when t h e  air- condi t ioner  switch is turned 

,ton,, and "off." 

"off" of the  air -condi t ioner  compressor. A l a rge  t r ans i en t  ( D O  V) is 

generated when the  compressor c l u t c h  is released. 

s i g n a l  t o  t h e  main bus is evident  i n  the lower trace of Figure 2 . 3  ( b ) .  

This high-frequency noise  recorded has an amplitude of 0.4 V (p-p). 

waveforms i n  Figure 2 . 3  (c) and 2 . 3  (d) show g rea t e r  d e t a i l  of t h e  

The c lu t ch  imposes a 3.75 A load on t h e  power 

The d a t a  i n  Figure 2 . 3  (a)  show t h e  switching "on" and 

Some coupling of t h i s  

The 
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t r a n s i e n t  occuring as the  c lu t ch  i s  s h u t  o f f .  

2 . 2 . 3  S t a r t  Solenoid and S t a r t e r  

The starter solenoid is a c t i v a t e d  i n  t h e  s t a r t  pos i t i on  of t h e  

i g n i t i o n  switch. The solenoid c l o s e s  a s w i t c h  which connects the 

starter d i r e c t l y  t o  the ba t t e ry .  

t h e  "start" pos i t ion ,  the  power ( 1 2  V) is removed from the  main power 

bus. Th i s  i s  evident from the  top trace of Figure 2 . 4  (a).  The vol tage 

on t h e  main bus drops 12 V t o  ground a n d  25 m s  later t h e  solenoid c i r c u i t  

is energized, as evidenced by the  12 V increase  on the  lower t race.  

When the  ign i t i on  switch i s  re leased  from "start" and r e tu rns  to  "run," 

t h i s  condition i s  reversed. Also, an  18 V t r ans i en t  is generated a t  t h e  

so lenoid  c i r c u i t .  

When t h e  i g n i t i o n  switch i s  turned t o  

The da ta  i n  Figure 2 . 4  (b) shows t h e  dc coupled waveform measured 

a t  the  b a t t e r y  (plus) terminal  a t  t h e  i n i t i a t i o n  of the  "start" o r  
cranking ac t ion .  

t h e  starter dr ive  gear onto t h e  flywheel.  
also. 

caused by the v a r i a t i o n  i n  cranking load as t h e  gas  i n  each cy l inder  is 
compressed and then t h e  pressure  re leased .  

The i n i t i a l  7.5 V drop  i s  caused by the  engagement of 

This i s  a solenoid ac t ion  

The - 5  V s inusoida l  waveform that follows i s  known a s  "cogging" 

The da ta  i n  Figure 2 . 4  (c) and 2 . 4  (d) show t h e  effect  of t h e  plug 

mis f i r ing  during crank and run. In Figure  2 . 4  ( c ) ,  t h e  waveform shows 

t h e  starter engagement and i n i t i a l  cogging. 

s t a r t s  and the b a t t e r y  vol tage  r e t u r n s  t o  the  1 2  V leve l .  Some a l t e r -  

n a t o r  no i se  ( r ipp le )  is ev ident ,  and i t  has a marked pe r iod ic i ty ,  

because only the  right-bank cy l inders  were f i r i n g .  (The wires of the 

l e f t  bank were removed from the  plugs.) I n  Figure 2 . 4  ( d ) ,  only t h e  
f r o n t  r i g h t  plug w i r e  remained a t t ached  t o  the plug, with a l l  the  o the r s  

removed. 

i s  apparent i n  the waveform. 

2 . 2 . 4  Ign i t ion  System 

After 1 s ,  the  engine. 

The engine d id  n o t  s t a r t ,  b u t  the  f i r i n g  of t h e  s i n g l e  cy l inder  

The ign i t ion  s y s t e m ,  which is powered from t h e  1 2  V ba t t e ry  through 

t h e  i g n i t i o n  switch,  c o n s i s t s  of a primary c i r c u i t  and a secondary 
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c i r c u i t .  The primary i g n i t i o n  c i r c u i t  includes the  p r imary  winding of 

t h e  c o i l ,  a condenser, and breaker poLnts operated from a cam. 

s o l i d - s t a t e  i g n i t i o n  systems, e l e c t r o n i c  switches may supplement t h e  

breaker points  o r  an armature and pick-up c o i l  may replace the  breaker 

points.  The secondary windings of t h e  c o i l ,  t h e  d i s t r i b u t o r ,  and t h e  

spark plugs make up t h e  secondary circuit. 

system i s  t o  provide a high-voltage s p a r k  i n  the  cyl inder  head near the 

peak of t he  compression s t roke.  

expansion of t h e  burning gas p a r e r s  the engine. 

In  

The function of t he  i g n i t i o n  

This fires the  gas mixture, and the  

The da ta  shown i n  Figures  2.5 (a )  , (b) ,  and (c) are waveforms 

measured i n  the primary c i r c u i t ,  and those waveforms measured i n  Figures 

2.5 (d). ( e ) ,  ( f ) ,  (g). and (h) are measured in the  secondary c i r c u i t .  

The upper trace i n  Figure 2.5 (a) shows the  dc  waveform a t  the  

b a t t e r y  s i d e  of t h e ' i g n i t i o n  co i l .  This point  is common to  both wind- 

ings of t h e  co i l .  As the  breaker p o i n t s  open, t he  tes t -point  vol tage is 
r a i sed  t o  the b a t t e r y  vol tage  (13 V) and remains a t  t h a t  vol tage u n t i l  

the po in t s  c lose  (at  about 6 m s ) .  Then t h e  vol tage  drops t o  a steady- 
s t a t e  6 V ( 4 ms)  and holds u n t i l  t h e  breaker points  open again. The 

primary s i d e  of t h e  c o i l  and the  i g n i t i o n  wire t o  the i g n i t i o n  switch 
are a vol tage d iv id ing  network between t h e  b a t t e r y  and ground. A t  t h e  

time of t h e  breaker opening and the  corresponding f i r i n g  of t he  spark 

plug, a damped s inuso ida l  waveform occurs .  

t h e  b a t t e r y  w i r e  ana 360 V a t  the breaker  poin ts .  

damped s i n e  wave is measured a t  about  10 kHz i n  Figure 2.5(b). 

s iausoidalwaveform measured on t h e  main fuse  of t h e  primary power 

c i r c u i t  reaches a peak of 1 V. A t  t h e  ba t t e ry  terminal ,  t h e  waveform is 

less than 0.1 V. These da t a  are recorded i n  Figure 2.5 (c).  

Peak amplitudes are 6 V a t  

The period of t he  

The 

The waveform i n  Figure 2.5 (d) w a s  recorded a t  the d i s t r i b u t o r  

output. The waveform repea t s  a t  approximately 3 m s  ( t h i s  is s u b j e c t  t o  

engine speed v a r i a t i o n )  with two p r i n c i p a l  s p i k e s  i n  each set. 

f i r s t  sp ike  occurs with t h e  breaking of the  points .  A sho r t  duration 

waveform as l a rge  as 15,000 V i n  some cases occurs a t  that t i m e .  It is 
followed by an o f f s e t  and a r inging ( s inuso ida l )  waveform as shown i n  

The 
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Figure 2.5  (e). A r inging occurs a t  about  10 m s  w i t h  the  c los ing  of the  

breaker points .  These waveforms a r e  ev ident  i n  both Figures 2 .5  (d) and 

2 . 5  (e). 

Figures  2.5  ( f )  and 2 .5  (9) show t h e  f i r s t  f e w  mill iseconds of t h e  spark 

waveform. Peak negative values  of about 10,000 V are observed. These 

waveforms occur with normal spark.  

vary wi th  t i m e ,  with spark plug,  and wi th  engine speed and load. 

However, they a r e  typ ica l  waveforms. 

The remaining f i g u r e s  show d a t a  recorded a t  the  spark plugs. 

The amplitudes and durat ion w i l l  

Figure 2.5  (h) represents  an abnormal spark condition. The spark 

plug wire has been removed from t h e  spa rk  plug a t  a d is tance  prohib i t ing  

a spark  t o  t h e  plug or  t o  a ground po in t .  

dura t ion  occurs with peak nega t ive lpos i t i ve  excursions of -24000/+14000 V. 
A pronounced r inging of 1 ms 

2.2 .5  Turn Signal  and Emergency F la she r s  

The turn-signal f l a s h e r  i s  a device  used t o  cause a l l  required 

signal lamps t o  f l a s h  when the turn  s i g n a l  f l a she r  switch is ac t iva ted .  

The f l a s h  rate i s  between 60  and 120 f l a s h e s  per minute, and t h e  cur ren t  

,rmll between 30% and 75% of t h e  tinre.  Variat ions within these  l i m i t s  

a r e  determined by t h e  type o f  device,  lamp load, and normal production 

to le rances .  

lamps t o  t h e  power bus. 

between ground and the power supply vol tage.  

occurs a t  the  f l a she r  un i t  and a t  t h e  several lamps t h a t  are driven. 

The emergency f lasher  serves  a similar funct ion t o  a d i f f e r e n t  set of 

l i g h t s .  

The f l a she r  switch connects and disconnects appropr ia te  

This produces a rectangular  pulse  t h a t  varies 
This vol tage l e v e l  change 

Turn-signal and emergency f l a s h e r  waveforms presented i n  Figures 

2.6 ( a ) ,  (b),  ( c ) ,  and (d) show t h e  c h a r a c t e r i s t i c s  of the  pulse  t h a t  i s  
generated by t he  f lasher .  The d a t a  i n  Figures 2.6 (e), ( f ) ,  (g). and 

(h) show t h e  cha rac t e r i s t i c s  of coupled o r  induced waveform r e s u l t i n g  

from t h e s e  pulses.  

Figure 2 .6  (a)  descr ibes  t h e  sw2tching pulse  produced by the turn- 

signal f l a s h e r  a t  the r i g h t  rear turn-s ignal  lamp. 

rate of approximately 107 f l a s h e s  per  minute with an  "on" t i m e  of about 

This shows a f l a s h  
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402. Maximum amplitude reaches 10.2 V. Detailed information of the  

leading edge of t h e  tu rn  s i g n a l  p u l s e  is shown i n  Figure 2.6 (b) as 

measured a t  the  f l a she r  ou tput  and a t  the r igh t  rear lamp. 

has a r ise time of about 20 us. 

is shown i n  Figure 2.6 (c) .  Observe t h a t  the  sweep time is 100 usldiv 

i n  Figure 2.6 (c) compared t o  20 u s / d i v  i n  Figure 2.6 (b). The da ta  i n  

Figure 2 . 6  (d) i s  a record of t h e  emergency f l a she r  output and shows a 

very s i m i l a r  "on" waveform a s  s h a m  in Figure 2 . 6  (b) f o r  t h e  turn- 

signal. The data  i n  Figure 2 .6  (e) compares the  pulse  a t  o r i g i n  (turn- 

s i g n a l  output)  t o  the  s i g n a l  developed across the  ground wire  a t  the 
rear lamp. The peak amplitude reached is about 190 mV. 

The pulse  

A s i m i l a r  display of the  t r a i l i n g  edge 

The da ta  i n  Figures 2 .6  ( f )  t h r u  2.6 (h) show induced or coupled 

The s i g n a l  source  is t h e  t r a i l i n g  edge of t h e  t u rn  signal. waveforms. 

p u l s e  (Figure 2.6 (c)) .  The induced s i g n a l s  are recorded from parking 

' lamp and back-up lamp wires. Recorded amplitudes are as follows: 1) 
parking lamp, 600 mV; 2 )  back-up lamp (normal), 250 mV; and 3 )  back-up 

lamp (bulb removed), 700 mV. Removing t h e  bulb simulates an abnormal 

condi t ion t h a t  could occur with a broken wire or burned out  bulb. 

2 .2 .6  Transient  Simulator 

Several  types of automotive power bus t r ans i en t s  can develop from 

normal and abnormal func t ions  i n  t h e  automobile. These are described i n  

Sec t ion  2 .3 .  The abnormal t r a n s i e n t s  and t h e i r  e f f e c t s  a r e  d i f f i c u l t  t o  

measure because of v a r i a t i o n s  i n  v o l t a g e  and cha rac t e r i s t i c s .  . 
The Society of Automotive Engineers subcommittee on EM1 Standards 

and T e s t  Methods (1974) sugges ts  t h e  use of s imulators  and presents  

designs f o r  construct ion of an  alternator-dump t r a n s i e n t  s imulator  and 

field-decay t r ans i en t  s imulator  i n  a r e p o r t  of proposed test procedures 

f o r  electromagnetic s u s c e p t i b i l i t y  of vehic le  components. An a l t e r n a t o r  

load-dump t r ans i en t  s imulator  similar t o  the proposed design (above) w a s  

constructed and used t o  generate  t h e  t r a n s i e n t  waveforms described here. 

The r e s u l t a n t  waveform a t  t h e  b a t t e r y  cab le  is t h a t  which occurs on a 
non-repet i t ive bas i s  when t h e  cable  is loose o r  corroded or when a 

jumper cable  i s  suddenly disconnected. 
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The  recorded da ta  using the s imula to r  are shown i n  Figures 2.7 ( a ) ,  
(b), ( c ) ,  and (d). In each f i g u r e ,  t h e  lower trace is measured a t  the 

b a t t e r y  cable.  The s imulator  vo l t age  is allowed t o  reach 100 V and then 

i t  is d i s s ipa t ed  i n t o  the  veh ic l e  power c i r c u i t  w i t h  the b a t t e r y  cable  

disconnected from t h e  ba t te ry .  

coupled s igna l .  

and lasts about 300 t o  400 m s .  
cab le  v a r i e s  from 50 V t o  4 V. 

swi tch  load - w i t h  a higher measure t r a n s i e n t  assoc ia ted  with the  

l i g h t e r  load. 

a l s o  with load. 

s ignal  wire, recorded i n  Figure 2.7 ( a ) ,  

50 mV. The d a t a  i n  Pigure 2 . 7  (b),  ( c ) ,  and (d) were a l l  recorded on t h e  

windshield wiper cable. They 5hOW inc reas ing  amplitudes w i t h  increas ing  

i g n i t i o n  switch loading. The 160 mV level shown i n  Figure 2 .7  (d) was 

recorded with t h e  i gn i t i on ,  low-beam l i g h t s ,  and fan,  a l l  switched on. 

The upper trace i n  each f i g u r e  is a 

The t r a n s i e n t  decay t i m e  i s  cont ro l led  by t h e  s imulator  

The measured t r a n s i e n t  on t he  b a t t e r y  

These l e v e l s  depend on the i g n i t i o n  

The coupled s ignal  measured i n  the upper t r a c e s  var ies  

The  coupled waveform measured a t  the  r i g h t  f r o n t  turn- 
reaches a peak vol tage of 

2.2.7 Fan Motor 

The  fan  motor dr ives  t h e  fan  blade t o  provide f o r  a i r  c i r c u l a t i o n  

i n  t h e  vehic le .  
i n s i d e  only,  or a i r  drawn from ours ide  t h e  vehicle .  The motor has  a 

high and low speed. 

The f irst  is a per iodic  waveform r e l a t e d  t o  the r o t a t i o n  speed of t h e  

motor, and t h e  second descr ibes  t h e  t rans ien t  and decay waveform genera- 

ted a t  motor shut-off.  

This c i r c u l a t i o n  can b e  through the air-condi t ioner ,  

The da ta  recorded f o r  t h i s  source is o f  two types. 

The da ta  in Figures 2.8 (a)  and 2.8 (b) show the  motor waveform f o r  

t h e  high and the  low speeds, respec t ive ly .  

a n o i s e  amplitude of 0.1 V recorded a t  t h e  fan switch. The waveform has 

a b a s i c  per iod of 1.8 m s ,  which corresponds to  a frequency of 555 Hz. 

The no i se  during low-speed opera t ion  y i e l d s  a l o w e r  amplitude (30 mv) 
and lower per iod (3.5 m s ) ,  a t  a frequency of 285 Hz. The waveforms i n  

Figure 2.8  (c) show the high-speed pe r iod ic  s i g n a l  recorded a t  the  main 

power bus and a t  the r i g h t  f r o n t  parking lamp. 
,t Onll 

The high-speed waveform has 

The l i g h t  switch w a s  

during t h i s  recording, which means t h a t  t h e  signal a t  t h a t  po in t  
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was a d i r e c t l y  conducted s i g n a l  rather than an electromagnetically 

coupled s ignal .  

m a t e l y  50 mV. 

The peak-to-peak amplitude of t h e s e  s i g n a l s i s  approxi- 

The s igna ls  displayed i n  Figures 2.8 (d) ehrough 2.8 (h) a r e  a l l  
r e l a t e d  to  t h e  fan shut-off t r ans i en t  and stopping waveform. 

waveform i n  Figure 2.8 (d) shows the  switching ac t ion  and a g rea t e r  than 

four  second slowdown period which follows t h e  motor shut-off. Figures 

2.8 (e),  ( f ) .  (g) ,  and (h) show port ions of the  decaying waveform, a l l  

t r iggered  a t  shut-off and recorded w i t h  decreasing sweep speeds. 

speeds are respec t ive ly  100 IUS, 10 ms, 1 ms, and 0.2 ms per divis ion.  

The important c h a r a c t e r i s t i c s  t o  be observed are t h e  amplitude of the  

per iodic  waveform (greater  than 6 V peak-to-peak) and t h e  i n i t i a l  shut- 

off  t r ans i en t  (-3V t o  +9V) followed by t h e  slow decay. 

slowdown period, both the amplitude and per iod a re  changing. 

tude decreases t o  zero and the  period increases  as the  ro t a t ion  rate 

(rpm) decreases. 

2.2.8 Alterna tor  

The 

These 

During t h e  

The ampli- 

The a l t e r n a t o r  suppl ies  d i r e c t  cu r ren t  t o  t h e  primary power supply, 

of which the b a t t e r y  i s  t h e  s torage  (reserve)  element. The magnitude of 

cimrenf supplied is control led by the r egu la to r  and va r i e s  according t o  

t h e  load. 

pul ley.  

