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I. INTRODUCTION

Usin g simple frict ion models in di gital computer s imulat ions sometimes leads to less than
satisfactory results. Consequently. two frict ion models were developed , one being a
modification of the other , These models essentiall y combine two simple friction models.

The two models are compared with a thir d which is often used for friction modeling. For
testing, the models were embedded in a second order spring-mass-damper system.
Comparisons are made between the three systems for different system gains , friction values
and damping using sine wave and step inputs. Only the RK2 integration algorithm was used
because of its predominant  usage in the au thor ’s simulations.  The test program was written in
the Advanced Continuous Simulation Language (ACSL). ’

2. MATH MODEL S

The friction models are incorporated into a second order spring-mass-damper system.
Similar system models are often used to represent missile seeker platform dynamics. Figure 1 is
a block diagram of the test system. The closed loop equation without the friction nonline arity
is

K
TM3 S2 + S•K•S + K•CMPL

where ~ is the platform angle (radians); TM3 is the motor torque into the system (ft-tb); H is  the
viscous damping (ft-tb ! rad / see); CM P1 is the spring constant (ft-lb/ rad); and K is the inverse
of the platform inertia (Ib-sec 2-ft)” . The values for TM and CM PL were chosen to keep ‘1’ well
below irj2 rad. Initi ally,  TM~ is 5 ft-lb and CMPL is l2ft- lb / rad. B is made0.I ft-lb/rad/ sec ,

• which gives a closed loop damp ing ratio of about 0.08 for a K of 30 (lb-sec 2 -ft~~’. For all three
friction models a value of 2 ft-lb is initially used.

I . F . I.. Mitchell and Joseph S. Gauthier . Advanced ( ‘ominwm.~ Simulatiun I.anguage( A C’SL) Uver Guide Reference Manual.
Mtt c h~II and (;auihier Associate ,. 1975.
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I. INTRODUCTION

Usin g simp le f r ic t ion models in dig ital  computer  s imula t ion s  sometimes leads to less than
satisfactory results. Consequently . two fr ict ion models were developed , one being a
modification of the other. These models essentially combine two simple friction models.

The two models are compared with a thir d which is often used for friction modeling. For
testing, the models were embedded in a second order spring-mass-damper system.
Comparisons are made between the three systems for different system gains, friction values
and damping using sine wave and step inputs. Onl y the RK2 integration algorithm was used
because of its predominant  usage in the  au thor ’s s imula t ions .  The test program was writ ten in
the Advanced Continuous Simulation Language (ACSL). ’

2. MATH MODELS

The friction models are incorporated into a second order spring-mass-damper system.
Similar system models are often used to represent missile seeker platform dynamics. Figure ] is

