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ABsTRAcr 

Linear equations are shown with schematic dia_mms which together describe 
the automotive dynamic mode !. However, the principal intent of the paper is not to 

study the dynamics of automotive operations. The schematic diagrams of each sub- 
system are presented to indicate the possible points of ener_gy storage and dissipation 
and how they relate to the continuity of energy. 

From the sub-system diagrams it is now possible to generate energy and matter 

balances for the automotive system. The final energie matrix expression (eqn 49), 

which relates to al1 components of the system, is deveIoped_ 

The automotive system has been analyzed in various ways in the past with 
regard to sub-system function. It is important to realize that this converter (as with 

other converter systems) is a network_ A number of converter networks are shown in 
Figs. 1-3. In order to firmly set the converter system as a true network a number of 

conditions must be satisfied: 
(1) A set of elements exist. 
(2) The eIements are active (they have inputs, outputs, storage). 
(3) They are coupled together in some fashion. 
(4) The coupkd active elements perform some function (this may be nebulous 

in scme selected systems). 

‘The work presented was done at Widener College. 
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Fig. I_ Automotive network. EXH = Exhaust ; TAN = tank ; PU M = pump ; CAR = carburetor; 
AMA = air induction manifofd; CYL = cylinder; EVA = exhaust manifold; MUF = mufier; 
FIL = filter; CRA = crank case; FRI = friction; ENB = engine block; WHE = wheels; CAS = 
camshaft; CRS = crank shaft; DIS = distributor; GEN = generator; BAT = battery; STA = starter; 
RAD = radiator. 

Fis L F&m jet n&work_ CDlcl = compressor_ COB = combustion_ 

Fig- 3- Rocket motor network. STR = storage_ 

The automotive system does fuIfiI1 a11 of the above conditions necessary to 

define a network (see Fig_ 1). Most importantly the coupIing which occurs between 

automotive elements (tank, filter pump, carburetor etc.) is of either matter or ener_ey. 
If one decoupIes, in space, the matter and energy sub-networks, then configurations, 

as shown in Figs. 4 and 5, respectiveIy, are produced_ These decoupled primary sub- 

n&vorks wiII now be discussed in some detail. 

IL LI?XAR SL23-SYSTE!! IX THE AUTOMOTIVE EXGINE 

Using the matter and energy sub-networks or sub-systems, it is possible to 
write Iinear Fatrix equations and construct Iinear graphs which incorporate a11 

resistive, capacitive and inductive (or inertance) effects for the sub-system. This type 
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Fig. 4. Matter sub-network. 
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Fig, 5. Energy sub-network. 

of general analysis is not new and has been used in Iinear systems analysis to define a 

multitude of diverse systems x *’ In the most generalized form the through and across . 

variables within any network may be expressed as 

F=T (1) 

where F = through or flow variable matrix; 

7 = acrass or driving force variable matri..; 

H = admittance matrix_ 
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Expanded into the usual matrix rotation (I) 

-Y~2 -Y,s __- -Y,j 

Yzz -Y23 --- -Yzj yij 1 (2) 

The matrices on the r-i&t-hand side of (2) must be conformable. Note two additional 
-7 

important parts: (1) the Fmatrix would be a source matrix; (2) F, 1 and Pare matrices 

of complex amp!itudes_ This latter statement requires that exponential sources exist 
and that the systems be linear. 

One may ako define the sub-systems by 
-- 

v= ZF (3) 

where vis the source matrix and z is defined as an impedance matrix. The relationship 

between Hand Z is that 

p=z-1 (4) 
or 

z=p-1 (5) 

Z-i = the inverted matrix of Z; 

y - ’ = the inverted matrix of r 

rf _ The matfer sub-netmrk 
In order to simplify the initial overall modelling of this sub-system, each loop 

or open mesh wiIl be analyzed separateIy. 
I_ Induction air sub-system (pnewnatic). The flow of air into the carburetor wiI1 

be.Setas 
-- 

F,= Y*V, (6) 

where F* is the air-flow matrix for this part of the system. All resistive, inertance and 
capacitive effects in the air-ffow system are incorporated with the admittance matrix, 
&_ The potentials or driving forces (normaliy pressures) for the sub-systems are 
indicated as VA_ See Figs. 6-3 for detaikd schematic dia_erams and linear _gaphs for 
a six-cyhnder e&Ire*_ 

2. FueZjiozc sub-system. In a manner simiIar to the air-flow system, the fuel-fiow 
matrix may be written: 

-- 
F;r= Y,V, (7) 

The detaikd diagrams for this sub-system are shown in Figs. 9-l 1. 

