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Dynamic  schemat tza t ton  and the ma themat i ca l  descr ipt ion of the p r o c e s s  of control l ing the force func- 
tion of an internal  combusion engine a re  the mos t  complex and l eas t  developed quest ions in p rob lems  in- 
volving the dynamics  of se ts  of engines with internal  combustion engines .  We will unders tand below by a 
force  function the dependence of the engine torque on the c rank  angle,  i . e . ,  the force  function has the 
meaning of a genera l ized  fo rce .  

An analyt ic  descr ip t ion  of the force  function of an internal  combust ion engine is given only for the 
par t ia l  dynamics - ana ly s i s  p rob lem for  the res idence  c h a r a c t e r i s t i c s  in s t eady-s ta te  veloci ty conditions 
in exis t ing techniques of dynamica l ly  calculat ing sets  of engines [5]. In this case  the re l iab i l i ty  of r e su l t s  
f rom studying the ampli tude and phase spec t ra  of a motor  unit is ensured  only for engines for which ex-  
tensive  exper imenta l  data have been accumula ted .  We note that the ana lys i s  of nonresonance conditions, 
for  which the r ep re sen ta t i on  of the force function in the fo rm of a Fou r i e r  s e r i e s  is an unnatural  and cum-  
b e r s o m e  formal iza t ion  of the actual  p r o c e s s e s ,  is a l so  of significant in te res t  in actual  dynamic ca lcu la -  
tions of se ts  of engines with an internal  combustion engine.  

Dynamic schemat iza t [on  of the control p r o c e s s  for  the force function of an internal  combust ion engine 
does not take into account  the pulsed nature  of this p r o c e s s  in well-known techniques,  such pulsing being 
able to significantly af fec t  the dynamic s tabi l i ty  of the automat ic  speed regulat ion sys t em under  definite 
condit ions.  This is pa r t i cu la r ly  substant ia l  for s y s t e m s  with an osc i l la t ing-ac t ive  control  object within 
the effect ive f requency range [3]. 

I t  is n e c e s s a r y  to consider  interact ion between the the rmodynamic  and mechanica l  sy s t ems  in d e s c r i b -  
ing the force  function of an internal  combust ion engine.  The p r o c e s s e s  of the fil l ing of the engine cyl inders  
with a gas charge (air or f u e l - - a i r  mixture)  and the compres s ion  of this charge,  fuel combustion,  expansion 
of the combust ion products ,  and c lear ing  of the cyl inders  constitute the fundamental  functional meaning of 
the the rmodynamic  sys t em.  The mechanica l  sy s t em of an in te rna l -combus t ion  engine is cha rac t e r i zed  by 
s t ruc tu ra l  complexi ty  and a multitude of r e l a t ions .  However ,  only the geomet r i c  c h a r a c t e r i s t i c s  of the 
c rank  g e a r s  a re  of impor tance  for a force  ana lys i s  of the working p r o c e s s  of an in te rna l -combus t ion  engine.  

The the rmodynamic  p r o c e s s e s  in the engine cyl inders  genera te  a force  function, or torque,  when in- 
t e rac t ing  with the c rank  gea r s ,  this torque being d i sc re te ly  dis t r ibuted along the l en~h  of the c rank  b e -  
tween its c rankshaf t s .  To c la r i fy  the bas ic  laws of the force  c h a r a c t e r i s t i c s  without r e s t r i c t i ng  the gene r -  
a l i ty  of the ana lys t s ,  let us  consider  an internal-c:ombustion engine with cent ra l  c rank  gea r s  (Fig. l a ) .  
The act ive the rmodynamic  p r o c e s s e s  that bas ica l ly  de te rmine  the magnitude and nature of the force  func- 
tion of the in te rna l -combus t ion  engine a re  rea l i zed  at  the s tages  of g a s - c h a r g e  c o m p r e s s i o n  in the cyl in-  
de r s  (compress ion  s t roke) ,  fuel combust ion,  and expansion of combust ion products  (power s t roke) .  