:
bb0 i

~~~~
m of the test system. The closed loop equation without the friction nonline arity

TM3 S2 + B ’K •S  + K•CMPL

where u~, is the platform angle (radians); TM3 is the motor torque into the system (ft- lb); B is the
viscous damp ing (ft- lb/ rad/ see); CM P1 is the spring constant (ft-lb/ rad); and K is the inverse
of the platform inertia (lb-sec 2-ft) ’ . The values for IM and CM P1 were chosen to keep if, well
below f f / 2  rad. Init ial ly ,  TM3 is 5 ft-lb and CMPL is 12 ft-lb/ rad. B is made 0.1 ft- lb /rad ~ sec .
which gives a closed loop damp ing ratio of about 0.08 for a K of 30 (lb-sec2-ft) ”. For all three
friction models a value of 2 ft-lb is initially used.

F. F.. I.. Mitchell an d Jose ph S. ciaut hier . Advane ed ( ’ imtinuou., Si,nu!oi ion !.anguage(ACSL) User Guide, Reference Manual.
Mitchell and (iau ihier Ass oc iat es. l97 5.
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O f t e n  t i 5  t i o n  o. inss s fc ~cd .i~ s tiossi t  in I ~~ a ’ 2 I n  \ ( \ l  etude the  Ii  i c t i t u i l  model is
N C a t I hi ’s ii~~~t f ~’~ u ill I s ’  t e l e t  t ed to  .i~ model  A ‘t dias t  h ack of t h i s  model is t h a t  it

~ oduce s a r t i f i c i a l  t i l t  q t t c ~ st ~ ‘ii the,’: 5 its1 g i m b a l  m o t i o n  Model -\ is used lot  test
dOif l  p.11 is oil pu t  poses I l ie t ‘t I t  ct t o i l  iii ~ude Is de sign ed to tn t  p rose  upon th is  model a i r
shost n in / :~ o’ i s  a Utl 4 I li es s t i l l  he ca l lesi mod els 14 and ( . r esp cctis el~

In \( ‘Sl code . I t  i c l io n  model 14 is in eo t  pot .iled in to  the  esp ressio t u lo t net tor que as

I of lost

RSW ( 
~ *‘R MIN ~

D E A D ( _ T FRl l T FRl , TM3 _ B *l
~~ 

- CMpL * O )
~

TNET + SIGN(TFR2 , -

When ~~‘th e gimbal  a n g u l a r  ra te . is less than  the sal sie ot R s i u \ .  the gimbal f r ic t ion  can he
modeled as a dead /one since no gimbal  motion s~ ill occur un t i l  l~~, esceeds as  alue equ is aknt
to the f r i c t ion al resi stance torque . I i  ~ Once the gimbal is in motion the gimbal friction s t i l l
pi od uce an e f fec t i s e  torque.  l~ ~ :. t hat alss a~ s opposes gimbal motion, However , false mot ion
can occur d ue to at least t st o th ings . t I i  1/ will not necessaril y be smaller than  R5 1 5 the
i ncremental  change in i/i’oser one integrat ion step can he larger than ~~~~ so that  t he dead
zo ne model ma~ not sst i t ch back tu . ç ~t It the dead tone model does not switch hacb~ in. the
fr ic t io nal torque can not onf ~ oppose mot ion . hut can a lso cause a re sersal of gimbal motion .
st hich is not ph~stca lly correct. So an appro pr iate value must be chosen for R51i .. tot  model H
to operate properl~ . l ’h is is an undesirable feature that  was eliminated in the design of
model C.

As shost n in I ‘igur e 4 . model C is compri sed of model H p l us logic th a t  zeroes the  gimbal
a n g u l aT  r a t e .  i/i . ss henes er bo th the  t in to rque  minus  f r i c t i o n  is less t h a n  the friction and 

~~
;

changes sig t l .  It should he noted t h a t  th e  dead / one model uses I i  K I .  and t he s i d i n g  f r i c t i o n
model uses l~ N ’. I hi s  aIlos ~s lot  f r i c t i o n  model s tha t  h as e d i f f e r e n t  salue s fo i  st . i t i c a n d  s l id ing
f r i c t i o n  1 he logic fo r  sst i t c h i n g  iji to i e t  o , ,is i m p l e m e n t e d  in l igur e 4. to r ms  an algebr aic
loop I h Us . model ( ‘ ss .is in ip l e t n en ted  .ts 5u n -\ ( ‘SI macro in ss h i ch the 1oop is hr oken .u~ the
des ired pot nt in the ss s te in  model

1 he macro code and a flow diagram of ’ the macro are shost n in Fii~z~res .S and ~~ . respecti sels .
ln the m.uc:o . ~ (macro local sa t iable  I H) is not ac tual ly  set to ,ero except when I O1ORQ is
i R t ’ F .15 discussed belost ). 0 is calculated h~ add ing  O u t  V l)() I’) and O~~\ ’l)() l ’P) as shostn
in Fi gur e .~ Setting 0 to Feb t h rough  bi asin g 0i~ 5% i t l i  ~~~ ( i.’i ’

~ is set to — Oisl keeps u/i from has ing
a ium p in i t s  sa lu e  whene ser  1 0 I O R Q  goes Ii  ont 1 R U I to 1- A l  St A jump it s 0 would
cut heist isc occur since i/ i t s, being a state , cannot be set hack to zero. 1 0 l’ORQ becomes 1’RI ’ h~
st hcneser I 

~~ i . the net to rqu e  minus  fr ict ion , ,s less th a n l~ ~ a nd i/i has sss itched sign.

S

_ _ _ _ _ _ _ _ _ _ _  _ _ _ _



I~~ ‘-a ~~~~~~~~~~~~~~~~
p

When the .~~‘Sl I .secui i se is i t t  the  l \ I  I I  A l  . e c t i o n t t / . I ( ’F l  is T’R (JF the exprcssion for
I U I  ( ) RQ is h~ pa’sed since I ~~ s t i l l  not set  he dcl m e d  When / , Z l Cf ’l ,  is FAt SF . 1.0 I’ORQ
is calculated as discussed ah os e I l l  U I  ( ) R Q  is I R t I  . 0 is set to zero.  II  t h i s  in tegra t ion step
us the first m inor step of a m u l t i — s t e p  in tegrat ion method I ZZ I’SF  = 1.0) . then i/i~ is set to — i / i t > .

i s sst itched only once for  each mu lt i -s tep i f l t egra t i t ) f l .

When LO1’ORQ is t’Al.Sf or ZZI(’I’( is F R I  II . Z L E S I  is checked for a sat u e  of 1.0, Il
/71’S 1 is 1.0, then 11)1., the  old salue of i/i. is  set to if’.

I

I ç~ . the net torque inc luding f r ic t ion , and i f o  are calculated outside of the
I R O C ’t :E M ’RA I .  block the  rest o f t h c code i s i n ,  Theexpre ssions  for T~.i i and i/m are not in the
block in order to allow them to he sorted by the ACSL , compiler along with the expression for
I s i  ~. In the F O R T R A N  comp ilat i on of the test program using the FRICTN macro, the code
in the PROCEI )t R A L  block came first fol l ow ed by the expressions for T 5 i1 ,  T~ and i/in.
respective ly.

01> and 11)1, are only reset once per mult i - step integrat ion to keep ~~ i from having
erro neous values , An example of how problems occur when u /b and YDL are reset more than
once is shown helost , E~or R K 2  as imp lemented in ACSL’s F O R T R A N  library .

~D (t  + h) = i~0
(t )  +

‘~D (t , 
~D C t)) + 3*t 1) D ( t +  