*All diagrams are for a Ford Falcon six engine. 
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3. Lubricariun szib-sysrenz. The distribution of lubricating oil throughout the 

en$ne flow channels is a complicated network. However, the system may be written 

in mattix form as below with the appropriate graphs (F&s. 12-14) to describe the 
accompanying fI ows and potentiaIs. 

-- 
F== Y,V, (8) 

4. Hydraulic sub-system. The most simple matter sub-system that exists within 

the total automotive network is the hydraulic sub-system. The linear matrix expression 
for the sub-system is 

-- 
&= YHV, 

Figures 15-17 show the sub-system in the three usual forms. 

(9 
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Fig. 6. Pneumatic sub-system flow diagram. 
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Pump S, 

Fig. IO. Fuel sub-system idealized schematic. 

Fig. 11. Fuel sub-system linear graph. 
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Fig- 13- Lu5dcation sub-system schematic. 

B_ Tie energy sub-nerzcork 

In Fig. 5, the ener_q sub-network indicates the transmission of electrical and 
mechanical energies. The mechanical ener_gy flows are power flows throughout the 
appropriate sub-system. 

1. Eiecfricai sub-system. The electrical sub-system in the automotive system is 
defined by the linear matrix equation 

& = I$& (10) 

The sub-system is shomm in Figs. l&20_ 
Z_ A.fechmicai sub-sysrem (porcerj?ozc). The mechanical sub-system is shown as 
- -- 
FhI = &A v, (Ill 

Figures 21-23 a-re the pertinent grzphs. 
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Fig_ 14. Lubrication sub-system hear graph- 
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Fig. 15. Hydraulic sub-system flow diagram. 



Fig. 16. Hydraulic subsystem idealized schematic Fig. 17. Hydraulic subsystem linear graph. 
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Fi& 18. EIectCcaI flow sub-~%em flow diagram. 
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Fig. 19. Ektricd flow sub-system schematic graph_ 

Fig. 20. Ekctrical flow subsystem linear graph. 
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Fig. 21. Mechanical (power) flow sub-s,vstem flow diagram. 

Fig- 37 Mcchmical (pou-er) flow sub-system schematic graph- 
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Fig. 23. Mechanical (power) flow sub-system linear graph- 

3. 77zermaZszzb-sysrems. ThermaI enera losses occur throughout the automotive 
system due to the fact that chemica1 reactions and mechanical friction exist with the 
system‘s structure as heat sources. 

A linear graph will not be shown for this sub-system since the ilow of heat is 
diffusive throughout the entire automotive system. However, it still is possible to 
write a matrix thermal equation for the entire system. 

- -- 
Fr = Y,Vr 021 

It should be expected that this latter expression should couple with those of other sub- 
systems in order to define a coupled taco-network space. 

All that has been shown above constitutes a simple linear model for a six cylin- 
der engine. Of great importance is also the static continuity modei for the entine. This 
latter deveIopment occupies the rest of this paper. 

III. AUTOMOTIVE SYsirpri COXi-INUIT’Y BALANCES 

A. Matter 
The fiow of matter into and out of the system may be expressed in matrix form 

as 
&+Fr=& (13) 
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In terms of sub-systems* equation (13) wouId be 
-- -- -- 
Y*V*cYFVF= YEYE (14) 

Or 
-- 

Yp=*+FF = Y, ve 
-- -- 

Fr=(Y,V,-Y*VJ (15) 

E.xpression (15) is a d_yuamic mathematical form which indicates that requisite fuel 
flows (Fr) are not only a function of air potentials (pressures) and sub-system admit- 
tances but are aiso influenced by exhaust potentiak (pressures) and sub-system 
admittances. Of course the time invariant information obtained from these equations 
is not new, but the dynamic information inherent in them is of prime importance. 