The a l t e r n a t o r  i s  b e l t  driven from t h e  engine dr ive  s h a f t  

Two data  sets recorded with the a l t e r n a t o r  driven from the  dr ive  

s h a f t  (engine running) are shown i n  Figure 2.9 (a)  and 2.9 (b). 
Figure 2.9 (a) ,  t h e  a l t e r n a t o r  r i p p l e  is of 0.1 V magnitude. 

imposed are i g n i t i o n  pulses  a t  20 and 50 m s  from t h e  beginning of the  

t race .  The da ta  i n  Figure 2.9  (b) shows t h e  loading e f f e c t  of switching 

on the  ex te rna l  l i g h t s .  The tota1"loading" e f f ec t  w i t h  t h e  l i g h t s  on is 

.35 V. The switch goes through two pos i t i ons  when turned "on" and 

"off." This  is evident  i n  t h e  t race .  

I n  

Super- 

In an attempt t o  i s o l a t e  the  a l t e r n a t o r  s i g n a l s  (noise) from other  

engine r e l a t ed  sources ,  severa l  p i c tu re s  w e r e  taken while dr iv ing  the  

a l t e r n a t o r  with an ex terna l  motor. These d a t a  a re  shown i n  Figures 2.9 
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(c) and 2.9 (d). 
charging the bat tery (under n o m 1  loading). Approximately 30 mV of 

r i p p l e  a re  observed a t  the  bat tery (+) terminal  and on t h e  main bus. 

Figure 2.9 (d)  represents  recordings taken during abnormal conditions.  

These data represent Signals  generated as a r e s u l t  of a loose b a t t e r y  

cable  connection. 

o r  wear or by mishandling. 

condition where the f i e l d  Was excited by a momentary contact of t h e  

ba t t e ry  cable t o  the ba t t e ry  Post. 

appreciable load on t h e  a l t e rna to r  and no f i l t e r i n g  e f f e c t  (which the 

ba t t e ry  u s u a l l y  provides). 

e l e c t r o l y t e  boi l -off .  

reached and a peak-to-peak r ipple  of 6 V is observed. 

2 .2 .9  Windshield Wiper & t o r _  

The d a t a  i n  Figure 2.9 (c) i s  w i t h  t h e  a l t e r n a t o r  

This could occur through improper i n s t a l l a t i o n  and1 

The waveform i n  Figure 2.9 (d) represents  a 

This crea ted  a condition of no I 
r 

This condi t ion i s  somewhat s i m i l a r  t o  

In t h i s  f i gu re  peak amplitudes of 17  V are 

1 ,  
The windshield wiper motor dr ives  the windshield wiper arms. It has 

a high speed, a low speed, and a motor reverse  a c t i o n  to  recess the arms 
when t h e  wipers are turned off .  

waveform t h a t  appears a t  the windshield wiper motor when it is switched 
llonll  

s ld iv .  

The waveform i n  Figure 2.10 (b) i s  generated with the motor running a t  
high speed. 

amplitude of about 0.3 v. 
each per iod o r  cycle.  

(d)  are recorded w i t h  t he  motor running at  slow speed. 
t h e  b a t t e r y  p lus  terminal  and the i g n i t i o n  main bus are 40 mV and .4 V ,  

respec t ive ly .  

I 

The d a t a  i n  F igure  2.10 (a) show the  

L 
and then "off." The amplitude scale is 2 V/div and t h e  sweep is .1 

A small t r a n s i e n t  i s  generated when the  motor is switched "off". 

This  waveform has a period of 2.2 m s  and peak-to-peak 

Short b u r s t s  of no i se  a r e  associated w i t h  

The waveforms shown i n  Figures 2.10 (c) and 2.10 . 
Amplitudes a t  

2.2.10 Horn 

The horn is  ac tua ted  with a horn r i n g  o r  bu t ton  and produces an 
audio warning o r  a l e r t  signal.  

recorded a t  t h e  horn i tself  and on the main bus. 
the v i b r a t o r  c i r c u i t  as measured a t  the horn power terminal is shown i n  

The waveforms sham i n  Figure 2 . 1 1  a r e  

The r i p p l e  caused by 
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Figure 2 . 1 1  (a) .  
t he  r e p e t i t i o n  cycle i s  approximately 2 . 8  m s .  

is apparent i n  the  waveform of Figure 2 . 1 1  (b).  

The magnitude of t h i s  r i p p l e  is about 2.2 V (p-p) and 
An rf noise  of 4 V t o  6 V 

The fea tures  of these  s i g n a l s  measured a t  t h e  main bus are shown i n  

Figure 2.11 (c)  and 2 . 1 1  (d) ,  where rf noise b u r s t s  of 60 t o  80 mV can 

be observed. 

2.2.11 General Vehicle Noise (Broad-band Noise) 

A spectrum analyzer  (Model HP 8553) w a s  used t o  record the  s p e c t r a l  

i n t e n s i t y  of s i g n a l s  emit ted from s e v e r a l  sources  wi th in  t h e  test 

vehicle .  

t he  tests. 

The following f igu res  show a c a l i b r a t i o n  and the  results of 

Figure 2.12 (a) is t h e  c a l i b r a t i o n  record.  The markers are from 

l e f t  t o  r i g h t :  1 )  zero reference marker, 2)  30 dBm a t  30 MHz, 3) 1st 

' harmonic 8 t  60 MHz, and 4)  2nd harmonic a t  90 MHz. The frequency scale 

i s  from 0 t o  100 MHz and the amplitude r e fe rence  i s  0 dBm a t  the top of 

the p ic tu re .  The amplitude s c a l e  i s  logari thmic.  

The da ta  in Figures  2.12 (b) t h ru  2 . 1 2  (d) are taken a t  t he  main 

bus for various opera t ing  modes. 

With the  i g n i t i o n  key warning buzzer sounding, amplitudes above -50 

dBm are recorded ac ross  the entire 100 MHa band. Peaks above -30 dBm 

a r e  observed below 10 MHz. Other s t rong  peaks are a t  25 hHz and near  65 

MHz. These d a t a  are i n  Figure 2.12 (b). 

The amplitude d i s t r i b u t i o n  recorded with the  horn sounding, i n  

Figure 2.12 (c).  shows amplitude l e v e l s  of about -50 dBm between 15 and 

50 MHz. I n  t h i s  record,  a s  w a s  the case for t he  i g n i t i o n  key buzzer,  

much energy is spread ac ross  t h e  band. 

The da ta  i n  Figure 2.12 ( d f a r e r e c o r d e d  wi th  t h e  engine id l ing .  It 

i s  assumed t h a t  the p r i n c i p a l  n o i s e  sources  are t h e  i g n i t i o n  s y s t e m  and 

the  a l t e r n a t o r .  

quency is observed. 
A genera l  decrease i n  amplitude with increas ing  f re -  

i 

I 

2.3 Power Supply Var ia t ions  and Severe Trans ien t  Charac t e r i s t i c s  

A t a sk  i n  t h e  e a r l i e r  s tudy (Espeland, e t  a l . ,  1975) was t o  assess 

t h e  i n t e r n a l  e l e c t r i c a l  environment of the motor vehicle .  The r e s u l t a n t  
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search indicated tha t  the information a v a i l a b l e  dea 

variations,.a&' regulat ion of the automotive primary 

with de teh inar l ion  of expected maximum tFans ien ts  

I 
i ,>J ."q. 

. . . . . . . . .  
5;: other  da ta  deal ing with g e ~ e r a l  no 

wete available.:  

4: 
Consideririg t h a t  these subjec ts  

these  measurkmehts were not repeate  

considered a d d k a b l e  t o  include s 

i n  order  t h a t  a!complete p i c tu re  of t h  

vironment .+.>+sented here. The 

1975' studF-w-vherk the  references c 

2.3.1 Volta a t i o n  
..:l-m:'_.- - ...... I .. 

The normal operating range (McCarter, 1974) of rhe l i n e  vol tage f o r  

a vehic le  is .beween 10. . .  and..16:V: . .  dc. 

during cold cranking; e.g., ak -20 F,  t h e  l i n e  Voltage can drop t o  4 , s  V 

dc. Other at&ormal ccur during jumper starts, when 

and emergency' . , 

Abnormal l i ne .  vol.tages are .caused 
. . .  ..... I : . .  . .  

,. . . . : 
.,j&&T& J. 

&ies of ten  use .24 V and sometimks 36 V 

sustained for a s  . long 

l i e d  i n  reverse  , p o l a r i t  

. . . .  . .  . .  

i+, d n q e s .  
: -4 .. i . -,... . . . . .  

There is anothetidondition which w i l l  cause abnonnal'.'line vol tage ;  

i t  requi res  equipment malfuhction. 
regula t ion  may:cause t,tie.,iioe vol tage t o  r i s e .  t o  17.V..  . . I f .  chi-s con- 

d i t i o n  exis ts  for a long period of time, t h e  e l e c t r o l y t e  i n  the  b a t t e r y  

may boil away. 

e l e c t r o l y t e  boiled o f f .  

Fa i lu re  of  the a l t e r n a t d r  'voltage ... .,j . .  . .  ,. , . . . .  I 

Voltages of 75 t o  130 V have been observed when the  
' 

T h i s  problem is usual ly  detected and corrected . . .  ....... I I. . . .  ,..* _i. . . . . . . . . . .  . .  ~ . i ;  

before t h e  e&peme dol tages  a&'>eachcd. . .  

I .  . teristics. b. 

' I  ' . .:. 24-36 V for f ive min. 
. . . . . .  . .  Reverse p o l a r i t y  

1 7  v 
. .  .;,:... 

Jumper starts 

Voltage regula tor  f a i l u r e  
Battery electrolyte . 'boi l -of  7.5 v - 130 v 
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2.3.2 Transients  

Three p r inc ipa l  types of automotive power l i n e  t r ans i en t s  are 

encountered. 

t e r n a t o r  f i e l d  decay. 

These a r e  the load dump, induct ive switching, and al- 

Load dump t r a n s i e n t s  occur when the a l t e r n a t o r  load is abrupt ly  

reduced. 

generate  a vol tage  spike. 

reasons : 

T h i s  sudden reduct ion i n  cu r ren t  causes  the a l t e r n a t o r  t o  

This c rea t e s  a worst case s i t u a t i o n  f o r  two 

I) the  b a t t e r y  a c t s  l i k e  a capac i to r  and absorbs t h e  

t r a n s i e n t  energy, and 

a discharged b a t t e r y  c rea t e s  the g r e a t e s t  s i n g l e  load 

on the  a l t e r n a t o r ,  and to abrupt ly  r e m v e  i t  causes 

g r e a t e s t  poss ib l e  load change. 

2) 

Transient vol tages  as high as 125 V have been reported with 

rise times of 100 us. 
ported. 

Decay times of 100 m s  t o  4.5 s have been re- 

Inductive load switching t r a n s i e n t s  a r e  caused by solenoid and 

These occur when an induct ive  accessory is motor f i e l d s  switching. 

turned o f f .  
load and the l i n e  impedance. 

negat ive peak followed by a dampened p o s i t i v e  excursion. 

The s e v e r i t y  is dependent upon the  magnitude of t h e  switched 

These t r a n s i e n t s  take  t h e  form of a l a r g e  

Al te rna tor  f i e l d  decay t r a n s i e n t s  produce negat ive p u l s e s  which 

occur after the  f i e l d  i s  disconnected from the  b a t t e r y  when the ign i t i on  

s w i t c h  is turned o f f .  

regula tor  cyc le  a t  t he  t i m e  of s h u t  down and v a r i e s  from -40 t o  -100 V 

with a durat ion of 200 m s .  

t r ans i en t  c h a r a c t e r i s t i c s .  

The amplitude is dependent upon the vol tage 

Table 2 . 5  summarizes these  three types of 

Table 2 .5  Automotive Transient  Voltage Charac t e r i s t i c s  
(After Piccarter, 1974) 

Max. 
Type Amplitude Rise Decay Remarks 

100 ms 0.1-4.5 s Damage p o t e n t i a l  Load dump 125 V 
Induct ive -210/+80 V 320 us  Logic e r r o r s  
switching 

A1 ternato; -100 v 2 m s  200 m s  Occurs a t  s h u t -  
f i e l d  decay down only 



2.3.3 E l e c t r i c a l  and Accessory Noise 

This noise  w i l l  normally have a r e p e t i t i o n  rate which is dependent 

A summary upon t h e  c h a r a c t e r i s t i c  of t h e  i n t e r f e r i n g  device or engine. 
of automotive, e l e c t r i c a l ,  continuous-noise c h a r a c t e r i s t i c s  ( including 

i g n i t i o n  noise)  i s  shown i n  Table 2.6 .  

2.4 C h a s s i s  DC Resis tance Measurements 

Grounding and bonding is a top ic  covered i n  Volume 3 of t h i s  

repor t .  

re fe rence  wi th in  t h e  power and s i g n a l  c i r c u i t s  of an automobile. 

i n t e r e s t  i n  t h i s  regard is an  assessment of how w e l l  s e l ec t ed  vehic le  

chass i s  po in t s  o f f e r  low-impedance paths  t o  t he  power supply ground. 

Such a set of measurements was made and a desc r ip t ion  of t h e  technique 

used and the  resul ts  obta ined  are given below. 

It treats t h e  problem of e s t a b l i s h i n g  low-impedance paths  t o  a 

Of 

A block diagram of the  t e s t  equipment i s  shown i n  Figure 2.13. 

The instruments used were a power supply, an ammeter, and a d i g i t a l  

voltmeter.  

test po in t ,  t he  vol tmeter  is c a l i b r a t a b l e  t o  a tenth of a milliohm. The 
da ta  presented i n  T a b l e  2 . 7  has been rounded t o  the neares t  milliohm. 

By s e t t i n g  the power supply t o  d e l i v e r  one ampere t o  the  

The  da t a  i n  Table 2 . 7  has been grouped by c h a s s i s  funct ion such a s  

ground, ground wires, housings,  frames, and axles. There is likewise a 

c l u s t e r i n g  of t he  d a t a  va lues  wi th in  t h e s e  func t ion  descr ip t ions .  
r e s u l t s  are self-evident .  

fe r red  t o  the  engine a t  the  ground s t r a p  b o l t  for a ground lead  between 

t h e  engine and t h e  'frame. 

another po in t  on the engine. 

The 

The l i s t e d  va lues  a r e  averages and a r e  re- 

The b a t t e r y  ground (negat ive post)  i s  t i e d  t o  

The s ign i f i cance  of these  values  is t h a t  they represent  t he  actual 

ground va lue  a t  these s e v e r a l  po in ts  and i n d i c a t e  t h e  b e t t e r  po in ts  a t  
which t o  e s t a b l i s h  a ground when adding c i r c u i t s .  
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Ground 

1 
Ground Wires 

llousing 

Frame 
I 

i 
1 
i 

! 

' 
i 

Axles 

Table 2.7 Chassis DC Resistance Measurement 

LOCATION - . . . . -. . . - 
1.) S t a r t e r  Solenoid  (Right  F r o n t  Fendor) 
2 . 1  Bat te ry  Post (Negat ive)  
3 . )  Engine-To-Fire-Wall Cable  
4 . )  Instrument  Panel  
5 . )  Hood Grounding Tab 
6. ) Head Lamp GrOung Lug ( L e f t )  
7 . )  Head Lamp Ground Lug ( R i g h t )  

8 . )  T a i l  Lamp Ground Lug ( L e f t )  
9.) Dome Light  Ground 

1.) T a i l  Lamp Ground Wire ( L e f t )  
2 . )  T a i l  Law Ground Wire ( R i g h t )  
3 . )  Park Lamp Ground Wire ( l e f t )  

4 . )  Park Lamp Ground Wire ( R i g h t )  
5 . )  Head tamp Ground Wire ( L e f t )  

1.) T a i l  Lanp Housing ( L e f t )  
2 . )  T a i l  Lamp 1IQusing (Right)  
3 . )  Cigar  L i g h t e r  Housin,g 

1.) A l t e r n a t o r  
2 . )  Rear S e a t  Frame 

3 . )  Front  S e a t  Frame 

5 . )  Rear Door ( L e f t )  
6 .1  T a i l g a t e  Door 
7 . )  H o o d  Hinge 
8.)  Front  B m p r  
9.)  near Bumper  

4 . )  Front  Dwr (Lef t )  

1.) Rear Axle [Right )  
2 . )  Front  Axle Shaft (Right )  
3 . )  Front  wheel (Right )  
4 . )  F r o n t  Wheel ( L e f t )  

I,: ..I:;'! ::. L'l.  (ill i ,,., ,Il..,S: . . . 

1 

I 
2 
2 

1 
3 
3 

2 

3 

2 2  

13  
2 2  

4 3  

2 2  

2 5  

24  

16 

I 
1 

1 
1 
4 

6 
4 

10 
9 

104 (0.104 ohms) 
1416 (1.416 ohms) 
1410 ( 1 . 4 4  ohms) 
1060 (1.06 ohm) 

*Vehicle not equipped with a radio - the grounding modification kit 
(axles) was not installed. 
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3.0 FIELD-TO-WIRE COUPLING ANALYSIS 

An area  of concern regarding e lec t romagnet ic  i n t e r f e rence  of motor 

vehicle  e l e c t r o n i c  subsystems is t h e  s u s c e p t i b i l i t y  of these devices t o  

external electromagnetic f i e l d s .  

external environments such as those  desc r ibed  i n  Sec t ion  2 of the 

earlier s tudy (Espeland, e t  a l . .  1975). I d e n t i f i e d  as sources of 

p o t e n t i a l  In te r fe rence  were broadcast  s t a t i o n s ,  radars ,  mobile radios ,  
power transmission l i n e s ,  and o thers .  Various i n t e r n a l  source f i e l d s  

have a l s o  been ident i f ied .  