~~~~~~~ 
(t )  + (t ) )  

h

where

h is the major integration step Sj 7C

Define ~~~ to be

= Ct + 
~D Ct )  + ( t )

Suppose I.OTORQ goes T R U E  on the intermediate  integration step. Then ~Ini  will be zero
since T’~., and if, are zero . Suppose t&t~ is set to -t~~~ and \ ‘Dt. is set to tim on this  intermediate
step. On the final evaluation for i/ t i >  (t + h) the R K 2  algori thm reduces to

9
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• Ct , ( t ) )
(t + h) = (t ) + h

For LOTORQ to have gone T R U E  on the intermediate step,

Ct ) + 4 h l p D ( t ) ,

the expression for i//i ) (t  + Ii) . had to be of opposite si gn from 1/ ,i)(t) , since

= +

(Assume ~~~> = 0.0 before 1.OTORQ went TRUE) .

Assuming i/sn (t + 2
, > h), is negative and tici > ( t )  is positive then the expression

• ( t , 
~‘D (t ) )

h

can conceivably be positive or negat ive.

Suppose it is negative. T hen , on the next derivative calculati on for ~/ i I)  (t + h),

t~i (t + h) D (t
~~’~~~ +

~~;
“

~~~D ( t + h) 
~‘D ( t + ~~~ h )

~~o .0
Since YDL is zero when LOTORQ is calculated . LOTORQ will be FALSE. Thus ~~~ and ujs(t
+ h) will have nonzero values and i/ i’ (tt2h)* ~~n (t+h). So u/s is not zero as it should be, and /~
is continuing to be integrated.

To make the system behave properly, i/if> and YD I . must not be reset on an intermediate step
since the value of 

~~
i, ( t  + h) does not depend onl y on i / u n .  It is to be noted that either the

resetting of i/th or YDL would have caused problems. If ~ and ifth had not been reset

Ct + h)  + 0.0

~ 0. usually
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Si n ce  \ 1) 1 s i / i ( t ) t  if ut I i ) s s h e i i u J i~
’s ( t ) ~ f l O l s t he mi I () I ( ) R Q i s c a f c u l a t e d , th en l . O I O R Q w m l l

he I R U I -  if

( t )  * i/i D Ct  + h) < 0

and ~~tt h) s t i l l  he iesct f rom ~~i~~~t h t  l o , e to .  I~~, and O>>U + h ) w i l l consequentlv he ,ero.
a nd i/so t f It ) s t i l l  r emain  constant .  II

( t )  * 
~ D (t  + h) > 0

the n

a nd the sy stem will cont inue to integrate  i/ s i > as i t  should.

3. TF~ T P R O G R A M  A N E )  R E SU  I I ’ S

Hgur e is a listing of the test pr ogram. ~n the HF R I  V A I I  V I section seeker platform atigles
SI f uji) . S I I’ and SI P1’ are ca lculated f or  f r ic t ion models C, H atid A . respectiveI~’. hi> is the
inp ut motor torque for  a l l  three models , l f ’ SI NS I I ’  is I R I  I I 

~, is a sine ss’ave: otherwise , l ’~ I
us a step funct ion.  I s i t  and I ~ art ’ the net t orque minus  f r ic t ion  for  models C atid H .
rcs pec tts el~ - I ci and l’~ i s  are the net torques wi th  f r ic t ion  for  models 14 at id A . i’espe ctis’ elv.

l’aramet ers and ini t ia l  conditions are det ’i,ted in the IN I l l  Al section through CONS l A N  I’
state ments . I’he ( ‘IN I I ’  R V A I  s tatement specifi es the data r ccord it tg interval.  l ’he R K 2
integrat ion a lgor i thm is specified h setting IAI ( to 4 in the  Al (IO R I i’ll NI statemet it .  i ’he
NI AX I F  R V A I  statement oscrrides the NS lEt ’S statement to specif ~’ a 2 ,5 msec it it e gratio n
step size. WI ’ is the frequenc y of the I n  sine wav e in rad sec and W is WI ’ itt II .’.

,‘\(‘SI. run t ime commands are used for alteri t i g par ameters and i t t i t ia l  conditio ns on states :