Equation (13) may be modified in other ways to give air-fuel ratio matrix 

expressions_ F’re-muhiply eqn (13) by the inversion of Frr, or FfD’, 

P-IF FD AD+F;r& = FS& (16) 

The matrix multiplication of square matrices, as Fg P,, results in a unit 

matrix, 1. Also it will be defined that Fg FAD be the air-fuel matrix, R. Then eqn (16) 
becomes 

T‘G&=f (17) 

K_-jF-‘F - FD ED -7 (19) 

Expression (I 9) relates in a generaked manner air-to-fuel ratios to fuel and exhaust 
flOWiS_ 

I_ Generation of energ_v &rough con&&ion 

The only source of energy existing within the automotive system is the fuel used 
in the engine. The release of heat energy through exothermic combustion processes 
may be shown to be 

E= Q& (20) 

Equation (20) expresses for all fuel streams the release of anergy through the oxidation 

of fuel. in most cases E and Fr matrices wouId be quite simple with only matrix 
eIement existing in each_ But for muItipIe fuel injection systems the fuel through matrix 

would be more complex_ 

*Dynamic and static components of equations both used. 
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2. Storage 
The stored energes in a moving automotive system may be viewed as matrix 

quantities by expressions developed below_ 

a. Electrical sub-system 
For all eIectrica1 systems the battery must supply at least the power dissipated 

with53 the engine sub-systems. 

i 0 t?t 0 c2 0 0 0 000 0 o- 

0 0 D3 o-o 0 

2, = 

0 0 0 - 0 0 

I 0 0 0 o-o 

LO 0 0 0 0 v,y 

Zs = i&i 

b. Mechanical sub-system 

(21) 

(I) The Iinear and rotational systems store the following kinetic energies: 

0 0 0 0 o- 
r/; 0 0 0 0 

0 v3 0 0 0 

0 0 - 0 0 

0 0 0 - 0 

0 0 0 0 Yv_ 

-- 
i 

_I 
Equation (24) gives the Iinear mechanical energies stored (kinetic energy_ ,) in 

(22) 

mechanical components of the automobile. 

Rotational 

is: 

SimiIarIy for the rotationa sub-systems the rotational mechanical energy stored 

cR = +iRD[EDc5j (W 

(2) Linear and rotational systems store the following potentia1 energy. 

‘v,, CD,, etc. are diagonal nutrias. 



344 

Linear 

c. Thermrrl storage 

The tota! amount of heat ener,ay stored within the various engine sub-systems 
may also be represented by matrix expressions. 

‘c, 0 0 0 0 o- -T* 
0 c-, 0 0 0 0 T2 

0 0 c-3 0 0 0 

0 0 0 -00 (28) 

0 0 0 o-0 

p 0 0 0 0 c.=L 3 

II=C,T (2W 

H,. H, etc. represent the amount of heat ener_g stored within the individual auto- 
motive sub-systems; C,, Cz etc. are the thermal capacitances existing within the 

various sub-systems. T, 7 T, , TX are the temperatures of the sub-system masses above 
the ambient temperature_ T, = I, -I,, TL = tz -1, where rO = ambient temperature 
and I,, I, are actual temperatures of masses storing thermal ener,oy. Note also the 
c, = C,, nzr _ C2 = CFzm2, etc_ 

d_ Total stored energies 

Equations (21)-(28) give the energies stored within the components of the 
automobile sub-systens. The e and R mntrices do not give sums. In order to sum all 
individual component energies within sub-s>-steins, the folIowing is done. 

Electrical 

Note that Es is a scaIar matrix since enerB is a scaIar quantity_ 

(29) 

(30) 

‘9 is the transpose oft? which is a coiumn matrix; other matrices are similarly treated. 
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Linear kinetic energy 

Rotational kinetic ener_gy 

Eg( = g;[fZ&] 

Linear potential ener_9y 

Ep =*E*[XJCJ 

Rotationa potential ener_q 

ER = $K*[[8nGJ 

Thermal ener_ey 

E,=C*T 

(31) 

(31) 

(32) 

(33j 

(33) 

(35) 

3. Loss&?s 

Ener,oy losses in the automotive system occur through friction and heat transfer 
in the various sub-systems. Ener,oy or power Iosses may be indicated for multiple sub- 
system in a generalized fashion by a matrix of matrices. 

px 7 

p2 

p3 

= 

. 

. 