These f i e l d s  could be  generated i n  

As a n  a i d  to assess ing  t h e  p o t e n t i a l  EM1 from f i e l d s  (external  t o  

t h e  subsystem). a Field-to-Wire Coupling Analysis  Program (FTWCAP) was 

used t o  model motor veh ic l e  subsystem wi r ing  and a s p e c i f i c  ana lys i s  has 

been done t o  assess l eve l s  of interference to . an  A i r  Cushion Res t ra in t  

System (ACRS) from t ransmi t ted  s i g n a l s  t y p i c a l  of a mobile radio uni t .  

The frequency range explored w a s  100 to 200 MHz and the  t ransmi t te r  is 
ra t ed  at  100 W peak output.  

__ -- -- 

This sec t ion  descr ibes  the  computer program, i t s  adaptat ion t o  
analyze coupling t o  automotive cab l ing ,  and the  r e s u l t s  obtained from 

t h i s  analysis as a func t ion  of frequency, sh i e ld ing ,  aper ture  s i z e ,  

dibtance from source t o  aper ture ,  and c a b l e  length.  Other parameter 

changes no t  inciuded could b e  number of  wires and terminat ion impedance. 

3 . 1  The FTWCAP Model 

The electromagnetic Field-to-Wire Coupling Analysis  Program (FTWCAP) 

is a modular por t ion  of a computer program developed by McDonnell- 

Douglas A i r c r a f t  Company t o  p red ic t  and analyze electromagnetic i n t e r -  

ference between avionics  systems on aerospace veh ic l e s  (Bagdnor, e t  al., 

1971). 

i n t r aveh ic l e  electromagnetic c o m p a t i b i l i t i e s  and is adaptable  t o  nonavionic 

systems on land vehicles .  

Program (WTWCAP), another  modular p o r t i o n  of t h i s  same program, w a s  used 

i n  the 1975 study t o  evaluate p o t e n t i a l  wire-to-wire coupling of con- 

ducted s i g n a l s  i n  automotive cab le  bundles.  

The program is an a n a l y t i c  t o o l  t o  a i d  t h e  user  i n  e s t ab l i sh ing  

The Wire-to-Wire Compatibi l i ty  Analysis 
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The FTWCAF’ p red ic t s  e lectromagnet ic  in te r fe rence  where there  i s  
r ad ia t ive  coupling from external e lectromagnet ic  f i e l d s  i n t o  i n t e r n a l  

wiring. 

openings) i n  the vehicle  metal  body a n d  couple i n t o  wires immediately 

adjacent.  Thus ,  t h i s  form of i n t e r f e r e n c e  normally occurs when bundle 

rout ing necess i t a t e s  posi t ioning p o r t i o n s  of a wire bundle c lose  t o  

openings i n  t h e  veh ic l e  skin.  

Some of these a i r  gaps occur around the hood, t h e  f ron t  g r i l l ,  and t h e  

fenders. 

t h e  car chass i s  where cabl ing may be exposed i n  t h e  downward d i rec t ion .  

The f i e l d s  usual ly  enter t h e  veh ic l e  through apertures  (gaps or  

Most road  vehic les  have many such openings. 

Some degree of coupling can occur from re f l ec t ed  s igna l s  under 

The ana lys i s  begins  by using an  electromagnet ic  wave propagation 

model t o  c a l c u l a t e  the  rf parer  d e n s i t y  from each r ad ia t ing  antenna a t  

each aper ture  exposing t h e  bundle. The program then uses WTWCAP f o r  a 

complete desc r ip t ion  of t h e  wires  w i t h  respec t  t o  w i r e  rout ing and types 

of termination. 

terminations are determined using a t ransmiss ion  l i n e  model. The in t e r -  

ference induced in the  w i r e  loads i s  then  compared with the load suscep- 

t i b i l i t y  t o  ob ta in  t h e  EMI margin. The EM1 margin i s  only a relative 

ind ica to r  of p o t e n t i a l  i n t e r f e rence .  

receptor  is unknown, an a r b i t r a r y  s u s c e p t i b i l i t y  l e v e l  may b e  indicated.  

In t h i s  s p e c i f i c  exerc ise ,  t h e  a n a l y s i s  of t h e  air-cushion r e s t r a i n t  

system cable ,  only t h e  received s i g n a l  da t a  are presented f o r  discus- 

sion. 
t i b i l i t y  l eve l s  were not  known. 

The induced vol tage  a c r o s s  o r  cur ren t  through the wire 

I f  the  s u s c e p t i b i l i t y  l e v e l  of a 

The EM1 margin l e v e l s  are n o t  used because the  subsystem suscep- 

The input  d a t a  required by t h e  program include: (1) de f in i t i on  of 

the  three-dimensional g r i d  which desc r ibes  t h e  geometry of the vehicle;  

(2) loca t ion  and bandwidths of t r a n s m i t t e r s ;  and (3) aper ture  da ta ,  

which includes i d e n t i f i c a t i o n ,  l oca t ion ,  connector loca t ions ,  and length 

and width of each aperture .  
each bundle. 

easy access  t o  the computer. 

cards  and read by the  computer a t  execut ion  t i m e .  

A maximum of ten  aper tures  is allowed f o r  

The FTWCAP is s tored  on magnetic tape (or d i sk  f i l e )  f o r  

The i n p u t  d a t a  a r e  punched on computer 

The output of the  F T W W  c o n s i s t s  of a summary of the input  da t a ,  
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an r f  power dens i ty  sec t ion ,  and a EM1 margin sec t ion .  

da t a  for  each ape r tu re  and frequency i s  given i n  the  rf power dens i ty  

sec t ion .  This includes the r f  p a r e r  d e n s i t i e s  i n  wat t s  per square 

meter, propagation path code, and shading from wings and fuselage.  

EM1 margin sec t ion  provides t h e  information p e r t i n e n t  t o  the trans- 

mission l i n e  ca lcu la t ion .  For each receptor  p in ,  t h e  EM1 margin, t o t a l  

received s i g n a l  (magnitude and phase),  s h i e l d i n g  a t tenuat ion  used, and 

t h e  s u s c e p t i b i l i t y  level a r e  given. 

3.2 Program Adaptation 

The propagation 

The 

The input  d a t a  ca tegor ies  def ined  above i n d i c a t e  the  types of da t a  

needed t o  exercise t h e  FWCAP model. 

these-data  are set  f o r t h  i n  the program. 

is pecu l i a r  t o  a p a r t i c u l a r  subsystem, a s p e c i f i c  example has been 

chosen to  demonstrate t h e  program c a p a b i l i t i e s  and t o  analyze t h e  

coupling that  resu l ted .  

t a t i o n  and implementation of the FTWCAP program was  an A i r  Cushion 

Res t r a in t  System (ACRS). 
a bumper impulse detector , two e l ec t roexp los ive  devices  (Em's), a 

monitoring c i r c u i t ,  and in te rconnec t ing  cables .  Upon impact, switches 

i n  the  series-wired sensors  c lose  and provide a low impedance path f o r  

eu r ren t  from the  b a t t e r y  t o  the  Em's. The EED's f i r e  and i n f l a t e  t h e  

a i r  cushions. 

in the model are: 
rout ing  of t h i s  bundle wi th in  the vehicle, and 3) the terminating impedances 

of t he  ind iv idua l  wires i n  the  bundle. 

bumper sensor  can b e  represented as a n  impedance. 

graphs and f i g u r e s  set  t h e  r a t i o n a l e  for  s e l e c t i n g  the input  parameters 

used i n  t h i s  ana lys i s .  

Rules and formats f o r  specifying 

Becausemuch of the input  data 

The candida te  subsystem chosen f o r  the adap- 

The ACRS u n i t  modeled f o r  ana lys i s  cons i s t s  of 

The important c h a r a c t e r i s t i c s  of t h e  system f o r  ana lys i s  

1) t he  in te rconnec t ing  cab le  w i r e  parameters, 2 )  t h e  

For t h i s  FTWCAP example, the 

The following para- 

Figure 3.1 shows t h e  major components of t he  system and t h e  place- 

ment of t he  components i n  a road veh ic l e .  

t h i s  program and t h e  ana lys i s  of t h i s  sys tem i s  the rout ing of t he  

approximately 11 f o o t  long in te rconnec t ing  c a b l e  near  the hood-to-fender 

aper ture .  It is t h i s  aperture-to-cable r e l a t i o n s h i p  t h a t  is analyzed i n  
t h i s  example. 

Of p a r t i c u l a r  i n t e r e s t  t o  
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A d e s c r i p t i v e  diagram of the  c a b l e  bundle is s h a m  i n  Figure 3.2. 

It consists of four  wires (two each i n  t w o  sh ie lded  cables )  t h a t  connect 

t h e  bumper de t ec to r s  t o  t h e  Em's. 
inches. The wires a r e  designated as A. B ,  C,  and D, and t h e  termi- 

na t ions  and in te rconnec t ions  a r e  shown i n  the  f igure.  

l i s  a t  t he  sensor-recorder and c a b l e  end No. 2 is a t  the bumper de- 

tec tor .  The 1.5 ohm r e s i s t o r  between connector B and C represents  the 

equivalent  r e s i s t ance  of t he  two EED's and series diodes. The 620 ohm 

and 430 ohm r e s i s t o r s  shown a t  connector No. 2 a r e  the  open switch 

r e s i s t ances  of t he  two sensors .  The .02 ohm res i s t ance  a t  A r ep resen t s  

t h e  i n t e r n a l  r e s i s t ance  of the b a t t e r y .  

The o v e r a l l  length i s  s e t  a t  132 

The cable end No. 

1 1 

1 

To o r i e n t  t h e  t r ansmi t t e r ,  t he  v e h i c l e  aper ture ,  and the cable  
r e l a t i v e  to  each o t h e r ,  a t h ree  dimensional g r i d  i s  establ ished.  

computer program designates  b u t t  l i n e ,  water l i n e ,  and fuselage l i n e  a s  

d i s tances .  Figure 3 . 3  is used t o  show references  and d is tances  f o r  t h e  

vehic le  model. The key loca t ions  a r e  given as BL, WL. FS, which corres-  

ponds t o  d i s t ance  i n  inches along the  b u t t  l i n e ,  warer l i n e ,  and fuse- 

lage,  r e spec t ive ly .  
the a i r c r a f t  usage. Using t h i s  n o t a t i o n ,  (-10. 25, 60) places  end No. 1 
of t h e  cable  a t  10.0 inches t o  t h e  l e f t  of t h e  b u t t  l i n e  reference,  25 

inches above t h e  water l i n e ,  and 60 inches  t o  the r e a r  from the  fuse lage  

reference.  The t r ansmi t t e r  i s  placed on an a r t i f ica l  wing, as  d i c t a t e d  

by t h e  computer model, t h e  t i p  of which i s  100, 1.0, 70. The ape r tu re  

center  i s  a t  -20, 25, 40 and the  end No. 2 of rhe cable is a t  -.7. 0, 0. 
3 . 3  Coupling Analysis 

The 

These a r e  convenient  terms i n  t h e  program, r e f l e c t i n g  

The scenar io  f o r  t h i s  ana lys i s  was t o  assume a t ransmi t te r  opera- 

t i n g  I n  t h e  100 t o  200 MHz frequency range  w i t h  an output power of 

100 W. 
range and power output of some mobile r ad io  un i t s .  

antenna which r a d i a t e s  t h e  f i e l d  is l o c a t e d  60 i n t o  t h e  r i g h t  of t h e  

vehic le  and 70 inches back from the f r o n t  bumper. In t h e  model, t he  

t r ansmi t t e r  is placed a t  the  t i p  of a n  a r r i f i c a l w i n g  to  represent  a 

source on another  vehic le  ad jacent  t o  the  s tudy vehicle .  

These values  were se l ec t ed  t o  match the  operat ing frequency 

The t ransmi t t ing  
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Figure 3.2 Cable Bundle Diagram 
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Figure 3 . 3  Vehicle Model Reference Grid 
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Only  one of t h e  sh ie lded  cables  in t h e  bundle was analyzed. The 

1, A2, and load poin ts  for  which da ta  is ca l cu la t ed  were designated as A 

B of t h e  upper p a i r  of w i r e s  i n  Figure 3.2. 

impedances a r e  .02 ohms. 620 ohms, a n d  1.5 ohms. The physical  loca t ions  

of the cable  ends and t h e  ape r tu re  cen te r  po in t  were se lec ted  t o  y i e ld  

(by i n t e r n a l  computer program c a l c u l a t i o n )  an o v e r a l l  cab le  length of 

132  inches.  

nated cable  ends and ape r tu re  center shown i n  Figure 3 . 3 ,  produced an 

o v e r a l l  length of 131.6 fnches, p l ac ing  t h e  ape r tu re  center  23.5 inches 

from cable  end 1 and 108.1 inches from cab le  end 2. 

Their  respec t ive  terminat ing 1 

T h i s  is t h e  approximate l eng th  of t h e  bundle. The desig- 

With the  aper ture  center, cab le  ends,  cable  length,  and impedance 

parameters f ixed as descr ibed above, a number of program evalua t ion  runs 

were made varying t h e  opera t ing  frequency and ape r tu re  dimensions. 

results of these computer runs a r e  l i s t e d  i n  Tables 3 . 1  and 3.2. 

following da ta  are included: 

The 

The 

2 1) power densi ty  at  the ape r tu re  (W/m ), 

2) fuselage (body) sh i e ld ing  e f f e c t  (dB), 

3) wire cable  sh i e ld ing  e f f e c t  (dB). 

4 )  
The f i r s t  three sets of da ta  (Table 3.1) a r e  funct ions of frequency 

received s i g n a l  a t  t h e  des igna ted  load po in t s  (dBuV/MHz). 

only,  w h i l e  t he  last se t  (Table 3.2) is a func t ion  of frequency and 

a p e r t u r e  s ize  (dimensions). 
For a n a l y s i s ,  t hese  d a t a  have been p l o t t e d  i n  Figure 3 . 4  through 

3.9. 
the power densi ty  and t h e  e f f e c t  of c a b l e  sh i e ld ing  on the  received 

signal. 

s i z e  and dimensions, t ransmi t t ing  frequency, aperture-to-cable end 

length ,  and termination. 

The data  i n  t h e  f i g u r e s  show t h e  e f f e c t  o f  fuse lage  sh ie ld ing  on 

Also, t h e  received s i g n a l  v a r i a t i o n s  are dependent on aperture  

The two sets of d a t a  i n  Figure 3.4  represent  a p l o t  of the  rf power 

dens i ty  a t  rhe aper ture  as a func t ion  of frequency, and the  amount of 

s i g n a l  a t tenuat ion  due t o  body s h i e l d i n g ,  a l s o  as a funct ion of f re -  

quency. 

d i r e c t  path between t h e  t ransmi t t ing  antenna and t h e  aperture .  

This sh ie ld ing  is t h e  r e s u l t  of body metal obs t ruc t ing  t h e  

Curve 
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Table 3.1 Power  Densi ty ,  Fuse lage  S h i e l d i n g ,  and C a b l e  Shielding 

Power  Body C a b l e  
Frequency Dens i ty  S h i e l d i n g  Shie ld ing  

(MHZ 1 ( W h 2  ) (dB) (dB)  

1 0 0  . 4 8 9 5  -3.2 -44 9 

1 1 2 . 5  . 4 6 8 2  -3.4 -44 .2  

1 2  5 . 4 4 9 0  -3 .6  -43.5 

1 3 7 . 5  . 4 3 1 5  -3.8 -42 .9  

150 .4154  -4 .0  - 4 2 . 3  

1 6 2 . 5  . 4 0 0 6  -4 .1  -41 .8  

1 7 5  .3868 -4 .3  -41 .3  

187.5 . 3 7 4 0  -4.4 -40 .9  
2 0 0  . 3 6 2 1  -4.6 -40.5 
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Figure 3.4 Power Density and Shielding Attenuation vs. Frequency 
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Figure 3.5 Wire Shielding Attenuation vs. Frequency 

53 



A 
/ \  

Frequency (MHz) 
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(wire ends AI, B1, and A2) 
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number 1 shows t h e  amount of s h i e l d i n g  varying from a -3.2 dB t o  -4.6 dB 

i n  t h e  frequency range from 100 t o  200 MHz. The change i n  power dens i ty  

over t h e  same range is from .4895 W/m t o  .3621 b l lm . The r a t i o  of 

these two dens i t i e s  is 1.3 dB, i n d i c a t i n g  t h a t  t h e  decrease in power 

dens i ty  a t  t h e  aper ture  is d i r e c t l y  a t t r i b u t a b l e  t o  body sh ie ld ing .  

2 2 

The curve i n  Figure 3.5 shows the ef fec t iveness  of a sh i e lded  cable  

on the  n e t  received s igna l .  

than 40 dB over t h a t  of an  unshielded cable.  

iveness  varies s l i g h t l y  with frequency. 

quencies. 

The r ece ived  s igna l  is a t tenuated  by more 

The sh ie ld ing  e f f e c t -  

It is less a t  the  higher  fre- 

The da ta  i n  Figures 3.6 through 3.9 represent  the  ape r tu re  and 

1’ A2 frequency dependence of the received s i g n a l s  a t  the  load po in t s  A 

and B1. (Respective impedances i n d i c a t e d  i n  Figure 3.2.) Figure 3.6 

r ep resen t s  received s i g n a l  i n  (dB uV/MHz) fo r  aper ture  s i z e s  ( 4  in X 2 

i n )  and (40 i n  X 2 i n )  a t  100, 112.5, 125, 137.5, 150, 162.5 175, 187.5, 

and 200 MHz. These d a t a  demonstrate v a r i a t i o n s  as a funct ion of fre- 

quency and aper ture  s i z e .  
Figure 3.7 t h r u  3.9. 

t h e  apparent  grouping of s i g n a l  level  as a funct ion of termination. 