runn ing  the s imulat ion :  and specif ’

~’ing the output .  l’he s imulat ion was run interact iveI~ on a
CyB1 :R 74 using run l it t l e commands entered on a l e k t r o n i x  console. Hard cops’ p lots wete

• generated along with  line pr inter  listings. R u t i  t ime commands tha t  were used es’ei’v sesslot i
were put on a temporar y mass storage file tha t  could he attached as a local file to the  user ’s
interact ive  terminal .

F’igurt’ 8 is a list of interactiv e session setup and ACSI run time conimands. After logging
onto the ( ‘YHER 74 INTERCOM sy stem via the 1 ek t r oni x  terminal , the following setup
statements arc entered:

I I



( ‘ON N I  ( ‘I . O I l  I~~I l

specifies the s stent ou tpu t  f i l e  d e fau l t  name ( ) t  1 1 > 1  - I . st ill  he disp layed on the I ekti ’onms

screen.

I I I . 1 7(1

extends the execut iot s t it sse per statemetst entered to (70 octal see.

A l  I A C I I . I N I ’ L J  I’ . I l k .  I I )  l ) I ) X X X H

attaches the highe st cycle (2 )  of l E k  to the l ek t r on ix ,  lNI’ U I is the default file name for input

to local programs executing in the system.

-. A l  I ’ACII , I.GOB . l l :K .  Ii) 1)DXXXH , CV I

attaches the simulation absolute binary f’ile which was previously comp iled in a batch j ob via

the system control cards listed in Figure 9a.

After this in it ial  preparation , 1.GOB is executed by the statement

I GOB

and the simulation reads the ACSI . run time commands on file INPUT ,  the contents of which

are shown in Figure 9b:

S1~ l’ P R N  = 9

tells the simulat ion that the line print er data will he placed on the PR (N i ’  file (logical unit

numbe r 9) instead of the defau lt file name OUTPUT. After  termination of ’ the simulation the

P R I N T  file is batched to a line printe r.

SET PRN I’ l . l  .F. . (‘Al l’I.l  = . 1 ’ .. I l l . C l ’ l .  =

rep laces the defaul t  printer p lot routine s wi th  the special I’ektro n is  p lot routines a i d  I I I  (‘(‘I

set T R U E  causes tit les to he placed on the I’ek t r oni s  plots.

SF 1’ I I  l I E  = l ”R ICl ’N FF5 I’FR.’

(2
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spct ’i ( i e s  t he  Iii si t 5 5 5 >  55 > > i  i f ’ , i i i  t I i~’ t i f i u t  t i t  l& ’

SI I I l l  N I t >  I

causes the  List sa lucs  of . i f l  f l i t ’ ai i .ibl es t o tn st i  i t c H  to t he f i l e  st uth logical un i t  m i t m mnhe t  P R N

S-\ ~ I ‘lI ’\SI

‘ s,~\ c s ’ I he initial I~tt atueteis and I t ‘ ‘s t ot  la t em use

I>R 0’I I) (~()

51 \ R 1
I ’Rl N I ‘ \ I  I
I N I )

def ines  a PR( )( ‘I I )  t h a t  s i , u i  Is esecut ion of t he s t t n u la t  ion and ~‘a t i scs  the  s .m i iah ks specif it’d in
he PR I P A R  command to he t ecoided es ct ~ 

( ‘ I N I seconds o i i to  th e f i l e  st it It logical un it
nutuhe r l’RN

P R )  P A R  I . SI , N I l ) , N I l ’ . SI I ’ I ) , SII’l’ . SI l ’PI ) , I \13 .
I N I ’  I . I N I :  1 2 . I N I  I 3

spe cifies t he variables whose s alu es s t i l l  be output  ott a lit ic pr inter .

SI I C M I )  = I ) I S

indicates to the stnut il.i tus ’n tha t  r u n  t ime commands ss ill noss he inp ut  f r o m  the I )I S P1 A \ t i l t ’
whose logical unit  numbe r is 1) 15 . 1) 15 is hs’ deta ul t  (s which ts also the t tumtw r lot  the