_P N- 

or H=FnV 

P, 0 0 0 0 0 o- 

0 F, 0 0 0 0 0 

0 0 T, 0 0 0 0 

0 0 0 - 0 0 0 

0 0 0 0 - 0 0 

0 0 0 0 0 - 0 
- 

p 0 0 0 0 0 Fx_ 

(W 

(37) 

It must be remembered that zD in eqn (37) is a diagonal matrix and p a column 

*Again it should be noted that (?, K, k. J’@ and 6 are normaNy column matrices. 
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TABLE I 

AUTOMOTW~ SUB-SYSIEM POWER LOSSES 

Sub-sysrem Power loss eqmtion 

matrix, The power losses for the automotive sub-systems are Iisted in Table 1. Expres- 

sion (21) could now be written with P, = PA, P2 = PF etc. so that 

PA 

PF 

pr. 
PH 

PE 

psi 
PP _ 

= 

--* E;,o 0 0 0 0 o- 
0 F; 0 0 0 0 0 

0 0 PZ 0 0 0 0 

0 0 0 r;;;o 0 0 

0 0 0 0 FE* 0 0 

0 0 0 0 0 F; 0 

p 0 0 0 0 0 F;_ 

- 

(38) 

The equivalent matrices for FAT FF etc expressed in Y, VA, YF VF could aiso be formed_ 
Tfzerrrml Zusses. Losses in the convective and radiative transport of heat from 

the engine is most important and can be written in simplified Iumpcd form as 

qR = GAG(~- c) (39) 

q==hA(T,-Ta WB 

(41) 

(42) 

Equation (42) is the loss of heat due to two mechanisms. 

4. System energy bahce 

An overall system energy baiance may be expressed as 

(Energy out) - (Energy in) = E~~~$~~kc - (Energy storage) (431 
D 
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Since no energy is coming into the vehicle system across its boundaries only 
three terms are pertinent in expression (43). 

(Energy out) = E~~~~~~~k~} - (Energy storage) (44) 

Enerm out = net work done by automotive system on surrounding and thermal losses; 
Energy source = stored chemical energy stored in gasoline; Energy sink = energy 
losses within automotive systems; Energy storage = all energy stored in the system 
or 

r 
TE4-C 

Total energy out = J, W+(GAa, IzA) 

L I 
+ Qex (45) 

G--T, 
or: Total energy out = Jo W+ c FL+ Q,, 

Qe, = the heat lost in the exhaust gases. 
Energy source = QcMF 

Jc* 

(45A) 

(46) 

Energy sink = (Fz, F,* ___ Fz) 

L-1 

vF (47) 
. 

k 

Equation (47) is the total power loss in system_ In this equation appropriate factors 
must be used to convert systems resulting in work units to thermal energy units. This 
factor Jo will be inserted in the overall balance (eqn 49). 

Ener,oy storage = 

Elc&rical Linear kinetic energy 

‘-v,o 0 0 o- 
0 v20 0 0 

+ HM,, M, --- MN)’ 0 0 - 0 C 

I 0 0 0 0 0 0 - 0 0 I&_ 

Rotational kinetic energy 

-- 

- 

. v, - 

v, 
_ I 
- I 
i- 

V . N- 

+4(Z,._ z 

01 0 0 0 0 aJl\ 

0 0 0 0 02 W2 

_ 

L\~n‘r 

R2 . ..Z.) L II_ 0 - 0 0 . ’ 0 + 

000-o - 

0 c 0 0 f3.q 0.v 
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Linear potential 

-x,0 0 0 0 XI 

0 x2 0 0 0 XL 

t+(k,, k, k,) ‘ 0 0 - --- 0 

0 

0 I’ _ 

000-o _ 

,_o 0 0 x,- 1 xx! I 
Rotational potential Thermal storage 

T 

T - 

?i 

48) 

The ener,ay baiance for the system may now be indicated which will result in an over- 
view model of the ener,oq- relationship existent in the automotive system. 

System power losses 

Thermal energy out Chemid system v* - 

Work out Ener_q release 

- 

G 

+Q=, = Q,M,-J;(F,*. F:___ F_:) : - 

Ekcttid energy storage 

. 
1 J %l 

Linear kinetic energy storage 
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Rotational kinetic energy storage 

+ fJ,(I,,, I,, -__ I,,) 0 _ 0 0 t 

Linear potential energy storage 

0 x,0 0 0 

+;tJo(k,, k, ___ k,)d 0 0 _ 0 0 -i- 

Rotational potentid energy storage Thermal storage 

+ -&J,,(K,, K2 _-_ K,) 

The system expression may be shown in a simpler form: 

Net energy Energy input Ener,T 
release (source) sink 

Jozm-E;i=L+Qe,, = zF -s 

Energy stored 

Showiq the term Ji&v (all power Iosses) as a sink seems appropriate_ It may be 
argued that kTTL is also a sink term; however, “across total system boundary” 
energy transfer is quite apparent in this term. 