The smallest received s i g n a l s  are p red ic t ed  a t  A 

h igher  a t  B1, (1.5 ohms), and t h e  h i g h e s t  a t  A2 (620 ohms). 

along with d a t a  far ape r tu re s  s i z e s  4 i n  X . 2  i n  and 40 i n  X 20 i n  is 

s h a m  i n  Figures 3.7, 3.8. and 3.9. Three e f f e c t s  are apparent .  The 

f i r s t  is the  frequency dependence w i t h  a s  much as 30 dB v a r i a t i o n  ob- 

served ac ross  t h e  band. Calcu la t ions  a t  frequencies between those f o r  

which d a t a  w a s  analyzed may revea l  even  g rea t e r  va r i a t ion .  

e f f e c t  t h a t  is apparent from the  d a t a  is t h e  grouping of r e s u l t s  associated 

with f ixed  aper ture  length.  

(3) and ( 4 )  f o r  which t h e  length w a s  4 in .  
ca l cu la t ed  f o r  a given ape r tu re  a c r o s s  t h e  frequency band, t h e  average 

l e v e l  of curves (1) and ( 2 )  would exceed the average l e v e l  of curves (3) 
and ( 4 )  by about 10 dB. 

the  increase  i n  s i ze  of t h e  l a r g e r  dimension. 

These v a r i a t i o n s  w i l l  be discussed using 
The main f e a t u r e  of the  da ta  i n  Figure 3.6, i s  

(.02 ohms), the next  1 

A second display of t h e  da t a  f o r  A1, A2. and B on a l a r g e r  s c a l e  1 

A second 

This is p a r t i c u l a r l y  observable i n  curves 

If an average l e v e l  were 

This effect on s i g n a l  l e v e l  i s  a t t r i b u t a b l e  t o  
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The t h i r d  observation of the c h a r a c t e r i s t i c s  of t h e  da ta ,  and the 

one most usefu l  f o r  s p e c i f i c  app l i ca t ion ,  is t h e  r e l a t i v e  s i g n a l  ampli- 

tude as a func t ion  of frequency. There is t h e  expected s t rong i n t e r -  

dependence between frequency and a p e r t u r e  s i ze .  An example i n  t h e  da t a  

of Figure 3.9 i s  seen i n  comparing t h e  s i g n a l  l e v e l s  a t  125 and 150 MHz 

f o r  t he  4 in X 2 i n  ape r tu re  (curve 3) and t h e  4i)in X 2 i n  ape r tu re  

(curve 2).  A t  125 MHz, the  received s i g n a l  is 131.9 dBuV/MHz i n  curve 2 
and t h e  received s i g n a l  i n  curve 4 is 122.4 dBuV/MHz. A t  t h i s  fre- 

quency, t h e  s i g n a l  f o r  ape r tu re  4 i n  X 2 in is 9.5 dB grea te r  than for 
ape r tu re  40 i n  X 2 in .  A t  150 MHz, t h e s e  r e l a t i v e  s i g n a l  levels are 

reversed,  w i t h  t h e  s igna l  for 40 i n  X 2 i n  being 33.6 dB g rea t e r  than 

f o r  ape r tu re  4 i n  X 2 i n .  

One a d d i t i o n a l  program evaluat ion run w a s  made t o  demonstrate t he  

e f f e c t  of o v e r a l l  cable  bundle length on s i g n a l  coupling. 

t i o n  w a s  for only the  4 i n  X 2 i n .  ape r tu re .  The r e s u l t s  are shown i n  

Figure 3.10, where t h e  coupled s i g n a l  l e v e l s  of a 100 i n  cable  are 

compared t o  t h e  coupled s i g n a l  levels of the 132 i n  cable  ( the  132 i n  

length  w a s  used i n  a l l  the previous ana lyses ) .  

cab le  represents  a one-sixth reduction I n  o v e r a l l  cab le  length.  

d a t a  shows t h e  expected d e f i n i t e  frequency dependence of coupled s i g n a l  

on the cable  length.  

This evalua- 

The 110 i n  length of 

This 
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4 .  SUBSYSTEM SUSCEPTZBILITY TESTING 
The circuit analysis models, electromagnetic coupling analysis 

programs, and component specification surveys used in the earlier study 
(Espeland et al., 1975) established device sensitivity and noise im- 

munity ranges for various types of electronic components. 
mation is very useful in the selection of devices and components for 
design, but does not address performance criteria of subsystems in the 
automotive environment. 

tibility testing effort was included in the present program. 
testing effort is directed toward conducted interference only. 

This infor- 

It was for this reason that a subsystem suscep- 
This 

Conductive susceptibility tests were performed on a speed control 
subsystem and an antiskid braking module. Interference signals used in 

the tests included rf pulses and dc pulses (square wave and exponential 
transients). 
ference signal injection and appropriate upset points were monitored to 
determine system performance degradation resulting from the injected 
interference signals. 
the tests. 

Potentially susceptible points were selected for inter- 

Normal system operating modes were simulated for 

This section reports the preparation and procedures required for 
this type of susceptibility evaluation, on the cest plans and methodo- 
logy used, and the results obtained, 

4.1 Testing Preparation and Procedures 

Most present day automotive electronic subsystems are either ' 

factory installed or are sold as add-on devices in kit form. Because 
some of these devices are in a developmental stage of applicaton to 
automobiles, the functional diagrams and schematics which are normally 
available for most electronic equipment are proprietary and unobtain- 
able. Consequently, much searching and many contacts were required to 
obtain the modules, subsystems, and support literature necessary to 
prepare properly a subsystem for susceptibility testing. 
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4.1.1 Procurement of Equipment and Descriptive Documentation 
The modules and subsystems can often be obtained directly through 

automobile dealers, whose repair and maintenance departments may have 
these items in stock or can order them. Some equipments are available 

only as factory installed items and others are prototypes and are 
unavailable through normal purchase channels. 

Documentation and information about any specific system to support 
the test planning and equipment preparation necessary to interface with 
the test facilities and to conduct useful tests is not generally sold 
with the equipment. This information must be obtained through special 
request to the manufacturer, through a search for articles in the open 
literature, o r  by tracing schematics and functional diagrams from the 
equipment itself. Even this last approach is not always feasible 
because of coded identification of components. 

4.1.2 Preparation of Subsystems for Interface and Operational 
Synthesis 

There are two ways to test subsystems. One method is to evaluate 

performance and degradation during normal operation in a vehicle. This 
technique requires considerable preparation of portable test equipment, 
both to sense malfunctions and to determine the cause and evaluate the 
severity of these malfunctions. A second technique is to place the 
subsystem in an available test facility where well-controlled tests can 
be made. The second technique, however, requires a means for opera- 
tional synthesis. The modules and subsystems that are being tested must 
be made to function in those modes for which tests are desired. In each 
of these modes, the test facility generates the desired interference 
signals and records the degree of functional performance obtained from 
the unit under test. In the case of the speed control unit, a vacuum 
pump was used as substitute for the manifold vacuum. Also, it is 
necessary to provide external power and to simulate any initializing and 
control functions. Such equipment as power supplies, signal generators, 
pumps, etc. are used to provide the simulated conditions for bench 
testing . 
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4.1.3 T e s t  Se r i e s  

Two fu r the r  s teps  leading t o  subsystem t e s t i n g  a r e  t h e  i n t e r f ace  

with t h e  f a c i l i t y  and the  preparat ion of t h e  computerized con t ro l  program. 
The i n t e r f a c e  should i n  most cases be s t ra ight forward ,  because t h e  

necessary requirements have been planned f o r  i n  the  preparation for 

i n t e r f a c e  a c t i v i t y  described above. 

i n  Kir t land,  N. M. used i n  the  evaluat ion of the  subsystems described 

below has provis ion f o r  computer con t ro l  of t h e  a c t u a l  test runs. 

shor t  computer program was prepared, debugged and then used t o  con t ro l  

t h e  test cycle and t h e  recording of t h e  r e s u l t s .  

t h e  sequence of events ,  t h e  l eve l s ,  dura t ion ,  and range of the var ious 

test parameters used. A diagnosis  is provided i n  t h e  computer pr in ted  

documentation of t h e  da t a  and assoc ia ted  test and con t ro l  values (Greaves. 

e t  al . ,  1975). 

The Direc t  Drive F a c i l i t y  a t  AFWL 

A 

This program cont ro ls  

4.2 Test  A c t i v i t i e s  (Speed Control System) 

Two subsystems were se lec ted  f o r  t e s t ing :  a speed con t ro l  sub- 

system and an anti-skid brake cont ro l  module. 

were chosen on the  b a s i s  of a v a i l a b i l i t y  of both t h e  devices and docu- 

mentation. The following paragraphs descr ibe  the preparations,  proce- 
dures,  and r e s u l t s  of t e s t ing .  

These pa r t i cu la r  devices 

4.2.1 Speed Control System 

The e l e c t r o n i c  speed con t ro l  u n i t  s e l ec t ed  f o r  t e s t i n g  was a 1974 

Phi lco  speed con t ro l  system used on 1974 Ford, Mercury, and Lincoln 

passenger cars. 

comprised of four  major items: 

sensor ,  ampl i f ie r  or e lec t ron ic s  module, and servo u n i t  or t h r o r t l e  

ac tua tor .  

chased from a l o c a l  Ford Motor Company dealership.  

constructed as s u b s t i t u t e  for the  d r ive r  con t ro l  switches and a s i g n a l  

generator  vas used t o  s i m u l a t e  the vehic le  speed sensor. 

This e l e c t r o n i c  automatic speed con t ro l  s y s t e m  i s  

d r ive r  con t ro l  switches,  vehicle  speed 

The e l ec t ron ic s  module and t h e  t h r o t t l e  ac tua tor  were pur- 

A laboratory box w a s  

The documentation obtained and used as reference material for 
w r i t i n g  t h e  test plan and preparing the  u n i t  for the  test f a c i l i t y  
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i n t e r f a c e  w a s  a 1974 C a r  Shop Manual (Ford Motor Co., 1974) and a 

d e t a i l e d  paper (Follmer, 1974) which desc r ibes  t h e  design implicat ions.  

and component funct ion and system opera t ions .  The determination of 
test s i g n a l  c h a r a c t e r i s t i c s  t o  be used was based on a knowledge o f  

t h e  expected e l e c t r i c a l  environment t o  be  encountered and t h e  capa- 

b i l i t i e s  of t h e  t e s t  facil i t ies.  

4.2.2 Speed Control  System T e s t  Plan 

The speed c o n t r o l  concept is i l l u s t r a t e d  i n  the  block diagram shown 

i n  Figure 4.1. An i n i t i a l  speed is set  by t h e  d r ive r  and s to red  i n  a 

memory. This  speed is compared t o  t h e  actual speed s igna l  from t h e  

speed sensor .  

u n i t .  The servo unit responds by opening or c los ing  t h e  t h r o t t l e  thus 

changing the engine torque to  compensate f o r  t he  e f f e c t  of road grade, 

wind, etc. on t h e  veh ic l e  which caused the speed change. 

Any e r r o r  s i g n a l s  are ampl i f ied  and appl ied t o  the  servo 

4.2.2.1 E lec t ron ic  upset  testing 

The remainder of this test  p lan  d e f i n e s  the r a t i o n a l e  f o r  s e l e c t i n g  

s p e c i f i c  c i r c u i t  po in ts  t o  be  t e s t e d ,  t h e  charac te r  of test s i g n a l  t o  b e  

used i n  t h e  test ,  and an  o u t l i n e  of t h e  test  a c t i v i t i e s .  

S igna ls  chosen for  i n t e r f e rence  (upse t )  t e s t i n g  of the speed con t ro l  

system were rf pu l ses  and dc pulses .  

These types of s i g n a l s  are i n d i c a t i v e  of t he  p o t e n t i a l  i n t e r n a l  and 

e x t e r n a l  i n t e r f e r e n c e  s i g n a l s  determined from the survey of t he  auto- 
motive electrical environment (Espeland, e t  a l . ,  1975) and t h e  measure- 
ments made for  sec t ion  2 of t h i s  r epor t .  

Ind iv idua l  test p lan  t a b l e s  were prepared f o r  each of t he  types of 

i n t e r f e r e n c e  l i s t e d  above. 
s i g n a l  c h a r a c t e r i s t i c s ,  monitor l oca t ions ,  and module s t a t u s .  Some 

r a t i o n a l e  i s  given t o  exp la in  the choice of parameters and f u r t h e r  
explanat ion i s  given i n  t h e  d iscuss ion  of t h e  test resul ts .  

The t a b l e s  spec i fy  t h e  i n j e c t i o n  po in t s ,  

4.2.2.2 RF pu l se  tests 

I n  the test prepara t ion  s t age ,  t o  i n t e r f a c e  the speed con t ro l  

subsystem assembly with the  AmJL test f a c i l i t y ,  c e r t a i n  laboratory 
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Figure 4.1 Speed Control Electronics  (Follmer. 1974) 
(Reprinted with permission, "Copyright @ 
Society  of Automotive Engineers, Inc. .  
1974, a l l  r ight s  reserved.") 

Figure 4 .2  Speed Control Electronics (Follmer, 1974) 
(Reprinted with permission, "Copyright @ 
Soc ie ty  of Automotive Engineers, Inc . ,  
1974, a l l  rights reserved.") 
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equipments a r e  subs t i t u t ed  f o r  t he  automotive devices t h a t  perform the  

same o r  s i m i l i a r  funct ions o r  provide equiva len t  s igna l s .  The following 

bench equipment was used: an o s c i l l a t o r  t o  s imulate  the speed sensor ,  a 

small con t ro l  box t o  s imulate  t h e  d r i v e r  command s i g n a l s ,  a vacuum pump 

t o  s imulate  the manifold vacuum, and a power supply i n  place of t he  

ba t t e ry .  A road t e s t  showed t h a t  the frequency from a speed sensor  w a s  

2.5 Hzlmph. Using the  2.5 Hzlmph r a t i o  requi red  o s c i l l a t o r  s e t t i n g s  of 

100, 125. and 150 Hz t o  s imulate  the 40, 50, and 60 mph test speeds. 

Small v a r i a t i o n s  i n  the s e t t i n g s  s imulated small va r i a t ions  i n  v e h i c l e  

speed. The frequency o s c i l l a t o r  signal was input  t o  the frequency-to- 

vo l tage  converter  shown i n  Figure 4.2. 
The d r i v e r  connuand switches mounted i n  the s t e e r i n g  wheel crossarm 

were simulated by the  con t ro l  box, which contained simple combinations 

of switches and r e s i s t o r s .  

c i r c u i t .  

T h i s  box w a s  connected to  the con t ro l  l o g i c  

. The labora tory  vacuum pump was connected t o  t h e  vacuum por t  on t h e  
t h r o t t l e  ac tua to r  and t h e  power supply (+12 V) w a s  connected t o  t h e  

power accessory l i n e  t o  provide power normally a v a i l a b l e  from t h e  c a r  

ba t t e ry .  

These s u b s t i t u t i o n s  permitted normal funct ioning of t he  subsystem. 

The r f  pu lse  t e s t s  ou t l ined  i n  Table 4.1 were performed w i t h  the  module 

func t ioning  t o  con t ro l  vehic le  speed at  40, 50, and 60 mph. The in -  

j e c t i o n  po in t s  ( f a r  i n t e r f e r i n g  s i g n a l s ) ,  i n j e c t e d  s i g n a l  c h a r a c t e r i s t i c s ,  

and t h e  monitor l oca t ions  used i n  t h e  series of tests were determined 

from a knowledge of p o t e n t i a l  i n t e r f e rence .  t he  c a p a b i l i t i e s  of t h e  test 
f a c i l i t i e s ,  and t h e  most suscep t ib l e  p o i n t s  i n  the c i r c u i t .  

The input  con t ro l  s i g n a l s  f o r  t h i s  system a r e  set by the d r ive r .  

The p u l s e s  a r e  generated by the  a p p l i c a t i o n  of powerline vol tages  o r  

resistive shunts  t o  ground. I f  a 1 2  V p o s i t i v e  pulse  should appear on 
the  driver s i g n a l  l i n e ,  t h e  system could be turned on without a d r i v e r  

command. 
pulses  on the same l i n e  could a c t i v a t e  t h e  acce le ra t ion  s e t ,  coast  s e t .  

o r  t u rn  t h e  system of f .  

I f  t h e  system is ope ra t iona l  under d r i v e r  command, nega t ive  
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Table 4 . 1  RF Pulse Test (Speed Control Unit) 

Injection Points 

Power Line 

Sensor Input 
Control Line 

Injected Signals (Characteristics) 

Sinusoidal pulse at f = 3.7, 7.1. 14, 21, 30, 44, 52, 
75 MHZ. 

Pulse length - 10 ms 

Pulse rise and fall time - fixed at SO ns 
Pulse amplitude - attenuation range of 120 dB in - 10 dB steps 
Pulse repetition rate - 25 Hz asynchronous 
Pulse train duration - 1.2 s 

Monitor Location 
Position Signal 

Module Status 
Simulated operation at 40, 50. 60 mph 
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An i n t e r f e r i n g  s i g n a l  on t h i s  l i n e  could r e s u l t  in three poss ib l e  

system upsets: 

1)  the wrong speed could be set i n  memory if the i n t e r -  

fe rence  and "on" command a r e  simultaneous,  

t he  vehic le  could speed up i f  t h e  u n i t  i s  ac t iva t ed ,  and 2) 
3) the  vehic le  could slow down i f  t h e  u n i t  is ac t iva ted .  

I n t e r f e r i n g  s i g n a l s  on t h e  vacuum and vent  l i n e s  are no t  l i k e l y  t o  

e any se r ious  problems because the r e s i s t a n c e  of the solenoids  i s  

r e l a t i v e l y  low (90 ohms). 
The pos i t i on  s i g n a l  l i n e  could be s u s c e p t i b l e  t o  in t e r f e rence ,  

causing the  t h r o t t l e  pos i t i on  t o  change through the  d i f f e r e n t i a l  ac t ion  

of t h e  servo ampl i f ie r .  

w i t h  t he  memory and speed sensor  f o r  any a c t i o n  o ther  than servo hunting 

t o  take place.  

However, t h i s  a c t i o n  must remain i n  harmony 

The power l i n e  is suscep t ib l e  t o  a l l  i n t e r f e r e n c e  produced wi th in  

the  vehic le  a s  we l l  as t h a t  which may be produced by ex te rna l  sources.  