Ott  1 Pt I file I hus . t t in t ime con it ti and s a i e  now cspected to come f ’rotn the l’ek t r o n i x
terminal .

SF 1 I 1 K  I I 4 . I l ” R 2 = 14 . 20 . k = 10.. N1. ’\X I = 0.0 15

• Althoug h M A X  I was set to 0.015 the integrat ion step size Was 0.010 sec due to ( ‘IN I being
0.010. Instead ot st arting wi th  a t~ pica l spu un g - mass— danip et - s\ ’stem . the paiansc*ei-s hn~e been
changed to reflect how th e~ would he t e~,it is c t o each ot Iwt lot - a missile seeker p la t t o i i i i
Namel y ,  the frictional torques a te  hi gher than  tor ques  due to the spring constant atud i%t ’OUs

dampit ig : K . the reciprocal of the  p l a t l o rm ine i’t ia . is th e  ss stem gain and is at bi t t  ai i f t  set to 10 .

I~ 
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and (u s made 20. ft— l bs in ot dt’ t f i n  t he p l a t f o r m  fo r  quet  to os ercome the f r i c t ion .  NI AX I st as
changed to refle ct t 1w Ion t’i al ut ’ of t he ii t id a tnped na t u t a l  I re quene\ .

SI I 1 1 1 1 1  t 3 u  = ‘8 .I U N t  79’

iill.s the th i rd  word of th u.’ plot t i t le  st -mt l i t he date ,

(10

starts the simulation throug h PRO( ’F () (~(),

P1.01 ‘X III ’  = 2. . St . SI t )

limits the plot abscissa to  2 see and causes the plotting of SI atid SlI)  (0 and ~ ) for the system

with model (‘. Figure /0 is the resulting l’ck t ro n ix  hard copy. SI limits to a steady state value
and Sil)  stays at zero. SIP and Sll ’I) ( i/ s and i/i) I’or the system with model B and SIPI ’ and
SIN’t) ( i/ i and u/ u) for model A are plotted in ! “igurt’s I / a n d  12. respectively. Notice SIP and
SIPI’ do not reach a steady state value and that SIPI) and SII’I’I) are chattering when they

physical ly should not he, Fig ure 13 compares SI , SIP and S(I’I ’. SII ’P leads SI) ’ and SI
primar ily due to the ini t ial  spurious osci llations in SIPPI) before I rose above zero. Since
R M N  for model B u s  set to 1(1 ~° in the IN I 1’IAI .  section of the program. spurious oscil lations
are to be expected. R M N  was reset to 0.015 rad sec. and the resulting SIP and SII ’I) are shown
in Figure 14a. Only an improper step in SIPI) shows up. It is due to the jump in TNFTPcau scd
by SIPI) chang ing sign and still being greater than K MN in absolute value. Eventuall y SIN)

‘1 gets caug ht in the ± R M N  inter val and model 13 reverts to a dead zone model. Figure /4/ i
compares the angles of models H and C for R M N  0.0 15.

Resetting R M N  to (0 ‘° and setting SiNS IP to ) ‘ R ( ’F  ( the  torqu er motor input is a (.0 Hi

F sine wave) results in the plots shown in Figure s 15-18 . Note that althoug h SI P1) and SI I’Pt) do
not stay zero when they should , the comparison ot ’ SI . Sli ’ and S1PPI) in F igure IR is not as
had as for the step inputs. I’he systems ss m t h models A and H showed improved sine stave
response with a decrease in step size . hut their’ step responses still  did not steady out wheut itt e
step size was lowered.

R M N  was set to 0.5 i’ad - sec and the resulting N il’  and SIN ) f’or model H are shown in

Figure 19 . Figure 20 compares SI and SI)’.

With a call to “RESi’OR BASE ’ “ the original parameter and I.C. specifications in the

I N I I ’ I A I .  section arc restored to the program. l ’hat is. (1. the platform tor quer gain , is 5.0 t i —