350 

If the stored ener_gy in the system is assumed negligible then expression (50) 

becomes: 

(51) 

In the Iatter equation onIy, therma and power losses are indicated so that the 

network avaiIabIe for automobile motion is: 

(52) 

This completes the overview analysis and modelling of the automotive system. 

IV. coNcLusIoNs 

A_ 
systems. 

B. 

theory. 
C_ 

D. 

The automotive system has been shown to exist as an assembly cf sub- 

Each sub-system may be mathematically modelled using linear system 

Each important sub-system has been shown in linear graph form. 

Matrix equations were shown to exist for various components of the auto- 

motive system_ 

E_ The scalar matrix energy equation was constructed as an overview model 

for the system. 

NOMENCLATURE 

Latin sy?nboti 
F = generalized through variable matrix 

V = generahzed across variable matrix 

Y = generaa admittance matrix 
- 

: 

= generaG.zed impedance matrix 

= air-fuel matrix 

1 = unit matrix 

z = energy stored in system (a matrix) 

8 = heat reIeascd in exothermic reactions, or heat in exhaust 

; 

= current 

= energy matrix for fuel system 

V = voIt2ge 

Km =lIlaSS 

v = linear vebity 
N = number of sub-systems considered 

A = area of heat transfer surface 

R = resisbnce of eLectrical network 

P = power loss (matrix of matrices) 
= = over a capital letter indicates a matrix of matrices 



E = linear ideal spring constant matrix, conductivity matrix 
R = rotary ideal spring constant matrix 

C, = specific heat of mass 
G = radiation geometrical factor 
h = film coefficient 

T = temperature 

4 = heat flux 

JO = conversion constant (work to thermal ener_q units) 

J, = conversion constant (electrical to thermal energy units) 
Ji = conversion coefficient for each system losing power (will be different for each 

system) 

Subscrip 1s i 

H = hydraulic 
E = ekctrical, engine 

D = diagonal matrix 
M = mechanica.I 

L = lubrication, Iosses 
F, f = fuel 

A = pneumatic (induction air and exhaust), ambient 
T = thermal 

L = linear 
R = rotational, radiative 
C = chemical, convective 
D = signifies a diagona1 matrix 
i = when appIied to conversion constants signifies that appropriate constant used 

where needed 
ex = exhaust 

Greek symbafs 
63 = rotational or angular velocity 

8 = anguIar displacement 
cr = Stefan-Bohzmann constant 

A = difference 

APFTNDlx 

Aufomotiue system matrix equations 

Pneumatic: &=r,VA 
Fuel: F, = Y&r 
Lubrication: 

-- 
F,= YLY, 

Hydraulic: 
-- 

&.r = Yn I& 

Electrical: & = ye7,f7, 
Me&a&al: F,= TMVM 

Heat (thermal): Fr = Hr Vr 
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Nelrrork equipment nodes descr@tion 

TAN = tank 
FIL = fi!ter 
PUM = pump 
GEN = generator 
BAT = battery 
STA = starter 
DIS = distribution 
CR.4 = crankcase 
CYL = cylinder 

WHE = wheels 

Conrerter nodes 

FRI = friction 
CAS = camshaft 
CRS = crankshaft 
MUF = muf3er 
AMA = air manifold 
EMA = exhaust manifoId 
RAD = radiator 
ENB = engine block 
FAN = fan 

EXH = Exhaust 

Generator = mechanical to electrical 

Battery = chemical to electric-a1 

Starter = electrica to mechanica 

Cylinder = chemical to thermal to pressure 

Pump (fue1) = mechanical to pressure 

P3mp (water) = mechanical to pressure 

Pump (oil) = mechanical to pressure 

Mechanical contact 
(a11 zones) 

Fan 
Hydraulic and 

= mechanical to friction (heat) 
= mechanical to pressure 

pneumatic system = fluid ener,oy to friction (heat) 
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