The abnormal t r a n s i e n t s  produced by a veh ic l e  t h a t  could appear on t h i s  

l i n e  during the  course of normal opera t ion  would be caused by a l t e r n a t o r  

load dump and possibly o the r  i n d u c t i v e  load dump. 

The s e l e c t i o n  of f requencies  f o r  rf pu l se  t e s t i n g  was made t o  

represent  t he  type of i n t e r f e rence  s i g n a l s  t h a t  could be produced by 

equipment used in the  Amateur Mobile, C i t i z e n s  Band, o r  Motor Car r i e r  

Radio Services .  The frequency bands f o r  t hese  se rv ices  l ie  between 3.5 
and 160 MHz. For tuna te ly ,  t he  major i ty  of t he  rad io  se rv ices  of in- 

t e r e s t  l i e  below 100 nHz. t he  maximum frequency of t he  AFWL f a c i l i t y .  

The mobile t ransce iver  f requencies  of i n t e r e s t  which a r e  covered by the 

AFWL f a c i l i t y  are l i s t e d  i n  Table 4.2: 

Table 4.2. Mobile Radio Frequencies 

Amateur Motor C a r r i e r  Ci t izens  Band 

3.7 MHZ 31.00 MHz 21 m z  
7 . 1  43.80 
14 44.00 
2 1  44.54 
20 72.50 
52 75.70 
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The c lose  spacing of some of t h e  above frequency bands implies  t h a t  

i t  is probably unnecessary t o  test a l l  t h e  frequencies  l i s t e d  above. 

The frequency range i s  probably adequate ly  covered by test frequencies  

of  3 . 7 ,  7.1. 1 4 ,  21, 30,  4 4 ,  5 2 ,  and 75  MHz. 

The mobile t ransce ivers  w i l l  e m i t  a waveform with an i n i t i a l  

appearance of a cw s igna l  u n t i l  t he  ope ra to r  s t a r t s  h i s  communication. 

During a period of communication, the  shape and frequency content of t he  

emitted waveform w i l l  depend upon t h e  type  of modulation employed (AM, 

FM, SSB, e t c . ) .  

t i t i o n  rate of 25 Hz and a pulse  t ra in  dura t ion  of 1 . 2  s .  

The i n i t i a l  choice was pulses  10 m s  long a t  a repe- 

The pu l se  amplitude w a s  c o n t r o l l e d  by an a t tenuator  (range 120 dB 

A maximum or high a t t e n u a t i o n  was set  a t  t h e  s t a r t  of a test t o  0 dB). 

and then decreased in uniform 10 dB steps. 

a r e  given i n  t h e  sec t ion  descr ibing the results. 

l eve l s  g r e a t e r  than 100 V(p-p) were used i n  t h e  tests. 

D e t a i l s  of amplitude con t ro l  

Maximum input  voltage 

An upse t  f o r  these  tests was def ined  as a s i g n i f i c a n t  change i n  the  

l eve l  of the  pos i t i on  feedback s i g n a l  from that  observed during unper- 

turbed operat ion.  A l e v e l  change of 0.1 Vdc. which corresponds t o  

approximately a 4 mph speed change, w a s  considered s ign i f i can t .  

4 . 2 . 2 . 3  DC pu l se  test 

The dc pulse  tests were planned according t o  the  d e t a i l s  of Table 

4 . 3 .  

tests. 

The test configurat ion remained t h e  same a s  f o r  the rf pulse  

The s e l e c t i o n  of pu lse  amplitudes and du ra t ion  w a s  based on t he  

information ava i l ab le  from the  measurements tests of motor veh ic l e  

e l e c t r i c a l  s igna l s .  

those measured. 

4 . 3  Speed Control  Test  Results 

The range of i n j e c t e d  s i g n a l s  should compare t o  

The test data  presented i n  t h i s  s e c t i o n  r e su l t ed  from t e s t s  con- 

ducted a t  AFWL, Kir t land ,  NM. 
measurements, a l l  t he  tests were performed under simulated operat ion 

modes as discussed i n  the  Speed Control  System T e s t  Plan ( 4 . 2 . 2 ) .  

r f  pu lse  tests (Table 4.1) and t h e  dc pu l se  t e s t s  (Table 4 . 3 )  were 

Except f o r  t he  pass ive  c i r c u i t  impedance 

The 
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Table 4 . 3  DC Pulse Tes t s  (Speed Control U n i t )  

I n j e c t i o n  Points  

Sensor Input 

Control Line 

S igna l  In j ec t ed  

Pulse amplitudes - Both p o s i t i v e  and negative (0-to-peak) 

120 dB t o  0 dB - 10 dB s teps ,  

Pulse dura t ion  - 0.03, 0.3, 3 . 0  ms 

Pulse rise and f a l l  time - 25 us 
Pulse r e p e t i t i o n  r a t e  - 500 pps a t  0.03 ms 

50 pps a t  0.3 ms 
5 pps a t  3.0 ms 

a l l  asynchronous 

Pulse  t r a i n  durat ion - 1.2 s 

Monitor Location 

Pos i t i on  s igna l  

Module S t a t u s  

Simulated operation a t  40. 50, 60 mph 
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followed except when r e s u l t s  ind ica ted  redundant t e s t i n g  or c i r c u i t  

c h a r a c t e r i s t i c s  d i c t a t ed  u n r e a l i s t i c  i n t e r f e rence  conditions.  These 

discrepancies  a re  described with the  presenta t ion  of d a t a .  

P r i o r  t o  the direct-dr ive conductive in t e r f e rence  t e s t i n g ,  i m -  

pedance measurements were made of t h e  designated d r ive  points  on the  

c i r c u i t  t o  be tes ted.  

Automatic Network Analyzer. 

(unpwered).  

These measurements were m d e  with the  HP 8543A 

During these tests, t h e  c i r c u i t  was passive 

The r e s u l t s  are discussed i n  Sect ion 4.3.1. 

The d i rec t -dr ive  conductive in t e r f e rence  t e s t i n g  was performed 

using t h e  Programmable Universal  Direct Drive (PUDD) system. 

system places  under computer con t ro l  t h e  source generators,  func t iona l  

monitors, and computer per ipheral  elemwts. 

cycle  t h e  test parameters (frequency, amplitude, dura t ion) ,  monitor 

upset condi t ions  as t h p o ' c c u r .  and p r i n t  

This 

T h e  pre-programmed commands 

out  t h e  r e su l t s .  

Upset conditdons r e su l t i ng  from rf and dc pulse  in te r fe rence  a re  

reported below f o r  three c i r c u i t  i n j e c t i o n  points .  

3.3.1 C i r c u i t  Impedances 

The d a t a  in Figures 4.3 through 4.5 show the  magnitude of input  

These are,respectively,  t h e  impedance a t  the  th ree  in j ec t ion  poin ts .  
sensor l i n e ,  t h e  cont ro l  l i n e ,  and t h e  power l i n e .  

sured values  is general ly  below 250 ohms, except f o r  the lower frequency 

data  from t h e  sensor  input  whose va lues  run t o  about 2000 ohms a t  1 MHz. 

The impedances are highly var iab le  wi th in  t h e  frequency range from 1 MHz 
t o  100 M H z .  

region. 
and i n  in t e r rup t ing  the  upset results.  

The range of mea- 

Lowest measured values are about 5 ohms in  the  20-80 KHz 
This information is usefu l  i n  s e t t i n g  up the  test experiment 

4.3.2 RF Pulses  Testing 
The speed con t ro l  system upset tests were conducted using the  PUDD 

system t o  con t ro l  t h e  in jec ted  s i g n a l s  and to  monitor upset leve ls .  

block diagram i n  Figure 4.6 shows t h e  i n t e r f a c e  of the c i r c u i t s  under 

test and t h e  t e s t i n g  f a c i l i t y .  

The 

The test u n i t  i n  t h e  diagram i d e n t i f i e s  
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t h e  i n j ec t ion  and monitor po in ts .  

operator  console represent  t h e  PUDD d r i v e  ampl i f i e r  and in te r fe rence  

s igna l  control .  The low-pass f i l t e r  i s o l a t e s  t h e  normal s i g n a l  source 

a t  the  i n j e c t i o n  poin t  from the  i n t e r f e r e n c e  source. 

measures a reference vol tage,  which i s  set under a no-interference 

condition. 

amount, an upset  has occurred. 

The in t e r f e rence  s igna l  source and 

The upset monitor 

When t h i s  reference vo l t age  v a r i e s  by a predetermined 

The d e t a i l e d  test procedure for t h e  r f  pu l se  tests was as follows: 

1) 
2) 

check power supply, vacuum s e t t i n g ,  and the simulated speed, 

i n i t i a l i z e  the  equipment ( l e t  t h e  c r u i s e  speed cont ro l  

s t a b i l i z e ) ,  

3) type i n  the in t e r f e rence  test frequency. and 

4) type a run message. 

With t h i s  input  information, t h e  system automat ica l ly  runs through a 

test sequence. It d r ives  the  test p o i n t  w i t h  rf pulses  (burs t s )  t h a t  

are 10 ms wide and occur a t  a pulse  r e p e t i t i o n  f a t e  of 25 Hz, which 

y i e l d s  a 25% duty cycle.  

A representa t ive  p i c t u r e  of these s i g n a l s  is shown i n  Figure 4.7. 
rf pulse  a t  t h e  d r ive  l i ne  termination is shown i n  Figure 4.7(a), and 
t h i s  same signal mixed with the  senso r  input  i s  shown i n  Figure 4.7(b). 

This  s i g n a l  is a t  7b1MHz w i t h  24 dB a t t enua t ion .  The s i g n a l  amplitude 

s t a r t s  a t  120 dB below a maximum l e v e l  t h a t  t h e  system w i l l  de l ive r  to 

t he  test port .  This l e v e l  is frequency dependent. The amplitude of t he  
in j ec t ed  s igna l  i s  increased i n  10 dB s t eps ,  and t h e  c i r c u i t  i s  t e s t ed  

for an upset condi t ion during each cycle .  
change t h a t  i s  g rea t e r  than 0.1 V i n  t h e  s i g n a l  measured a t  the pos i t i on  

s i g n a l  potentiometer i n  Figure 4.2. This corresponds t o  a vehic le  speed 
change of 4 mph. I f  no upset  is encountered, t h e  c i r c u i t  i s  allowed t o  

s t a b i l i z e  and t h e  next higher  level  (10 dB) s i g n a l  is in jec ted .  

upset  occurs ,  the i n j e c t i o n  s i g n a l  is reduced by 10 dB and a rerun is 

made a t  t h a t  leve l .  

u n t i l  upset  again Occurs. 

rechecks t h a t  t he  upset  vas due t o  i n t e r f e r e n c e  and no t  t o  o ther  system 

dis turbances.  

The pu l se  t r a i n  dura t ion  i s  set f o r  1.2 seconds. 

The 

An upse t  i s  def ined as a 

I f  an 

Then t h e  level increments a r e  increased by 3 dB 

This  permi ts  f i n e r  t e s t i n g  reso lu t ion  and 
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(b )  
Figure 4.7 Interference Pulses (rf) 
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If  no upset  i s  encountered, t he  test cyc le  continues u n t i l  maximum 
s i g n a l  (0 dB a t t enua t ion ) .  

The information i n  Table 4 . 4  shcws t h e  da t a  produced during a test 

cycle  with s i g n a l s  i n j ec t ed  a t  t h e  s enso r  l i n e  inpu t  a t  7 . 1  MHz. 

t a b l e  i s  t y p i c a l  of t h e  da t a  produced during a test  run. 

4 . 3 . 2 . 1  Sensor input  i n t e r f e rence  

This 

A da ta  t a b l e  s i m i l a r  t o  Table 4 . 4  (sensor  inpu t  a s  i n j ec t ion  poin t )  

was produced f o r  each of e igh t  t e s t  f requencies  a t  simulated operat ing 

speeds of 4 0 ,  5 0 ,  and 60 mph. The r e s u l t s  of these tests are p l o t t e d  in 

Figure 4 . 8 .  

eo l t age  wi th  no upset)  as a func t ion  of test frequency. 

i n d i c a t e  upse t ,  except  f o r  t h e  40 and 60 mph d a t a  a t  44 and 52 MHz and 

for a l l  speeds a t  75 MHz. 

These curves show the  rms upset  vo l tage  (or maximum dr ive  

All po in t s  

We observed tha t :  

1 )  a t  a l l  speeds,  t h e  upset s e n s i t i v i t y  decreases  with 

increas ing  frequency; 

2) 

3 )  

r e s u l t s  were n o t  dependent on speed; and 

t h i s  test po in t  is not  a h i g h l y  s u s c e p t i b l e  c i r c u i t  

po in t .  

The lowest i n j e c t i o n  s igna l  level f o r  which upset  was recorded 

occurred a t  a frequency of 3.7 MHz. 

4 . 3 . 2 . 2  Control  l i n e  inpu t  i n t e r f e r e n c e  

The inpu t  level  w a s  1.5 V (rms). 

Tes t s  similar t o  t h e  sensor i n p u t  tests w e r e  made using the  c o n t r o l  

l ine  as the i n j e c t i o n  point .  These tests were conducted a t  simulated 

operat ing speeds of 40  and 50 mph. The resu l t s  from these tests are 

shown i n  Figure 4 . 9 .  This  is a p l o t  of da t a  (upset  vol tage vs. test 

frequency) similar t o  Figure 4 . 8 .  F o r  t h e s e  i n j e c t i o n  poin ts ,  a l l  d a t a  

shows upset  except  a t  1 MHz. 

The following comments regarding t h i s  d a t a  a r e  i n  order:  

1) t h e  lowest i n j e c t e d  s i g n a l  l e v e l  f o r  which upset w a s  

observed occurred a t  2.85 V (nus) a t  t h e  test frequency of 

14 MIlz, 

2) t h e r e  w a s  a d i f f e rence  i n  the d a t a  record f o r  the two 

opera t ing  epeeds, 

78 



T a b l e  4 . 4  Upset T e s t  Date (rf p u l s e s )  

S e n s o r  L i n e  

P o s i t i o n  Vo l t age  (v) 

4.327 
4.326 

4.326 

4.326 

4.326 

4 .326  

4.326 
4.324 

4.318 

4.286 

4.026 

4.271 
4 .254  

4 .216  

REF. POSITION VOLTAGE IS 4.328 

TEST FREQUENCY IS 7 . 1  MHz 
UPSET OCCURRED D U R I N G  PULSING SEQUENCE 

PULSE LEVEL = 24 dB 
POSITION VOLTAGE - 4.216 
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A t t e n u a t i o n  (dB) 
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40 Upset o-----o 
50 Upset ---A 

Frequency (MHt) 

Figure 4 . 9  Control Line Test Results (Speed Control System) 
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3) t h e  frequency range of 20 MHz t o  40 MHz i s  less suscept ib le  

than a t  f requencies  immediately above and belew t h i s  range, and 

4) t h i s  t e s t  point  i s  no t  a h i g h l y  suscep t ib l e  point.  
4.3 .2 .5  Power l i n e  in t e r f e rence  

The t h i r d  c i r c u i t  p o i n t  s e l e c t e d  f o r  r f  pulse  in t e r f e rence  t e s t s  

vas  the  power l i ne .  Tes ts  a t  t h i s  p o i n t  w e r e  conducted a t  t he  simulated 

40 mph operat ion only. 

4.10. No upse t  vas  reached a t  7 . 1  MHz and a t  30 MHz. 
i n j e c t i o n  l e v e l s  were 4.28 V (rms) a t  44 MHz and 3.92 V (rms) a t  75 MHz. 
Only l i m i t e d  t e s t s  were made a t  t h i s  p o i n t ,  because i t  is not  considered 

a vulnerable c i r c u i t  point .  

4.3.3 DC Pulse  Test ing 

The r e s u l t s  of t h i s  t e s t  a r e  sham i n  Figure 

The  lowest upset 

S i m i l a r  test procedures w e r e  followed t o  conduct the dc pulse 

t e s t i n g  of t he  speed c o n t r o l  system a s  were used t o  conduct t h e  rf pulse  

t e s t s .  The r f  s i g n a l  synthes izer  used i n  the  rf pulses  vas replaced by 

a d c  source,  and the dc pu l ses  were de f ined  as e i t h e r  p o s i t i v e  o r  nega- 

t i v e  p o l a r i t y ,  and i n  terms of a p u l s e  r e p e t i t i o n  r a t e  (PRR) and pulse 

w i d t h  o r  durat ion.  The pulse  t r a i n  d u r a t i o n  remained a t  1.2 seconds. 

Using the  same upset  c r i t e r i a  a s  descr ibed  f o r  t h e  r f  pulses  and the 
i n i t i a l  120 dB amplitude s e t t i n g ,  a series of tests w e r e  conducted t o  

test the speed cont ro l  s y s t e m  f o r  s u s c e p t i b i l i t y  a t  t h e  sensor  l i n e  and 

t h e  con t ro l  l ine .  

4.3.3.1 Sensor i n p u t  i n t e r f e rence  

The r e s u l t s  of t h e s e  tests are discussed below. 

The o u t l i n e  fo r  dc pu l se  t e s t s  i n  Table 4.3 vas followed f o r  these 

The d iagnos t ic  pr in t -out  format includes t h e  i n j e c t i o n  poin t ,  t e s t s .  

i n i t i a l  upse t  reference vo l t age ,  s imula ted  vehic le  speed ,  PRR, pulse 

width, a t t enua t ion  s e t t i n g ,  and corresponding monitor vol tage.  
occurred, t h i s  information is a l s o  p r i n t e d  out. 

shown i n  Table 4.5. 