14
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lhs; K. the inverse of ’the p la t fo rm iner t ia  m s3 O. lb-sec - f t  I ‘ : I l k  I and I ’F R2 are made 2 ft -lhs ;
the spring constant (‘NI I ’I and the viscous damp ing B remain at I 2. f t- lb rad and 0.1 lt ~
Ih rad/ sec . respecti~ el~ . I he spring-mass-damper s~ stein no longer resembles a seeker
plat form. 1 he second order system has a damping coeftietent of’ about 0.08, and an undamped
natural  Irequ enc ) of about 19 rad sec. I his has added to it a healthy but not overwhelming
frictional torque of ’ 2 ft- lbs. l’he R M N  parameter for  m odel H is t O >° rad , sec. l’hesimt !lation
us run by invoking GO. and the resu l t ing ang les and angular rates are shown in Figurt ’~ 2/-23.
Figure 24 compares the angles for  models A . B and (‘. Again one notices models A and B do
not reach a steady state va lue for  a step input .  However , their values are close due to MAX’!’
be ing set at  2 5  msec Mod el R n  as looked at n u t h  R Nt N set at (1 0025 and 0.05. and th e  plots are
shown in Figure ’s 25 and 26, respectivel y . ‘t ’he importance of p icking R M N  for good
perforn sance of model B is read ilv apparent. l’he response of the system without friction is
shown in Figure 27.

K is set to 300 to increase the undamped natural frequency to 60 rad sec. His  made 0.032 to
keep the damp ing coefficient 0.08. Even though the integration step size of 2.5 msec is still
adequate for stability , F igures 28-3/ show that the performance of Models A and B has
degraded. Figure ’ 32 shows the response of the sy stem with no friction.

With K = 30 and 13 = 0. 1 a 1.0 Hi sine wave is used as the system f ’orcing function. G remains
5 it-lb . RMN is i~~ ° rad / sec and MAXT is 2.5 msec. Figure’s 33-3i are the results for models
C. B and A , respectively. Figure 36 shows the good match for all three models. Figure 37 shows
the response for the system without  friction.

When K is made 300 and 13 is 0.032 , the accuracy of models A and H deteriorates as shown in
Figur e ’s 38-41. Model H had R M N  set at 10 ~~~

. Resetting it to 0.1 rad sec produced the nice
match with model C as shown in Figure s 42 and 43. Figur e’ 44 shows the sy stem response for
the no friction case.

With K = 30., H is set to 2.0 to obtain ats overdamped system. This gives a damping
coefficient of 1.58 , and the undamped t iatural frequency remains 19 rad - sec. The fri ctional
torque remains at 2 It-lb. Figure s 45-47 show the results for a step input to the system with
models C, H and A, respecti vely . Figure 48 sh ows the good overlays obtained for all three
models. This is due to the angular rate never dropping below zero. Figur e ’ 49 is the system
response without friction.

Setting K to 300. and H to 0.632 makes the l inear utsdamped natural frequency 60 rad sec.
and the damping ratio remains at 1.58. Figures 5(1-53 show the good comparisons for th e three
models. F igure’ 54 shows the system response witho u t  fr ict ion.

I S



Wi t h K 30. and I t 2,0 , the s~steflt is dt- i~en s t t t t t  a I 0 II , sine wave. R M N  is It )
Al though models A and H ha ’s e angul ar  rates n it li  high oscil lations their ang le histories
com pare ver y  stel l  to th a t  of model ( ‘  as shost ii in F - ’igure.~ 55-58 . Figure S9 is the Iricti on les s