Gas p r e s s u r e  in the engine cyl inder  va r i e s ,  in the course  of ga s - cha rge  c o m p r e s s i o n  during the 
k- th  working cycle,  in accordance  with the equations [4] 

pl(o~) = Pch D-n; r bJ; 

D=l-- (1--e)(s in2C~--+;~ ' - i s in2 ~)  " 2  "-2, ' ~ , = R  . T ,  
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an = ( 2 i n k  - -  1) z ;  bk ~ 2mk~z; [~ = arc sin (~, sin cr (1) 

H e r e  ot is the engine c r ank  angle ,  counted off f r o m  the upper  dead point  of the pis ton of the given cy l inder ,  
Pch is p r e s s u r e  at the end of the c o m p r e s s i o n  s t roke ,  R and L a r e  c r a n k s h a f t  r ad ius  and length of the c o n -  
nect ing rod  of the c r a n k  g e a r ,  n is the mean  value of the c o m p r e s s i o n  po ly t rop ic  exponent ,  ~ and m a r e  
the c o m p r e s s i o n  and s t roke  r a t io  of the i n t e rna l - combus t i on  engine,  m = 1 for  t w o - s t r o k e  and m = 2 for  
f o u r - s t r o k e  e n g i n e s .  

The m o m e n t  of r e s i s t a n c e  of  the gas f o r c e s  of a single cy l inder  dur ing  the c o m p r e s s i o n  s t roke  is 
d e t e r m i n e d  f r o m  the equat ion 

M l (a) = VcyF(~c)p I (~); ~ EIak, bkl , (2) 

where  Vcy  = 2 R F  is the work ing  volume of the cy l inder ,  F is  p is ton a r e a ,  and r(~) = 0 .5  (s ina + cos  a tan/3). 

Let  us  call  the exp re s s ion  

K (a) = M1 (a) _ F (cz) when cz E [a~, bk] (3) 
PchVcy D" (a) 

the d i m e n s i o n l e s s  c o m p r e s s i o n  fo rce  function of an i n t e rna l - combus t i on  engine,  while 

K (cr = 0 when c~ C [ 1 -I- 4 (k - -  1) ~, (4k - -  1) r~] (4) 

fo r  f o u r - s t r 0 k e  eng ines .  

The odd function K(~)desc r ibes  the e f fec t  of a condi t ional  incomple te  work ing  p r o c e s s  r e a l i z e d  on the bas i s  
of  an ideal,  r e v e r s i b l e  t h e r m o d y n a m i c  cyc le ;  that  is,  g a s - c h a r g e  c o m p r e s s i o n  dur ing the c o m p r e s s i o n  
s t roke ;  gas  e x p a n s i o n i n t h e  pis ton power  s t roke  in the absence  of fuel l o s s e s  and combus t ion .  The laws of  
the fuel combus t ion  p r o c e s s  in the cy l inde r s  of an i n t e r n a l - c o m b u s t i o n  engine a r e  s chemat t zed  by a con-  
dit ional  power  cyc le  with two-phase  combus t ion  [4]. The f i r s t  phase  is r e a l i z e d  by p lac ing  the p is ton nea r  
the upper  dead point  and is depic ted  on t h e V v s s d i a g r a m a s  an i s o c h o r i o  p r o c e s s  at  the end of which gas 
p r e s s u r e  r e a c h e s  the value 

P~ = ~2ch (5) 

(s is the deg ree  to which gas  p r e s s u r e  i n c r e a s e s  dur ing  fuel combus t ion) .  

The second phase  of fuel combus t ion  is de sc r ibed  by an i soba r i c  p r o c e s s  with cons tant  p r e s s u r e  Pz 
and a va r i a t ion  of the c u r r e n t  volume of the work ing  fluid V within the l imi t s  

1 ~< v ~  p, (6) 

where  v : V / V c h ,  Vch is the volume of the combus t ion  c h a m b e r ,  and p is the degree  of p r e l i m i n a r y  expan-  
sion of combus t ion  p roduc t s .  

Condit ion (6) is equivalent  dur ing  the k - th  power cycle  to the inequal i ty  

ch ~< ~ ~< ck + c%. (7) 

Here  

ck ~ 2(k-- l)m~; cz~ ,~." 2 ( e - -  1)(Z,H- I) " 
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Gas p r e s s u r e  in a cy l inder  o[ an i n t e r n a l - c o m b u s t i o n  engine is c h a r a c t e r i z e d  by the dependence 

Po = k~P~PchD-q when ~ E (ck+~,  ck+~] (8) 

(q is the mean  value of the expansion of the po ly t rop ic  exponent) at  the end of the fuel combus t ion  p r o c e s s .  