If upset 
Typical run da ta  are 

The composite r e s u l t s  of these  test runs a r e  shown i n  Table 4.6. 
Tests  were made a t  40, 50, and 60 mph. Upset was obtained f o r  each of 

t he  t h r e e  p o s i t i v e  and three negat ive  p u l s e  condi t ions a t  all th ree  

simulated speeds. Furthermore, t h e r e  i s  only a small di f fe rence  i n  the  

a2 
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Table 4 .5  Upset Test Data (dc pulses) 
Sensor Line 

Position Voltage (V) 

4.255 
4.256 

4.256 
4.256 

4.257 

4.256 

4.257 
4.256 

4.257 

4.257 

4.  P41 
4.249 

4.147 

REF. POSITION VOLTAGE IS 4.254 

REPETITION RATE = 50 Hz 

PULSE WIDTH = 0.0003 sec. 

UPSET OCCURRED DURING PULSING SEQUENCE 

PULSE LEVEL = 27 dB ATTENUATION 
POSITION VOLTAGE = 4.147 

Attenuation (dB) 

120 

110 

100 
90 
80 

70 

60 
50 

40 
30 

20 

30 
27 
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Table 4 . 6  DC Pulse Tests ( v e l o c i t y  sensor l ine )  
Speed Control System 

Vo 1 tage Upset Level ( v o l t s )  

Polarity PRR Width (ms) 40 mph 50 mph 60 mph 

POS 25 3.00 1.6 1 .6  1 .6  

- POS 50 0.30 1 .1  1.6 1.6 
POS 500 0.03 1.2 0.9 1.7 

NEG 25 3.00 1 . 9  1 . 1  1.7 

NEG 50 0.30 2.4 1.1 1 .2  

NEG 500 0.03 1.1 1 .1  1.6 



upse t  values,  ranging f r o m  0.9 V t o  1 . 7  V f o r  t h e  p o s i t i v e  going s i g n a l s  
and 1.1V t o  2.4 V f o r  t h e  negat ive going  pulses .  

peak value f o r  t h e  18 tests i s  1.44 V .  A l s o ,  t he re  appears t o  be 

neg l ig ib l e  c o r r e l a t i o n  of t h e  r e s u l t s  as a func t ion  of simulated veh ic l e  

speed and as a funct ion of the pulse  c h a r a c t e r i s t i c s  (such as PRR and 

pulse  width). One conclusion t h a t  is noteworthy is t h a t  t he  average 

upset  l eve l  (1.44 V) is almost equal t o  one-half of t he  simulated 

sensor  peak-to-peak vol tage.  This indicates t h a t  as the in t e r f e rence  

l e v e l  approaches i n  amplitude equal  to the zero-to-peak amplitude of the 

sensor  output the added pu l ses  s imula t e  an increased ve loc i ty  and the 

servo ac t ion  tends t o  slov t h e  v e h i c l e  down. 

potentiometer moves outs ide  the  0.1 V l i m i t ,  an upset  is sensed. 

The average zero-to- 

As t h e  pos i t i on  s igna l  

The waveform p i c t u r e s  i n  Figure 4.11 show both the sensor output 

The s i g n a l  i n  Figure 4.11(a) is the signal and the interference pulses .  

d c  in t e r f e rence  pu l se  only and i n  F igure  4.11(b) is t he  combination of 

t h e  sensor output  and t h e  i n t e r f e r e n c e  pulses .  

s e t t i n g s  f o r  both p i c tu re s  are 1 Vldiv  and 20 ms/div. 
25 Hz and pu l se  dura t ion  is 3 m s .  The sensor  frequency w a s  set  a t  

125 Hz. 
4.3.3.2 Control  l i n e  input  i n t e r f e r e n c e  

Amplitude and sweep 

ThePRR is 

The r e s u l t s  of t h e  tests i n j e c t i n g  dc  pu l ses  onto t h e  con t ro l  l i n e  

are shown i n  Table 4.7. 

the sensor i npu t  tests. 
used. 

ference than w a s  t h e  sensor  line. Maximum l e v e l s  of 2 1  t o  2 5  V (zero- 

to-peak) were i n j e c t e d  wi thout  upset. The d a t a  does show, however, t h a t  

the cont ro l  l i n e  is more suscep t ib l e  t o  nega t ive  pulses  than t o  p o s i t i v e  
pulses.  This r e s u l t  can be expected because the c o n t r o l  l i n e  is used t o  

change the system opera t ing  mode. 
on), t h e  con t ro l  is a t  f l Z  V. To "accelerate-set , ' '  a con t ro l  button is 

pressed t h a t  lowers t h i s  vo l tage  t o  approximately 9 V ,  and t o  "coast- 

set," a cont ro l  bu t ton  is pressed t h a t  lowers t h i s  vo l tage  t o  approxi- 

mately 6 V. 

The same p u l s e  c h a r a c t e r i s t i c s  were used as fo r  
Simulated vehicle speeds of 40 and 50 mph were 

This c i r c u i t  po in t  is less s u s c e p t i b l e  t o  t h i s  type of i n t e r -  

When the  s y s t e m  is turned on (power 

The hypothesis t h a t  nega t ive  pu l ses  a t  the cont ro l  po in t  
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Figure 4.11 Interference Pulses (dc) 
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Table 4 . 7  DC Pulse Tests ( contro l  l i n e )  

Voltage Upset Voltngc 
Polarity P RR Width (ms) 40 mph 50 mph 

POS 
POS 

POS 

NEG 

NEG 
NEG 

25 
50 

500 

25 

50 
500 

3.00 
0.30 
0.03 

3.00 

0.30 
0.03 

+ 8V, .-3v No upset (t26,-10) 
No upset (+25 V) No upset (+23V) 

No upset (+21 V) No upset (+21V) 

-8V,+3V +2v, -8V 

- 14V -N 
No upset(-21V) No upset (-21V) 



enhance an upset condition i s  t h a t  t h e  pulse  t r a i n  r e d u c e s  t h e  average 

level a t  t h i s  c i r c u i t  po in t  u n t i l  t h e  9 V l e v e l  i s  reached and the  

system is inadvertant ly  put i n  the  "accelerate-set" mode, causing the  

upset  monitor l eve l  t o  exceed the  prescr ibed  l i m i t .  

The recorded u p s e t  vol tage f o r  t h e  p lus  and minus s i g n a l s  a t  PRR=25 

and widths3 ms (Table 4.7) show both a p o s i t i v e  and negat ive amplitude. 

This amplitude designation w a s  used t o  iden t i fy  the exponential  wave- 

forms t h a t  r e su l t ed  from capac i t ive  coupl ing of the source t o  t h e  con- 

t r o l  l i ne .  

Such loading would cause a shut-off condi t ion a t  the  con t ro l  line. 
This mode of coupling was used t o  prevent source loading. 

The p i c t u r e  i n  Figure 4.12 shows t h e  d i f f e r e n t i a t i o n  of the  leading 

and f a l l i n g  edges of the  input  pu lse  to produce an exponent ia l ly  shaped 

i n t e r f e r e n c e  s ignal .  This shape is t y p i c a l  of those encountered i n  the  

measurements tests discussed i n  Sec t ion  2 of t h i s  repor t .  

and sweep s e t t i n g s  were, r e spec t ive ly ,  5VIdiv and 10msIdiv. 

The amplitude 

4.4. T e s t  A c t i v i t i e s  (Antiskid Brake System) 

The second subsystem f o r  which t e s t  a c t i v i t i e s  were planned w a s  t h e  

an t i - sk id  brake system. 

para t ions ,  procedures, and r e s u l t s  of t e s t ing .  

4.4.1 Anti-Skid Braking System 

The following paragraphs descr ibe  t h e  pre- 

The e l ec t ron ic  anti-skid braking c o n t r o l l e r  module se l ec t ed  f o r  

t e s t i n g  w a s  a Kelsey-Hayes M26 Sure Track Anti-Skid System used on 

luxury-class Ford Motor Company cars. 

of t h r e e  major components: 
a t  t h e  rear a x l e  dr ive  pinion, an e l e c t r o n i c  con t ro l  module, and a 

vacuum powered ac tua tor  t o  modulate t h e  brake pressure a s  sk id  con- 
d i t i o n s  are approached. 

chased f o r  these  tests. 

l a t e d  using a vol tage cont ro l led  o s c i l l a t o r  and the vacuum powered 

ac tua to r  load i s  simulated w i t h  a r e s i s t o r  load. 

rep laces  t h e  ba t t e ry  function. 

t r o n i c  con t ro l  module i s  made to cyc le  through a series of accelerate-  

The anti-skid system is comprised 

a mechanically dr iven electromagnetic sensor 

Only t h e  e l e c t r o n i c  cont ro l  module w a s  pur- 

The electromagnet ic  sensor s igna l s  are simu- 

A 3A. 12V power supply 

In t h e  test configurat ion,  the  elec- 
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Figure 4.12 Interference Pu l ses  (exponential shaping) 
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dece le ra t e  ac t ions ,  where a port ion o f  the  dece lera te  cycle i s  a t  a 

s u f f i c i e n t  r a t e  t o  cause output  s i g n a l s  for  brake modulation. 

The documentation used as re ference  material f o r  wr i t ing  t h e  test 

plan and preparing the  un i t  f o r  t h e  test f a c i l i t y  i n t e r f ace  w a s  a 1974 

Car Shop Manual (Ford Motor Company, 19741,  an art icle by Lapidus ( 1 9 7 3 ) ,  

and a schematic diagram on which some of the  component i d e n t i f i c a t i o n  

had been removed. 

connector inputs  and outputs ,  however. 

The diagram proved very usefu l  for iden t i fy ing  

4.4.2 Anti-Skid Brake System T e s t  P l a n  

A generalized block diagram of an adapt ive feedback c o n t r o l l e r  

which is representa t ive  of the  an t i - sk id  systems i n  production i s  shown 

in Figure 4.13. 

4.4.2.1 System operat ion 

:I 

The a c  tachometer senses wheel speed and sends audio frequency 

information t o  an e l e c t r o n i c  cont ro l  module. The frequency-to-voltage 

converter  generates a dc vol tage propor t iona l  t o  wheel speed .  When t h e  

wheel dece lera t ion  approaches a lock-up condi t ion,  

de t ec to r  uses t h i s  information a s  a necessary condi t ion f o r  removing (or 

reducing) t h e  brake pressure from t h e  wheels which are s t a r t i n g  t o  lock 

up. An estimate of vehic le  ve loc i ty  can be obtained from the  wheel 

speed by using peak de tec t ing  c i r c u i t s .  

detected negat ive rate, and solenoid d r i v e  s r a t u s  are combined t o  

generate  t h e  enabling s igna l s  a t  the  AND gate  ind ica t ing  t h a t  excessive 

s l i p  has occurred. The solenoid d r i v e r  is then allowed to  ac tua t e  the 

modulator which momentarily removes brake pressure from t h e  wheels 

s t a r t i n g  t o  lock. 

modulators are on/off i n  con t ro l l i ng  brake  pressure  with a pulse  r a t e  of 

the  order  of 4 Hz. 

t h e  negat ive r a t e  

The vehicle ve loc i ty  estimate, 

For the  sake of s impl i c i ty  and power e f f i c i ency  the  

The r e l a t ionsh ip  between the  wheel and vehic le  v e l o c i t i e s  is shown 

i n  Figure 4.14. When 
t h e  d r i v e r  app l i e s  the  brakes, t h e  wheel ve loc i ty  decreases according t o  

t h e  curve ind ic t a t ed  a s  wheel speed i n  t h e  f igure.  

The graph i s  a p l o t  of relative ve loc i ty  vs t i m e .  

As the  dece lera t ion  
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TIME 

Figure 4.-1 Wheel and Vehicle Velocity Relationships 
(SAE, 1975) (Reprinted with permission, 
"Copyright @Society of Automotive Engineers, 
Inc., 1974, all rights reserved.") 
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r a t e  approaches t h e  s l i p  l i m i t ,  the  a n t i - s k i d  modulator momentarily 

r e l e a s e s  t h e  pressure.  

wheel t o  cyc le  through a range t h a t  is near maximum without a sk id  

condi t ion occuring. This range is maintained un t i l  t he  vehic le  is 

stopped o r  u n t i l  t he  master brake p e d a l  p re s su re  i s  released. 

This  causes the a c t u a l  brake pressure at t h e  

A n t i - s k i d  systems a r e  i n s t a l l e d  i n  veh ic l e s  i n  a va r i e ty  of con- 

f igu ra t ions .  Some passenger vehicles  have only rear wheel implemen- 

t a t i o n  while o the r s  have four wheel implementation. 

both wheel-by-wheel and axle-by-axle implementation. 

configurat ions a r e  used the  number of an t i - sk id  modules required is 
reduced. 

Heavy t rucks  use 

Where axle- to-axle  

4.4.2.2 Elec t ronic  upset t e s t i n g  

The r a t i o n a l e  behind t h e  p lans  for t h i s  t e s t i n g  procedure i s  t h e  

5ame as f o r  t h e  speed cont ro l  unit. 
t e s t i n g  o f  t h e  an t i - sk id  module were rf pulses ,  cw s igna l s ,  and dc 

pulses .  

The t h r e e  s i g n a l  types chosen for 

The indiv idua l  test  p lan  t a b l e s  prepared  t o  t e s t  the types of 

i n t e r f e rence  a r e  spec i f i ed  i n  Tables 4.8, 4.9, and 4.10. 

specify the  i n j e c t i o n  po in t s ,  s igna l  c h a r a c t e r i s t i c s ,  monitor loca t ions ,  

module s t a t u s .  

These t a b l e s  

4.4.2.3 RF pulse tests 
As s t a t e d  e a r l i e r ,  t h e  module be ing  t e s t e d  i s  t h e  e l ec t ron ic  

cont ro l  uni t .  A diagram showing t h e  l abora to ry  equipment used i n  t h e  

synthesis of the  an t i - sk id  system ope ra t ion  i s  shown i n  Figure 4.15. 

The c i r c u i t  board input  p in  i d e n t i f i c a t i o n s  were taken from a c i r c u i t  

diagram obtained from a Kelsey-Hayes r ep resen ta t ive .  

o s c i l l a t o r  s e t  a t  .066 Hz cont ro ls  t h e  acce lera t ion-dece lera t ion  cycle  

used during t h e  t e s t  period. 

t r o l l e d - o s c i l l a t o r  (VCO) output frequency through a range from approxi- 

mately 50 Hz t o  3400 Hz and back t o  50 Hz. 

from t h e  VCO s imulate  t h e  wheel s enso r  output over a ve loc i ty  range of 2 

mph t o  136 mph. During t h e  d e c e l e r a t i o n  por t ion  o f  t h i s  cycle,  a r a t e  

i s  reached t h a t  approaches t h e  s l i p  l i m i t  (Figure 4.14). The negat ive 
rate d e t e c t o r  i n  t h e  con t ro l  module senses t h i s  rate and a c t i v a t e s  t h e  

The vol tage 

The sine wave d r ives  t h e  voltage-con- 

These output frequencies 



Table 4.8 RF Pulse Tests 

Injection Points 

Sensor Hi-Lo (pins 2 & 3) 
Fused B+ (pin 12) 

Signals Injected 

Sinusoidal pulse at f = 3.7, 7.1, 14, 21, 30. 44, 52, 75 MHz. 
Pulse length - 10 ms 

Pulse rise and fall time - 10 ps 
Pulse amplitude - attenuation range of 120 dB - 10 dB steps 
Pulse repetition rate - 25 Hz asynchronous 
Pulse train duration 5 seconds 

Monitor Locations 

Solenoid (pin 6) 

Module Status 

Deceleration (maximum to zero) 

a) interference 
b) non-interference 
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Table 4 . 9  CW T e s t s  

Inject ion Points 

Sensor Hi-Lo (pins 2 & 3) 

Fused B+ (pin 12) 

S igna l s  Injected 

Sinusoidal s ignals  at f = 3 . 7 ,  7.1, 14. 21. 30, 44, 52,  75 MHZ. 

Signal amplitude - attenuation range 120 dB - 10 dB s teps  

Signal  duration 5 seconds 

Monitor Locations 

Solenoid (pin 6) 

Module Status 

Deceleration (maxi- t o  zero) 

a) interference 

b) non-interference 
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Table 4.10 DC Pulse Tests 

Injection Points 
Sensor Hi-Lo (pin 2 & 3) 

Fused B+ (pin 12) 

Signal Injected 
Pulse amplitudes - Both positive and negative (0-to-peak) 

attenuation range of 120 dB - 10 dB steps 
Pulse duration - 0.03, 0 . 3 ,  3.0 ms 
Pulse rise and fall times - 25 ps 

Pulse repetition rate - 500 pps at 0.03 ms 
50 pps at 0.3 ms 
5 pps at .3.0 ms 

all asynchronous 
Pulse train duration - approximately 5 seconds 

Monitor Locations 
Solenoid (pin 6 )  

Module Status 
Deceleration (maximum to zero) 

a) interference 
b) non-interference 
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solenoid driver. 
modulator solenoid. In the test set-up, this solenoid load is simulated 
with a resistor-lamp combination. The lamp is lighted during each 
solenoid driver command. In an actual vehicle operation, the solenoid 
releases brake pressure to the wheel and the wheel accelerates to the 
vehicle velocity at which time the driver cycles through a braking 
condition again and the wheel decelerates. This on-off rate is con- 
trolled by the inertia of the wheel, allowing for about 4 cycles per 
second. In the test set-up, a signal is feed-back from the anti-skid 
module to the summing circuit to simulate the wheel velocity increase 
normally derived from the wheel sensor. 
by the low-pass filter in the feed-back loop. 
does simulate this velocity variation. This anti-skid control action is 
maintained until the vehicle is slowed to a near stopped condition or 
until the master brake pressure is released. The complete accelerate- 
decelerate cycle simulation occurs in about 15 seconds and the anti-skid 
control module modulation action is for only a portion of the decelerate 
part of the cycle. 

The solenoid output on the control module drives the 

The wheel inertia is simulated 
The VCO thus controlled 

The pictures shown in Figure 4.16 are of oscilloscope tracings in 
the X-Y mode. 
oscillator in Figure 4.15 and the X-axis input is the frequency-to- 
voltage converter output (a part of the control module). The lower 
straight line trace in each picture represents the frequency-to-voltage 
output as the oscillator which simulates wheel velocity accelerates from 
about 50 Hz to 3400 Hz. 