response of the sy stem.

With K 300. and H = (1.632 . one sees signific ant errors in models A and H as shown in
Figure ’s 60-6.1 R MN is changed toO. I . and the resu lt ing improvement in model B is reflected in
F igure ’s 64 and 65. Figure’ 66 shows th e system ’s I’rictionless response.

S 101’

terminates the simulation. i’he I ’R IN I t’ile , now attached to the interactive termi nal  as a local
f i le , is batched for line pr in t ing  to interactiv e termin al  3D.

HA I’(’U , P R I N  I , P R I N T , 3D, UDMI )I)

The Tektronix te~min aI is logged out and t ermit ial 31) is logged in to obtain the line pri nter
listing of PRIN T.

Model C is clearly superior in accuracy to models A and B under the conditions tested .However. Model B is much less complex and gives good results when R M N  is adjusted
appropriately . Angle errors in A and B with a sine wave f’orcing function were re lat ively
smaller than those in which the input was a step except for the overdamped case. Obviously th e
greater the relative magnitude of th e friction al torque , the greater the accuracy require d in the
modelling of f ’ricf ion.

16
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FIgure 1. The test problem used to study the friction models ,

— FRICTION = 

-T F~~~ 

T FRi

FIgure 2. Often used friction model. -
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C~ 
TA

[~~~TIALIZE VDO]~~~I
vooT voo i~~j

ZZICFL 

F

IL0T0R0 ITNETR TFR2 AND. YD YDL<Oj

F 
LOTORO 

T

0.0 1

Z~~~~~~
S
~~I~~~

L+DOT:
~~VDOl1

ZZFST T r-
VOL = YD 11.0

F 
_ _ _ _ _ _ _ _

TNETP = RSW(IVDI<1040, DEAD(-TFRI ,TFRI,TPJET),TNET+
SIGN(TFR2 ,-YD) )

[ YDOT /K’TNETP + IC

LEND)

FIgure 6. Flow diagram for the FRICTN macro.
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PR OGRA ~’ F R ICT IO N TE S T
“ — P R O V I C I S  E N V I R O N M E NT F OP F R T C T N  MODU LE

I N I T IA L
L OG I CA L CUMP
CO N STANT DUM P= ,F*LSE . , P~ P. .1 , f—3 I  , T S T P  = 7.0

. TWOPIi~~,?53%PtC I NTERVAI. CIN T • 0.110
A LtORIT pd M 1*16 • 4
NSTE PS NST P • I
MAX T ERVAL MA S T • 0.0025
LOGIC AL. SINSTP
CONSTANT 8 — 0. 1 • CNP(.. ~ t2 .~ , TFR a 2 7.0 ...

• TFP7 z 2.0 • K • 30.0 • IC = 0.0
• S I I C  • 0.1 • ICP • 0.0 , S7P~ C • 0.0 ...

• 6 * 5 .0 • N • 1,0 • SIN5~ P .FALSE .
• SI p PIC 0.0 , ICPP • 0.0

NP * W~~Tw OP I
END

DYNA M IC
DER IVATIVE 

ST(P COMMAND TOPOtJE II
TP3 • G~ RSwtSINSTP , SIN (wP~ T). STEPtO.1 )

H SUM FOR NET TORQUE MiNiS FR ICTION
TPd ET - TN3 — B ’st D ~- cMpl .St 

OUTPUT RATE • ANGL E FROM FPICT N MA C RO
FR IC INIS1 O , INET , K. TFRI .  TFR 2. IC)
SI — INT [GtSID . SIIC ) 

OUTPUT PATE • ANGIE FROM ANOT54EP MODEL •‘

TPI1T2 • TN3 - B’SIPC — CMPL~ SIP
TNETP — RSW (APS (SIPCP .LT.PPIPd. D(AO (—T FR I. irp I , ThET2). TN(T2...

SIGN (TFR2.—SIPD))
SIPO • INTCG (TNCtP’K . ICP )
SIP • INTEG (SIPO , SIPIC)

“ OUTPUT PATE • ANGL E FROM AN OFTEN USED ...
FR ICTION MODEL ‘I

TN~ T3 • TM3 - B .SIPPD — CMPL*SLPP • S~ ON(TFR~ ,-S~Ppo)
SIPPD a INT (G (ic.Ti!ET3, I~ PP
SIPP • IPETIGtSIPPD , SIPPIC)

END

TERP’T(T •GT. TSTP)
END

TER MINAL
IF (OUNP) CALL DEBUG

END
END
0000000000000000000000
00000000000000 00000000

Figure 7. LIsting of the ACSL test program.



— -~_-_-___ ~~~~~~~~ ~~~~~~~~~~~~ .~-.,. 
~~~~~~~~ - - :~~~~ i r— .t ?a=acY=a~~~~~ ,,~_= ._._ ~~~~~~~~~~~ - —