The indicated torque of the i n t e r n a l - c o m b u s t i o n  engine due to gas  f o r c e s  of a single cy l inder  c o m -  
plet ing ef fec t ive  posi t ive  work  as  well a s  the compensa t i ng  t h e r m o d y n a m i c  and mechan i ca l  l o s s e s  of the 
k - th  power cyc le  has  the f o r m  

M 2 (o~) = Vc)F (a) [P2 (o~) - -  Pl (001 when a E [c k, c~ + ~1. (9) 

H e r e  

P2 ((z) = {Pz when 0: E [ck, ch + a~]; 
Po when cr :> c k + cz z. 

To t r a n s f o r m  the e x p r e s s i o n  for  Ivi2Cx ) to a m o r e  convenient  f o r m ,  we will use  the wel l -known depen-  
dence  of the mean  indicated p r e s s u r e  of the power cyc le  of an i n t e r n a l - c o m b u s t i o n  engine [4]; 

Pi = - ~ l h [  p - 1  -l-q ~ p  1 (1 - 8I-q) k~-t 1 - -  ~ (1  - -  8 l - n )  , 

where  6 = e / p .  

( lo)  

Sett ing p =1 and q =n when Pi =0 in E q .  (10) f r o m  se l f - ev iden t  phys ica l  concep t s ,  we de t e rmine  the in-  
dicated torque of an i n t e r n a l - c o m b u s t i o n  engine due to the gas  f o r c e s  of a single cy l inder  based  on E q s .  (5)- 
(10), 

M2 (~) ~ OM2 0P2 0~z 17. GF (o~) 
op 2 o k  = p, o>,- �9 (11)  

H e r e  

I when r ch+~zzl; ( s - - 1 ) ( q - - 1 )  
o ' =  DP - t  when. c~E(ch+c%,cu+~];  G =  ( p _ l ) ( q _ _ l ) + p ( l _ 6 X _ q )  . 

We will  cal l  the e x p r e s s i o n  

S (~) = 
I M2 (r G F (r when ~ E [ch, c~ + ~1; , - - . - -  ~ (~q 
, PYcv  

0 when c~ E (ch -b ~, b~) 

the d i m e n s i o n l e s s  indicated fo rce  funct ion of an i n t e r n a l - c o m b u s t i o n  engine .  

(12) 
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The force effect of the active indicated power cycle due to 
fue[ combustion followed by expansion of combustion products and 
conversion of thermal  energy into mechanical  energy is descr ibed 
based on the function S(~). 

Numerical  analysis  of the functions Kr and S~) [n the space 
of the pa ramete r s  e, X, n, q, and p for different c lasses  of in ternal :  
combustion engines (diesels, carbure tor ,  and gas engines) demon-  
strated that these functions are  not very  sensitive to variat ions in 
the pa ramete r s  X, n, q, and p. The engine compress ion  ra t io  e 
exer ts  the determining influence on the quantitative charac te r i s t i cs  
of these functions. Oar resu l t s  reasonably  ~gree with experiments  
that have demonstrated that the compress ion  rat io of the y coor -  
dinate of the curves  (2) and (9) are  connected, correspondingly,  
with the values Pch and p[ by near ly  linear dependences [5] for in ter -  
hal combustion engines of the same type. 

Studies have shown that, based on the above, the compress ion and indicated flimenstonless force func- 
tions of an internal-combustion engine are  approximated to within a high degree of accuracy  by the equations 

K(=) = ~. [=~ exp (-- ~.~=)-- =~ exp (-- ~a.)]; 
S (~) ---- x,~= exp ( .  ~s~=), (13) 

where 

�9 . ~  

2rn= 
} 

an d E (x) is the integral part  of x. 

The coefficients ~k, ~k, and Us, ~s found based on minimizing the standard deviation of the approxi-  
mating functions on the segment [0, 27r] are  l inear dependences on e for internal-combustion engines with 
central  crank gears  and for ro ta ry-p i s ton  [2] and rod- f ree  [1] internal-combustion engines: 

~ = d k -}- e~e; ~k = f~ + gk 8; (14) 

The coefficients d k, e k, fk, and gk, and ds, e s, fs, and gs have the values 

d k = 0 9 9 ;  e k ---- 0.008; fk = ! '42; gk -~ 0,083; 

ds----l.62; es=O.28; /s----1.43; gs=O,062 

for internal combustion engines with central  crank gears  (Fig. la),  

d h ----- 0,37; e~ = 0,0055; tk = 0.78; g~ = 0,055; 

d s = 0.57; e, = 0.086; f, = 0,77; gs = 0.043 

for ro ta ry  piston engines (in describing the force function of a single chamber,  Fig.  lb), and 

d~ = 0.79; e k ---- 0.0067; fk = 1.25; gk -- 0,074; 

d s ---- 1.31; es----- 0"2i J:s = t.16; gs --'= 0.065 

for rod- f ree  engines (in describing the f i rs t  function of a single cylinder,  Fig.  l c ) .  