The Y-axis input is the output from the low frequency 

The horizontal lines at each end of the traces represent the cut- 
The upper line represents the decelerate 

This line is nearly a retrace of the acceleration 
off limits of the circuitry. 
portion of the cycle. 
portion (due to symnetry of the controlling sine wave) until the nega- 
tive rate detector senses a slip limit and the brake modulation com- 
mences, 
wheel velocity variation as converted by the frequency-to-voltage con- 

The remainder of the deceleration trace as shown represents the 
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Figure 4.16 Waveforms Representing the Acceleration- 
Deceleration Cycle of an Anti-skid Control 
Module 
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verter.  T h i s  modulation continues u n t i l  t he  lower l i m i t  of t h e  c i r -  

c u i t r y  is reached. The data  i n  the  p i c t u r e s  of Figure 4.17 show the 

sensed frequency due t o  a simulated wheel v e l o c i t y  va r i a t ion .  The t r a c e  

i n  Figure 4.17 (a)  s t a r t s  with a w h e e l  sensor  output frequency of 450 Hz 
a t  t h e  l e f t ,  decreasing t o  a low of 225 Hz,  and then increasing again.  

T h i s  represents  a brake pressure modulation showing a pressure r e l e a s e ,  

a pressure inc rease ,  and then a release again.  These frequencies  

convert t o  wheel v e l o c i t i e s  a t  about 18 mph and 9 mph. 

Figure 4.17 (b) i s  s imi la r  t o  Figure 4.17 ( a ) ,  represent ing  wheelve lo-  

c i t i e s  of 10 mph and 5 mph. 

I 
The da ta  i n  

The coupling transformer i n  Figure 4.15 provides a balanced input  
t o  the an t i - sk id  module, and t h e  a m p l i f i e r  provides  gain i n  t h e  d r ive  

c i r c u i t  fo r  t he  VCO. 
components from the  VCO and s imulates  wheel i n e r t i a .  

b i l e  with the 4 Hz brake ac tua tor  modulating r a t e .  

The low-pass f i l t e r  e l imina te s  any h igh  frequency 

This i s  compati- 

The most l i k e l y  source of e x t e r n a l l y  generated upse t  s i g n a l s  a r e  

pickup and conducted s i g n a l s  on t h e  in t e rconnec t ing  cables  of the a n t i -  

sk id  system. 

sk id  con t ro l  system on a Lincoln Continental .  

used between the wheel ve loc i ty  sensor  mounted a t  the  r e a r  ax le  and the  

con t ro l  box i n  the  glove compartment. Also,  c o n t r o l  wires run between 
the  con t ro l  box and . the  ac tua tor .  A t y p i c a l  ant i -skid i n s t a l l a t i o n  on 

heavy t r a c t o r s  is shown i n  Figure 4.19. The  length of t he  intercon- 

nec t ing  cables ,  ranging from 5 t o  30 f e e t ,  combined w i t h  inadequate 

sh i e ld ing  would make the computer module very suscep t ib l e  t o  RF rad ia-  

t ion.  

Figure 4.18 shows the t y p i c a l  component placement f o r  a 

Interconnect ing wires a r e  

A schematic of a Kelsey-Hayes passenger c a r  brake con t ro l  module 
was used to  i d e n t i f y  the cont ro l  board inpu t  contac ts .  Table 4.11 l ists  

t h e  pr in ted  c i r c u i t  board contact  numbers, func t ion ,  and estimated dc 

impedance a t  the opposi te  end of t h e  connecting vires. 
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(a ) Vertical = 0.5 V/DIV 
Horizontal = 20 ~ ~ / D I V  

(b) Vertical = 0.5 V/DIV 
Horizontal = 10 ms/DIV 

Figure 4.17 Wheel-Sensor Type Signals Showing the 
Effect of Brake Modulation 

102 



Y 

r 

Y 
z 
2 

I 

103 



WHEEL CONTROL .. -~ 
/----- -- -- -- 

POINT SENSOR AND EXCITER 

\ 
c-----_ 

I AND AIR CONTROL VALVE 
I (NOTE’ FRONT AXLE 

CBC INSTALLED WITH 
I AXLE CONTROL AND 

MONITOR LIGHT I POINT SENSOR ONLY) 

COMPUTER MODULE 
AND AIR CONTROL VALVE 

SENSOR AND EXCITER 

COMPUT~R MODULE 
AND AIR CONTROL VALVE 

. 
a -  - I  

--- I 
L- 

I 

I MONITOR LIGHT I 

POINT SENSOR AND EXCITER 

COMPUTER MODULE 
AND AIR CONTROL VALVE 

L-- -----__ J 

Figure 4.19 Wheel and Axle Control Schematics (Kelsey, 1974) 
(Reprinted by permission, Kelsey-Hayes, June 1974 
Weatherly Index 148, CBS Skid Control Brochure, 
Kelsey Products Division, Kelsey-Hayes Co., 
Romulus , MI. ) 
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Table 4.11 Control Board P i n  Connections 

Contact Number Function Impedance 

1 

2 
3 
4 

5 
6 

7 
a 
9 

10 

11 
12 

Not used 

Sensor Lo 

Sensor Hi 
Ground 

FSM switch 

Solenoid 

Not used 

FSM switch 

N o t  used 

Lamp 
Lamp 

Fused B+ 

--- 
2500 ohms* 

2500 ohms* 
0 ohms 

0 ohms* 
5 ohms 
--- 
0 ohms* 
--- 
5 ohms 

5 ohms 

0 ohms 

* Impedance as seen from t h e  pa i red  con tac t s  2 ,  3 and 5, 8. 

The rf pulse  tests are out l ined  i n  Table 4.8. The same frequencies 

a r e  used as were se l ec t ed  f o r  t h e  speed con t ro l  tests. 

and dura t ions  are changed t o  accommodate the  d i f fe rences  i n  subsystem 

functioning. 

signal in j ec t ion ,  and the solenoid d r i v e  was used as a monitor. 

upset is based on a measure of t h e  performance under in t e r f e rence  

condi t ions as compared t o  non-interference conditions.  

Amplitude s t e p s  

The sensor  input  and B+ are se l ec t ed  f o r  in te r fe rence  

Sys tem 

4.4.2.4 CW and DC pulse tests 

The cw tests are i d e n t i c a l  t o  t h e  rf pulse tests, with the  ex- 

ception t h a t  t h e  signal duty cycle  is increased from 25% t o  100%. 

t e s t  d e t a i l s  are out l ined  i n  Table 4.9. 

i n  Table 4.10. 

4.5 Antiskid Brake System Test Resu l t s  

There a r e  many s i m i l a r i t i e s  between the upset t e s t i n g  conducted on 

The 
The dc pulse t e s t s  a r e  de t a i l ed  

These t e s t s  are very similar t o  t h e  rf pulse  tests. 

t h e  a n t i s k i d  brake module and the  speed con t ro l  u n i t  described i n  
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Sect ions 4.2 and 4.3. 

i n t e r f e rence  s i g n a l s  and t h e  u n i t s  w e r e  t e s t e d  over t he  same frequency 

range. The p r i n c i p l e  d i f fe rence  w a s  t h e  upset  c r i t e r i o n ,  which. of 

course,  m u s t  b e  determined as a meaningful func t ion  of each system 

operat ions.  

The same test equipment was used t o  generate  the  

P r i o r  t o  conducting the upset t es t s  using the PUDD s y s t e m ,  i npu t  

impedance measurements were made of each  proposed i n j e c t i o n  point.  

These measurements were made with t h e  HP 8543.4 Automatic Network Ana- 

lyzer .  The r e s u l t s  are presented i n  S e c t i o n  4.5.1. 

The same test poin t  i h t e r f a c e  conf igu ra t ion  (see Figure 4.6) w a s  
used as i n  t h e  speed con t ro l  tests. The test o u t l i n e s  f o r  the  r f  pu lse  

tests, t h e  cw s i g n a l  tests, and t h e  d c  pu l se  t e h t s  are shown, respec- 
t i v e l y ,  i n  Tables 4.8. 4.9, and 4.10. 

4.5.1 C i r c u i t  Impedances 

The data  i n  Figures 4.20 and 4 . 2 1  show t h e  magnitude'of input  

impedance a t  t w o  i n j e c t i o n  poin ts  of t h e  a n t i s k i d  c i r c u i t .  These are 

one s i d e  of  a balanced input  from the v e l o c i t y  sensor (pin 2) and the 

power l i ne  (pin 12).  

sensor  (p in  3) has an i d e n t i c a l  input  impedance. 

sensor  inpu t  varies from 800 ohms a t  1 MHz t o  below 10 ohms a t  64 MHz 
and then goes t o  abouc 50 ohms a t  100 MHz. 

The measured Fmpedance a t  p i n  12 ( the  12 power l ine  corinection) is 
30 ohms a t  1 MHz, increas ing  t o  g r e a t e r  than 300 ohms a t  25 MHz. There 

is a d i p  t o  160 ohms at  30 MHz, with  ano the r  peak a t  32 MHz. From t h a t  
po in t ,  t h e  impedance reduces t o  a low of less than an ohm a t  75 MHz and 

then increases  t o  approach 25 ohms a t  100 MHz. These impedances were 
measured w i t h  the c i r c u i t  unpwered. The transformer c i r c u i t  used to  

S i m u h t e  t h e  sensor  input  s i g n a l s  ( s e e  Figure 4.15). however, w a s  in 
place.  

The o the r  s i d e  of t h e  balanced input  from the 

The impedance a t  t h e  

4.5.2 RF Pul se  Test ing 

The c i r c u i t  upset  r e s u l t s  ob ta ined  by i n j e c t i n g  rf pulse  s i g n a l s  a t  

t he  wheel sensor  inputs  are shown i n  F i g u r e s  4.22 and 4.23. These da t a  
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are respect ively with i n j e c t i o n  a t  t h e  sensor  "Hi"  input  (pin 3) and a t  
both sensor inputs  (pins 2 and 3). 

modes of i n j ec t ion  are q u i t e  s imi la r .  

was obtained a t  frequencies below 20 Mz. 
was obtained, with measured l e v e l s  below 1 V (peak-to-peak) above 

40 MHz. 

The r e s u l t s  obtained using these two 

No upset  and/or high-level upset 

Above 20 MHz, low l e v e l  upset 

The systems operat ion simulation, test set-up, and upset c r i t e r i o n  

are a l l  explained i n  sec t ion  4.4.2. 

cycles  the  system through acceleration-decelaration i n  a ca re fu l ly  

control led and repeatable  manner. During each dece lera t ion ,  the  sk id  

r a t e  was approached a t  exac t ly  t h e  same t i m e  and a p rec i se  number of 

brake modulations were counted before  t h e  vehic le  w a s  "stopped." The 

c r i t e r i o n  f o r  upset w a s  t o  count the  number of modulations obtained 

during a normal (non-interference) cyc le ,  which w a s  then compared with 

t h e  number obtained during t h e  in t e r f e rence  cycle. 

ference was th ree  or more, an  upset w a s  obtained. 

d i f fe rence  assured t h a t  a real dis turbance t o  t h e  system had been 

obtained. The data i n  Table 4.12 shows a t y p i c a l  test record. The 

in j ec t ion  point  w a s  pin 3; t h e  test frequency w a s  1 4  MHz. The t ab le  

shows t h e  reference count (14) measured f o r  each new a t tenuat ion  s e t t i n g  

and t h e  count during in t e r f e rence  f o r  t h e  same a t t enua t ion  se t t i ng .  The 
a t tenuator  changes i n  10 dB s t e p s  un t i l  an  upset is obtained. A f t e r  t h e  

f i r s t  upset,  t h e  a t tenuator  is increased by 10 dB and t h e  advance 

(decreasing a t tenuat ion)  continues i n  3 dB s t e p s  u n t i l  upset is again 

obtained. 

t h i s  device. Dis t inc t ion  is not  made between these  modes i n  the r e s u l t s  

shown i n  Figures 4.22 and 4.23. 

p l o t  of t h e  r e s u l t s  obtained from the p r i n t o u t s  such as T a b l e  4.12. 

Additional monitoring confirmed the  upse t  cr i ter ia  and showed fu r the r  

d e t a i l s  of the  system malfunction. Three d i s t i n c t  types of upset are 

observed. 

The operat ions s imulat ion set-up 

I f  the  count d i f -  

A margin of th ree  

Several  upset  modes were observed during the  t e s t ing  of 

The d a t a  i n  those f igures  is merely a 

The da ta  i n  Figures 4.24 through 4.26 represent  the  various modes 

of upset cause by r f  pulse  s i g n a l  i n j e c t i o n  a t  the  sensor  inputs.  These 
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Table 4.12 Antiskid Module Test Record 

REFERENCE MODULATION 
COUNT 
14 

14 
14 

14 
14 

14 
14 

14 
14 

TEST MODULATION 
COUNT 

14 

14 
14 

14 
17 

14 
16 

15 
17 

ATTENUATION 
(dB) 
60 

50 
40 

30 
20 
30 
27 

24 
21 

TEST FREQUENCY IS 14 MHz 
UPSET OCCURRED DURING PULSING SEQUENCE 
PULSE LEVEL = 21 dB 
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Figure 4.24 Anti-Skid Accelerate-Decelerate Cycles 
with Brake Modulation 
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(b 1 
Figure 4.25 Anti-Skid Accelerate-Decelerate Cycles 

Showing System Upset Conditions 
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( c )  

Cb 1 
Figure 4.26 Anti-Skid Accelerate-Decelerate Cycles 

with System Upset Conditions 

115 



c 

are d isp lays  similar t o  Figure 4.16, depic t ing  the acceleration-de- 

ce l e ra t ion  cycle  discussed above. 

normal (non-interference) cycle. The normal number of counts (14) is 

observed. The t r a c e  i n  4.24(b) shows add i t iona l  modulation pu l ses ,  

i nd ica t ing  sk id  conditions even though t h e  wheel decelerat ion w a s  n o t  

s u f f i c i e n t  t o  warrant it. This cond i t ion  of upset may not represent  a 

ser ious  s a f e t y  hazard, b u t  does indeed represent  c i r c u i t  malfunction due 

t o  in te r fe rence .  

The trace i n  Figure 4.24(a) shows a 

The d a t a  i n  Figure 4.25 f u r t h e r  repres  c i r c u i t  malfunctions 

during in t e r f e rence  conditions.  The da ta  i 4.25(a) is similar 
t o  Figure 4.24(b). The upset  i n  F igure  4.25(a) is c h a r a c t e r i s t i c  of an 

e a r l y  onse t  of brake modulation which occurred with an in te r fe rence  

signal of 1.5 V (p-p). 

i n t e r f e rence  signal l e v e l  of 3.0 V (p-p),  causing a condition of no 

modulation. 

w a s  s u f f i c i e n t  to require  modulation, but  t h a t  the in te r fe rence  pro- 

h ib i t ed  modulation from occurring and t h e  wheels could go i n t o  a skid.  

This test w a s  conducted with an i n t e r f e r e n c e  frequency of 2 1  MHz. 

The upset i n  Figure 4.25(b) occurred with an 

This  upset condi t ion would mean t h a t  t he  decelerat ion rate 

The p i c t u r e s  i n  Figure 4.26 show two add i t iona l  types of malfunc- 

t i o n  caused by interference signal i n j e c t i o n  a t  the  sensor inputs .  

trace i n  Figure 4.26(a) shows an e a r l y  onset of brake modulation fol-  

lowed by a lock-up i n  the released p r e s s u r e  state. This is a se r ious  

malfunction manifest in temporary loss of brakes. This occurred with 

1.5 V (p-p) i n j e c t e d  s i g n a l  a t  a frequency of 75.0 MHz. 

The 

The data i n  Figure 4.26(b) shows a sk id  condition malfunction 

similar t o  Figure 4.25(b), but  with a recovery near t he  end of the 

braking cycle. This condition r e s u l t e d  from a 11V(p-p) in jec ted  s i g n a l  

a t  5 Wz. 
The da ta  i n  Figure 4.27 is r e p r e s e n t a t i v e  of the  rf p u l s e  i n j ec t ed  

waveforms. 

mixed w i t h  a 5 MHz rf pulse. The amplitude of t he  sensor s i g n a l  is 

s l i g h t l y  more than 2 V (p-p). and t h e  peak-to-peak amplitude of t h e  rf 
pulse  is about 10.5 V. This i n t e r f e rence  s i g n a l  d id  cause an upset at 

The composite da ta  i n  t h e  f i g u r e  is the  1.3 kHz sensor input  
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Figure 4.27 Anti-Skid Sensor Waveform w i t h  RF 
Pulse Signals  Superimposed 
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t h a t  trequency. 
A second p o r t  s e l ec t ed  f o r  r f  p u l s e  i n j e c t i o n  w a s  t he  1 2  V power 

This po in t  proved t o  be  q u i t e  suscep t ib l e  t o  rf pulse  supply pin.  

in te r fe rence .  The r e s u l t s  of t h i s  t e s t  series are shown i n  Figure 4 . 2 8 .  

The c i r c u i t  showed an upset  a t  a l l  frequencies f o r  levels  below 1.5 V 

(p-p). This e l ec t ron ic s  module has  been designed t o  opera te  over t he  

vol tage  range of 11-18 v o l t s  and has  b u i l t - i n  p r o t e c t i o n  aga ins t  l a rge  

t r a n s i e n t s .  These precaut ions appa ren t ly  have l i t t l e  e f f e c t  i n  im- 

munization t o  r f  pu lse  interference. 

4 . 5 . 3  CW Testing 

The r f  pu lse  tests descr ibed  above were conducted using a pulse  

duty cyc le  of 254;. 

same in te r f e rence  source,  b u t  with t h e  duty cyc le  increased t o  1004; 

c r e a t i n g  a continuous wave (cw). The test p lan  o u t l i n e  i n  Table 4 . 9  was 

followed. The r e s u l t s  from th i s  series a r e  shown in  Figures  4 . 2 9  and 
4 . 3 0 .  Figure 4 . 2 9  gives t h e  r e s u l t s  w i t h  i n j e c t i o n  t o  both input  po in ts  

(pins 2 and 3 ) ,  and t h e  d a t a  i n  F igure  4.30 r e s u l t e d  from i n j e c t i o n  i n t o  
p i n  2 only,  t he  " l o  sensor" po r t .  