CON NECT •

F I L  • 1 7~

SFT F~~1= 4 . ,T F ’~.~~14 . .  .
~~

SF1 ‘ I T T ,  F~~~~~)=” $ ~UINl 7 — ~”
PL OT .,Y , . T ~

S ? . .~‘I .~~~1P

Pl OT cIP .’1~~~°LOT S !P~~.ST PP~~
PLOT cTPo .~~T~~.~-~!

cTop

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FIgure 8. OutlIne of the Tektronix keyboard Inputs for interactive
session setup and ACSL run time command s. 
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0000000000000009000000
HDP4DD,C)’77 000.
ACCT. ..
ATTACH (~ACF’IL ,DCMACFIL , TD~DCACSL SV S)
ATTACH CACSL ,DCACSL , IO=DCACSLSYS )
ACSI (I~ IP4PUT )
RETURN ,ACSL ,MACFIL.

H FTN U =COMP ZLE ,R 2)
MAP, OFF
REOUEST ,LGOB.~PF.ATTAC H (ACSLL IB ,OCACSLLIB ,ID DCACSLSVS )
ATT ACH ,PLT ,TEKTRONIX4C14 ,1DSWTPLOT ,CYX2 .
LDSET (LIBZPLT ,SUBST=ZZOPAW-TEI (PLT)
LOSET (LIB=ACSLL !B ,PRESET !NCEf )
LO AD~L.GO.
NOGO ,IGOB.
R (TURN ,ACSLLIB ,PLT ,
CATALOG ,LGOB ,TE’c , ID=DCXXX II ,CY2L .
EXIT.
000000000000000000000o

Figure 9a. Job cont rol stream used to generate LGOB , the absolute
binary file of the test program.

SET PRP4z9
SET PRP4P~T ,F’~ ,CALPLT= .T.,TTL CPL= .T.
SET TITLE~”FRICTN TESTER -.“
SET DUP4P5.T.
SAVE “BASE’
PROCED GO
START
PRINT “ALL”

PREPAR T,Sl,SID ,SIP,SIPD ,SIPP,SIPPD ,TM3,TP4 (T,1’NET~,TNET3
SET CMU~OIS

Figure 9b. ACSL run ti me commands on file INPUT.
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