The dependences ~k, ~k, and ~s ,  ~s are  as follows for the force function of the lateral  cylinder of 
an internal-combustion engine with "pull-type" crank gears :  

~ = 1.12 - -  0.05~? - -  (0.0027 -F 0.0019y) e; 

~ = 1,38 q- 0.092e; • = 1.9--0.12? -1- 0.31e; 

; s  = 1 , 5 5  - -  0.027%, -[- (0.062 -{- 0,005%,) e,  

where 3' [s the camber  angle in radians for a block of pull-type cyl inders  (Fig. ld) .  

The value of m in Eqs.  (13)must be set equal to three in analyzing ro ta ry -p i s ton  internal-combust ion 
e i ' l ~ [ n e  s .  
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The force function r162 that can be generated by the power process  in a single cylinder of an internal-  
combustion engine can be represen ted  in the form (Fig. 2) 

G (~)= ~ [ G  ~ (~) + p,S (~)], c15) 
where Pch andPi are,  in the general  ease, functions of the high-veloci ty and load conditions of the engine. 

It can be easi ly  proved that force functions of the type of Eq. (15) cor respond to the general fo rma l -  
ism of Lagrange mechanics as forces  having the potential II 

II ---- VcytPch(Gk.~-- qk.y) + p~Gj. (16) 

Here 

�9 j ~ .  I 

(i = k, s; ] = x, V), 

We may descr ibe ,  using Eq. (15), the general  force function of any in-line engine having z cylinders 
(chambers) as a set of z force functions (15) act ing on the corresponding crankshaft  throw. Each of the 
constituent functions is shifted in argument  in accordance with the distribution diagram of ignitions for cy-  
l inders  (chambers) of the engine. The sum of the z t force functions of the form (15); shifted relat ive to 
each other in accordance with the ignition order in the z 1 cylinders acting on the crank, act on each of its 
crankshaft  throws in the ease of a mult i - in- l ine internal combustion engine. 

A Four ier  t r igonometr ic  ser ies  corresponding to the force function (15) of a single cylinder is the 
most  effective way of calculating the form of the representa t ion of the force function in est imating the r e -  
sonance charac te r i s t i c s  of a set of engines with an internal-combust ion engine. The constituent amplitude 
C and phase ,I, spectra of this ser ies  can be represented ,  based on Eq. (15), in the form (Fig. 3) 

A. (17) 

Here 

(v --=- 1,2 .... ). 

p V~y~ (~-- ~ ) .  
A~= m~ (~+%~)~ , v~--~-; 

v 1 is the ra t io  of the frequency of the v-th harmonic  component of the Four ie r  ser ies  to the rate of rotat ion 

of the engine. 

The solt4 curves  in Figs.  3 and 2 correspond to experiment  and the broken curves ,  to the calculation. 

It  is usefut to write the force function of the power p rocess  in a single engine cylinder in the form 

r  (~, y) = r (~) + r (~, g) (18) 

in dynamically analyzing the automatic control sys tem for the rate of rotat ion of an internal-combust ion 
engine. Here @1,0(~) is a regular  perturbing function, or the unregulated par t  of the force function de ter -  
mined f rom Eq. (15); @l p ~ ,  y) is the regulat ing pulse, or the controlled component of the force function, 

qh,n (a, g) 2rnuM~ H (a) S(a); (19) 
zy pump 

M e is the mean effective torque of the internal-combust ion engine in t e rms  of external charac te r i s t i c s  for 
the given velocity condition, Ypump is the displacement of the fuel apparatus feeder (fuel pump measur ing  
rod, throttle) as the load conditions vary  f rom idle to maximal,  H(a) =y(ak) is the fuel del ivery function 

ak+ctf 

for diesel engines [3], H(a) =a:f 1 I y~)da  is for carbure tor  and gas engines, O~k=ek--a0, o~ 0 is the fuel -- 