A second series of tests were conducted using t h e  

The r e s u l t s  of t h e s e  tests were ve ry  similir t o  the  r e s u l t s  ob- 

ta ined  i n j e c t i n g  r f  pu l se  d a t a  i n t o  these por t s .  Bas ica l ly ,  the c i r c u i t  

shows high immunity a t  t he  lower test frequencies  and lower immunity a s  

t h e  frequency increases .  The v a r i a b i l i t y  of upset amplitude i n  the  f re -  

quency range beoJeen 10 and 50 MHz w a s  more pronounced than f o r  t h e  r f  

pu l se  tests. 

4 . 5 . 4  DC Pulse Test ing 
D i f f i c u l t y  was experienced i n  e f f e c t i v e  coupling between t h e  dc 

pulse  source and low impedance or impedance c r i t i c a l  c i r c u i t s ,  without 

severe s i g n a l  reduct ion or c i r c u i t  upse t  due e n t i r e l y  t o  coupling. 

problem was apparent i n  coupl ing t h e  d c  pulse  t o  t h e  con t ro l  c i r c u i t s  

and t o  the  power supply of t he  speed c o n t r o l  module, and s imi l a r ly  was 

experienced i n  a t tempts  t o  couple  t o  both  t h e  power supply and t o  the 

sensor  of the a n t i s k i d  module. 

a t  t h e  power supply p o r t  (p in  12). 
"lo sensor" po r t  t o  cause upse t ,  and the  r e s u l t s  o f  t h a t  t e s t  a r e  shown 

T h i s  

No t es t s  were conducted using dc pulses  

Adequate l e v e l s  were in j ec t ed  t o  t h e  
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i n  Table 4.13. 

0.1 ohm resistor between the  c i r c u i t  ground and the power supply ground. 

This test was designed t o  measure u p s e t  p o t e n t i a l  r e s u l t i n g  from i m -  

proper c i r c u i t  i n s t a l l a t i o n  or c i r c u i t  grounding. 

minor disturbance w a s  apparent  on t h e  monitoring osci l loscope,  no formal 

upset  was recorded. The maximum i n j e c t e d  l e v e l  f o r  t h i s  test was 0.3 V. 

Also,  tests were conducted i n j e c t i n g  dc p u l s e s  i n t o  a 

Although evidence of 

The data  i n  Table 4.13, at  u p s e t ,  was recorded with both pos i t i ve  

and negative (zero-to-peak) s i g n a l s  a t  t h e  25 and 50 pulse/sec repe- 

t i t i o n  rate. 
about one-half the  p o s i t i v e  amplitudes.  

The upse t  occurred a t  n e g a t i v e  amplitudes which were only 

P ic tures  of t h e  monitoring o s c i l l o s c o p e  d isp lay  (Figure 4.31) ,  
recording t h e  accelerate-decelerate  cycle (similar t o  Figure 4 . 2 4 ) .  show 

upse t  conditions observed during t h e  test. 
w a s  recorded i n j e c t i n g  d c  pulse  ampli tudes of +3.4 V with 3 m s  pulse  

width and a 25 Hz r e p e t i t i o n  rate a t  p in  2 ( the  l o  sensor  inpu t ) .  

d a t a  recorded in Figure 4.31(b) is the accelerate-decelerate  cyc le  using 

dc pulses  of amplitude 3.4 V with 0.3 m s  pu l se  width and a 50 Hz repe- 

t i t i o n  rate. An upset w a s  measured for  both of t h e  test runs shown 

here.  The data i n  Figure 4.31Ca) shows evidence of the  25 Hz pulse  
feeding through t h e  sensor  (frequency-to-voltage) convertor.  

The trace i n  Figure 4.31(a) 

The 

A record of t h e  i n j e c t e d  s i g n a l  which caused upset  i n  Figure 

4.31(a) is  shown i n  Figure 4.32(a), superimposed on the  sensor  input  

signal a t  t h a t  po r t .  

5 ms. respect ively.  The sensor  frequency w a s  approximately 1.3 kKz. 

The sensor s i g n a l  and dc pu l se  t r a i n  which cfused a n  upset displayed i n  

Figure 4.31(b) i s  shown i n  Figure 4.32(b). 

The amplitude and  sweep s e t t i n g s  were 1 V/div and 
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Table 4 . 1 3  DC Pulse Tests (sensor l i n e )  

Voltage Upset Voltage 
Polar i ty  PRR Width (ms) (0-to-Peak) 

3.00 3.4 v 
0.30 3.4 v 

POS 25 

POS 50 
POS 500 0.03  2 .4  V [no upset) 

NEG 25 3.00 1.75 V 

NEG 500 0.03 2.30 V (no upset) 
NEG 50 0.30 1.75 v 
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(b 1 
Figure 4.31 Anti-Skid Accelerate-Decelerate Cycles 

with System Upset Conditions 
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(b) 
Figure 4.32 Anti-Skid Sensor Signal with DC Pulses 

Superimposed. 
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5 .  SUMMARY AND CONCLUSIONS 
A measurements t a sk  has  produced information concerning the  charac- 

teristics of waveforms which r e s u l t  f rom the normal a c t i v a t i o n  of t h e  

e l e c t r i c a l  switches and con t ro l s  of a t y p i c a l  automobile. Data and 

p i c t u r e s  are presented on waveforms a s s o c i a t e d  with the l i g h t  switch,  

sir condi t ioner  c lu tch ,  t he  s t a r t e r ,  t h e  i g n i t i o n  system, f l a s h e r s .  fan 

and windshield v ipe r  motors, t he  a l t e r n a t o r ,  and the  horn. In  add i t ion  

t o  t h e  s i g n a l s  and waveforms generated a t  the  sources ,  s e l e c t e d  coupled 

s i g n a l s  r e s u l t i n g  from the  source a c t i v i t y  a r e  i d e n t i f i e d  and recorded. 

With each switching (energizing o r  de-energizing) of equipment from 

t h e  power bus, t he re  i s  nominally a 12 V dc l e v e l  change. 

a r e  sometimes associated with these  swi t ch ing  ac t ions  which range from 

1 V t o  g r e a t e r  than 100 V i n  ampli tude.  

gene ra l ly  assoc ia ted  with t h e  de-energizing of induct ive loads. 

s o i d a l  or r e p e t i t i v e  waveforms a r e  a s s o c i a t e d  with the motors and vi- 

b ra to r s .  

t h e i r  amplitude va r i ed  from 0.1V t o  more than 3 V.  

gene ra l ly  appear as exponent ia l ly  decaying "spikes" andlor  as decaying 

s inusoid.  

dependent on c i r c u i t  loading and resonance.  

range from less than 5 0  mV t o  g r e a t e r  than 1 V. 

Trans i en t s  

The l a r g e r  t r a n s i e n t s  are 

Sinu- 

Their fundamental f r equenc ie s  a r e  g e n t r a l l y  below 1 kHh, and 

The coupled s i g n a l s  

The amplitude and du ra t ion  of these waveforms a r e  h ighly  

Typical recorded va lues  

More than f i f t y  measured waveforms a r e  presented i n  Sect ion 2 . 2 ,  

w i t h  comments on the  da ta  and d e t a i l s  of the measurements. 

t a b l e s  of these  data  a r e  given i n  Tab les  2 . 2  and 2 . 3 .  

obtained i n  an e a r l i e r  s t u d y  on power supply  v a r i a t i o n s  and severe  

t r a n s i e n t s  is given i n  Sect ion 2 . 3 .  

130 V and t r a n s i e n t s  of over 2 0 0  V h a v e  been observed. 
pover supply regula t ion  c h a r a c t e r i s t i c s  and t r a n s i e n t  c h a r a c t e r i s t i c s  

a r e  given i n  Tables 2 . 4  and 2 . 5 .  
ments made a t  s eve ra l  po in ts  i n  t h e  automobile r e fe r r ed  t o  t h e  power 

sys tem ground a r e  s h o w  i n  Table 4 . 7 .  
The r e s u l t s  Of computer program r u n s  t o  eva lua te  a s imulated 

field-to-wire coupling of signals from a mobile t r ansmi t t e r  t o  t h e  a i r -  

Summary 

A review of data  

Power supply levels as g r e a t  a s  

Summaries of 

The r e s u l t s  of dc r e s i s t a n c e  measure- 
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cushion r e s t r a i n t  device cab l ing  a r e  g iven  i n  Sect ion 3. 

demonstrates t h e  character of coupl ing  dependencies on t he  t r ansmi t t e r  

opera t ing  frequency, t h e  impedance of t he  s i g n a l  recept ion po in t ,  t he  

s i z e  of aperture ,  the dimensions of the aper ture ,  body sh ie ld ing ,  cable  

s h i e l d i n g ,  and cable length. 

t h e  r e l a t i v e  pos i t ions  of t h e  t r a n s m i t t i n g  source and the  aperture .  

amount of body metal i n  the direct p a t h  between these  loca t ions  w i l l  

y i e l d  some s igna l  a t tenuat ion  due t o  sh i e ld ing .  The cable  sh i e ld ing  

This ana lys i s  

The body sh ie ld ing  depends pr imari ly  on 

The 

- varies t o  a small degree as a func t ion  of frequency. This is ca l cu la t ed  

from a rou t ine  i n  the model from a g iven  cable  descr ip t ion .  

A s  much as 30 dB v a r i a t i o n  i n  rece ived  s i g n a l  l e v e l  was observed 

f o r  the frequencies processed ac ross  a band from 100 t o  200 MHz. 
v a r i a t i o n  r e su l t ed  from a f ixed  a p e r t u r e  s i z e .  Also, t he re  w a s  an  

approximately 10 dB increase  i n  rece ived  s i g n a l  when the length of 

a p e r t u r e  was increased from 4 inches t o  40 inches. 

This 

The complex interdependence of the s e v e r a l  parameters described 

would i nd ica t e  t h a t  the most use fu l  a p p l i c a t i o n  of t h e  model would be t o  

analyze s p e c i f i c  i n s t a l l a t i o n s  i n  sea rch  of problem a reas  as opposed t o  

prepara t ion  of general  da t a  t a b l e s  t o  cover a l a rge  range of condi t ions.  
S e n s i t i v i t y  analyses of t h i s  type can b e  used to ind ica t e  ape r tu re  and 

s h i e l d  i n t e g r i t y  requirements for maintenance spec i f i ca t ions  and t o  

de f ine  procedures and thresholds  f o r  eva lua t ions  required of manufac- 

t u r e r s .  

An important phase of t h i s  s tudy has  been the design,  instrumen- 

t a t i o n  and ana lys i s  of s u s c e p t i b i l i t y  t e s t i n g  as appl ied t o  two auto- 

motive e l e c t r o n i c  subsystems. The merhodology. test plans,  and resu l t s  

obtained from t h e  t w o  t e s t  series involv ing  an e l e c t r o n i c  speed con t ro l  

system and an e l ec t ron ic  a n t i s k i d  brake  c o n t r o l  module are presented i n  

Sec t ion  4. 

The tests were conducted using a d i rec t -dr ive  f a c i l i t y  t o  i n j e c t  

i n t e r f e rence  s igna l s  a t  s e v e r a l  p o t e n t i a l l y  suscep t ib l e  c i r c u i t  or 

system por t s .  

a b l e  t o  conducted o r  induced s igna ls .  

These po r t s  were s e l e c t e d  on t h e  b a s i s  of being vulner- 

The charac te r  of t he  in jecred  
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s i g n a l s  w a s  based on the  r e s u l t s  of the da ta  obtained i n  Sect ion 2 .  The 

system "upset" c r i t e r i a  used f o r  eva lua t ion  w e r e  r e l a t e d  to t h e  intended 

f w c t i o n a l  performance of the systems. 
The test r e s u l t s  f o r  t h e  speed c o n t r o l  system w i t h  r f  pu lses  in j ec t ed  

as i n t e r f e r e n c e  are given i n  Figures  4 . 8 ,  4 . 9 ,  and 4 . 1 0 .  The r e s u l t s  

for t h e  same system with dc  pulse  i n j e c t e d  are shown i n  Tables 4.6 and 

4 . 7 .  
more than 4 mph from the  set  speed. 

rf p u l s e  in t e r f e rence  (in t h e  1 t o  7 5  MIlz range) w a s  highly dependent on 
frequency and a l l  three p o r t s  t e s t e d  (sensor,  con t ro l  l i n e ,  and power 

l i n e )  showed general ly  good immunity t o  r f  interference.  The lowest 

measured upset l e v e l  w a s  about 4 V ( p p ) .  

more s e n s i t i v e  t o  dc pulse  i n t e r f e r e n c e  with average upset l e v e l  of 

about 1.5 V (zero-to-peak). 

and t h e  pa re r  l i n e  w a s  no t  used as an injection por t  f o r  dc pulses .  

For these tests, an upset  r e s u l t e d  if the  vehic le  speed changed by 

The upset conditions observed with 

The sensor l i n e  w a s  general ly  

The c o n t r o l  l i n e  was  much less sensit ive,  

The r e s u l t s  obtained from t h e  a n t i s k i d  con t ro l  tests ind ica t ed  t h a t  

t h i s  device  was more suscep t ib l e  t u  rf pulses  than t h e  speed c o n t r o l  

system. 

the power supply input .  

signals in the  0 t o  75 MHz range and d c  pulses. 

based on a comparison of system performance under in t e r f e rence  and 

in te r fe rence- f ree  conditions.  

t i on ing  of t h e  braking modulation due t o  interference.  

f o r  t h e  rf and c w  s ignals .  are s h a m  in Figures 4 . 2 2 ,  4 . 2 3 ,  4 . 2 8 ,  4 . 2 9 ,  

and 4.30.  
i n  Table 4 . 1 2 .  

less than 0.5 V(p-p) a t  the  sensor i n p u t s .  

both types of Signals.  i n d i c a t i n g  t h a t  t he  c i r c u i t  is more sensitive t o  

t h e  cw signal than t o  the  pulse  characteristics. Also, the  r e s u l t s  

showed t h a t  these  po r t s  are much more suscept ib le  t o  in t e r f e rence  a t  

frequencies  above 20 to  30 MHz than a t  lower frequencies.  The power 

supply l i n e  input w a s  a l s o  q u i t e  s u s c e p t i b l e  t o  r f  i n t e r f e rence  ( the  

only signal used in the tests a t  t h i s  po r t ) .  

A p a i r  of sensor l i n e  i n p u t s  were used as p o r t s  i n  add i t ion  t o  

The i n j e c t e d  s i g n a l s  used were rf p u l s e  and cw 

The upset cri teria were 

A n  u p s e t  consis ted of abnormal func- 

The test results 

A tabulat ion of da t a  ob ta ined  from dc p u l s e  t e s t i n g  is given 

System upset occurred with in j ec t ed  r f  and cw l e v e l s  of 

The r e s u l t s  were similar f o r  

Upsets were recorded a t  
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s eve ra l  f requencies  f o r  i n j ec t ed  l e v e l s  below 0.5 V(p-p). The power 

supply regula tor  por t ion  of t h i s  c i r c u i t  has bui l t - in  t r ans i en t  pro- 

tec t ion .  T h i s  p ro tec t ion  design appears ,  however, not to  be  e f f e c t i v e  

aga ins t  rf in te r fe rence .  

caused upset a t  1.7 V (zero-to-peak) l e v e l s .  This is s imi la r  t o  the  

r e s u l t s  obtained from the speed c o n t r o l  sys tem tests. 

The dc  p u l s e  in t e r f e rence  t o  the sensor inputs  

These conductive (direct-dr ive)  s i g n a l  s u s c e p t i b i l i t y  tests have 

proven t o  be an e f f i c i e n t  and usefu l  method of evaluating the e f f e c t i v e  

in t e r f e rence  p o t e n t i a l  of actual motor veh ic l e  e l ec t ron ic  subsystems. 

These test concepts could be expanded t o  include more por t s  o r  system 

modules and even t o  evaluate c i r c u i t  component s u s c e p t i b i l i t y  a t  t h e  

design s tage.  

The r e s u l t s  of these tests have shown the  dependence of s i g n a l  

c h a r a c t e r i s t i c s  on c i r cu i t  s u s c e p t i b i l i t y ,  namely frequency, du ty  cyc le ,  

p o l a r i t y ,  e t c .  Examples are: 1) t h e  low-frequency euscep t ib i l i t y  and 

high frequency immunity of t he  speed c o n t r o l  sensor compared t o  an 

opposi te  s i t u a t i o n  f o r  the ant i -skid module sensor;  2) the  s e n s i t i v i t y  

of t h e  speed con t ro l  sensor input  t o  dc  pu l se  amplitudes of approxi- 

mately one-half t he  sensor peak-to-peak amplitude, and; 3) t he  s i m i -  
l a r i t y  of r e s u l t s  observed between rf p u l s e  s i g n a l s  and cw signals a t  

the  ant i -skid sensor  inputs ,  i nd ica t ing  t h a t  t h i s  c i r c u i t  5s primari ly  

sensi t ive to rf s igna l s .  

. Although no de ta i l ed  ana lys i s  has  been performed t o  c o r r e l a t e  t h e  
r e s u l t s  of these tests w i t h  t he  reported malfunctions of ant i -skid 

con t ro l  modules when exposed t o  mobile r ad io  emissions, the observed 
s u s c e p t i b i l i t y  l e v e l s  i n  t he  30 to  75 K€Iz range do not  dispute  t h a t  such 

in t e r f e rence  and malfunctions could occur. 

sh ie lded  l i n e s  and cables between the  sensors  and the e l ec t ron ic  con t ro l  

modules would be very e f f e c t i v e  i n  feeding  t h e  rf signals t o  the  sensor  
po r t s .  

Unshielded o r  improperly 
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