air  mixture injection advance angle in ca rbure to r  and gas internal--combustion engines (a0~-27r for the lat-  
ter),  af  is the phase fuel - - a i r  mixture del ivery period (a0~-~r), and y is the cur ren t  value of the displace-  
ment of the feeder re lat ive to the equil ibrium position (input signal). 
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The elas t ic  p rope r t i e s  of the c rankshaf t  a re  not taken into account  in our analys is  of the dynamic p rop-  
e r t i e s  of the automat ic  control sys t em for the r a t e  of ro ta t ion  of an in te rna l -combus t ion  engine.  In this 
c a s e ,  the genera l  force  function of the engine is the r e su l t  of summing the force  functions of the cyl inders  
with sequenced period T s =2~rm/za ffZ is the mean angular  ra te  of the engine under these Conditions). Thus,  
accord ing  to E q .  (19), the control  p r o c e s s  for the regulated component  of the general  force  function of an 
internal  combust ion engine can be considered as  a pulsed p r o c e s s  with r e t a rda t ion  and ampti tude modula -  
tion [3]. The laws of this control  p r o c e s s  can be just i f iably descr ibed  by a l inear ,  continuously operat ing 
model  [3]. 

Such a continuous l inear  model (Fig. 4a) cons is t s  of two sequential ly connected lengths of a directed 
action: link A of pure re ta rda t ion  by the magnitude r 0 = a o / 2  , and stat ic link D (for diesel  engines) or L (for 
c a rbu re to r  and gas engines) .  The input signal is a d imens ion less  shift  x = Y / Y l  of the feeder  of the in te rna l -  
combust ion engine fuel appara tus  and is t r ans fo rmed  into an output signal,  namely ,  the regulat ing force  e f -  
fect  On the c rankshaf t .  The ampli tude R(r and ~(co) f requency c h a r a c t e r i s t i c s  of the links D and L have the 
f o r m  

Me . 2~ . 
R D (o) = 1 + q~2 , ~D (o) = - -  arc tg [ _ q~,, 

Rz(r = IsinOI ( r ~ _ )  o R~(~o); % (~) = O- -  % ( , 0  ~ =-flU.;~, O =  . 

I t  is n e c e s s a r y  to take into account g rea t  d i sp lacements  of the fuel appara tus  feeder  in solving some 
p rob l ems  in cont ro l .  Here  it is n e c e s s a r y  to take into account the nonlinear dependence of the de t ivery  

ak+af 
tm 

function on d i sp lacement  YC~k) or the integral  ] y ( a ) ~ .  This is taken into account  by introducing a non- 
ak 

i ne r t i a l e s s  l ink N (Fig. 4b) at  the input to the l inear  model at the level of our schemat iza t ion  of the control 
p r o c e s s  for  the force  function of an in terna l -combust ion  engine.  The p iecewise - l inea r  cha r ac t e r i s t i c s  of 
the link N cons is t s  of a l inear  segment  with angular  coefficient l a n d  two saturat ion zones cor responding  
to the values  xi and x 2 of the d isp lacement  x at  which fuel de l ivery  cea se s  and is cut off (Fig. 4c).  

I .  

2. 

3. 

4. 

5. 

L I T E R A T U R E  C I T E D  

S. S. Balandin, Rod le s s -P t s ton  In te rna l -Combus t ion  Engines  [in Russian] ,  Izd.  Mashinostroenie ,  
Leningrad (1968). 
V. S. Beniovich, G. D. Apazid[, and A. M. Boiko, R o t a r y - P i s t o n E n g i n e s  fin Russian] ,  Izd.  Mashtno- 
s t roente ,  Moscow {1968). 
V. L.  Veits  and A. E .  Kochura,  "Dynamics  of automat ic  control s y s t e m s  for the ra te  of rotat ion in 
in te rna l -combus t ion  eng ines , "  Nauch. T r .  Vys.  Uchebn. Zaved.  Li t .  SSR, Vibrotekhntka,  No. 2 
(1971). 
V. A. Vansheidt  (editor), Diesel  Engines .  A Workbook [in Russian],  Izd.  Mashinostroenie ,  Moscow--  
Leningrad {1964). 
V. P .  Tershikh,  Calculat ions of Tors ional  Oscil lat ions of Propuls ion Plants  [in Russian] ,  Vol. 1, 
Mashgiz,  Moscow--  Leningrad (1953). 

1096 


