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Individual Cylinder Model of a General Aviation Aircraft Engine

Gary Parker¤ and Giorgio Rizzoni†

Ohio State University, Columbus, Ohio 43210

A need exists for the improvement of general aviation (GA) aircraft piston engine performance through the
use of advanced control strategies and diagnostic studies. The life cycle time associated with the development of
these technologies is always a concern when working with a cost-restrictive budget. Approaches to technological
improvements through trial-and-error experimentation can work against a budget due to cost and development
time. With the advancements in the computational speed of computers, simulations have become increasingly
popular in helping engineers solve problems more quickly through a better understanding of the problem and
better preparation of design strategies prior to the experimental implementation stage. The aim of the present
work is to develop an intermittent combustion aircraft engine simulation that can provide insight to the complex
system behavior, aid in the development of control strategies, and aid in the development of diagnostic studies.
The GA aircraft individual cylinder simulation is the � rst of its kind and it has many potential applications. Some
potential applications may include idle speed control, fuel control, spark control, and engine sensor and actuator
diagnostics.

Nomenclature
Ap = piston area
Aprop = � ctitious propeller area
Arun = exhaust pipe mean cross-sectionalarea
Ath = open throttle area
Avalve = cylinder valve area
a = crank radius
ath = ratio of throttle shaft diameter to throttle bore diameter
aw = parameter for Wiebe function
B = damping coef� cient for crankshaft dynamics
Bpiston = piston diameter
CD = propeller drag coef� cient
CD;cyl = cylinder discharge coef� cient
CD;th = throttle discharge coef� cient
CL = propeller lift coef� cient
CQ = propeller torque coef� cient
c1; c2 = experimentally determined coef� cients
D = throttle bore diameter
Dprop = propeller diameter
d = throttle shaft diameter
Fc = connecting rod force
Fp = piston head force generated from indicated pressure
Ft = force tangential to the crank radius
g = gravity constant
H = altitude
i = cylinder identi� cation
J = inertia of reciprocatingengine components including

propeller
Ja = advance ratio of the propeller
L = stroke of piston
l = connecting rod length
Meq = equivalent reciprocatingmass
m = temperature/altitude constant
ma;cyl = mass of air in the cylinder
ma;ex = mass in exhaust manifold
ma;m = mass of air in the manifold
Pma;th = mass � ow rate of air through the throttle
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mfe = mass of fuel entering the cylinder
m� = mass of fuel injected
mout = mass out of exhaust manifold
m total = total fuel in vapor and liquid phase
mv = fuel vapor mass
mw = parameter for Wiebe function
m0;cyl = initial mass in cylinder
N = engine speed
Pi = indicated pressure
Pm = manifold pressure
p = pressure at given altitude
pcrank = crankcase pressure
pcyl = cylinder pressure
pex = exhaust manifold pressure
p0 = sea-level pressure
Qapp = apparent heat release
Qch = gross heat release
Qht = heat transfer to through cylinder walls
Q lhv = lower heating value
R = universal gas constant
RL = length from exhaust valve to exhaust gas oxygen sensor
rc = compression ratio
reval = radius of Aprop

rgy = propeller radius of gyration
rprop = propeller radius
T = temperature at given altitude
Tcyl = cylinder torque
Tex = exhaust temperature
T f = friction torque
Ti = indicated torque
Tload = load torque generated by propeller
Tm = manifold temperature
Toil = oil temperature
Tprop = torque generated by propeller
Tr = reciprocating torque
T0 = sea-level temperature
V = forward velocity of the aircraft
Vc = cylinder clearance volume
Vcyl = cylinder volume
Vd = cylinder displacement volume
Vm = manifold volume
VT = total cylinder volume
X = mass fraction of fuel condensed on cylinder walls
xb = mass fraction burned during combustion process
Oxb = estimated mass fraction burned during combustion
xb;Total = total mass fraction burned
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® = propeller angle of attack
¯ = propeller geometric pitch angle
¯c = angle referenced from the vertical to the connecting rod
° = speci� c heat ratio
°prop = ¯ ¡ ®
1t = time delay for exhaust to reach exhaust gas oxygen

sensor
1µ = total combustion duration
³ = T=T0

´v = volumetric ef� ciency
µ = crank-angle domain
µ f = crank-angle location where Qapp decreases to zero
µI = crank-angle location after spark where Qapp is >0
µ0 = start of combustion (spark)
¸ = nondimensional term to describe propeller geometry
¸crank = geometric description of crank radius to connecting

rod length
¹ = nondimensional term to describe propeller geometry
¹ f = engine oil viscosity
» = p=p0

½ = density at altitude H
¿ = time constant for the fueling dynamics
Ã = throttle angle
Ã0 = throttle angle at idle
! = engine angular velocity

Introduction

C ONSIDERABLE efforthasrecentlygoneinto thedevelopment
of a new generation of general aviation (GA) aircraft piston

engines that will perform better than previous generations.Current
GA engines use control technology that has not advanced since
the World War II era. The pilot has to pay considerable attention
in the cockpit by adjusting cumbersome multilever controls in an
open-loopcontrol fashion.Many of theseopen-loopcontrolsystems
can become closed-loopsystems with current technologies.Current
research efforts will look to improve GA engine performance char-
acteristics and reliability; reduce pilot work load, and hence, the
human error factor; improve environmental safety through the re-
duction of aircraft noise and emissions; and reduce engine cost to
increase affordability.

GA engine revitalization is now possible through the technolog-
ical advancements of sensors and actuators used for control and
diagnostics and through modern microcomputer technology. The
automotive engine has already seen the successful implementation
of actuatorsand sensors to improve engine performance.Electronic
engine controllers(EEC) regulate subsystemssuch as fuel injection,
spark advance, idle speed, and exhaust gas recirculation (EGR) to
improve fuel consumption, to optimize engine torque output, to re-
ject idle speed disturbances, and to improve emissions. The EEC
will eliminate some pilot responsibilityby closing the loop on vari-
ous engine control systems. This may convert the multilever control
to a single lever, much like an automobile driver uses a single pedal
to demand power.

The initial step toward improving GA technology through the
use of simulation had been taken through the development of a
low-order nonlinear dynamic model.1 This engine model, coupled
to a variable-pitch propeller system, was used as an initial tool for
the development of control and diagnostics strategies. The model
implementsa steady-stateperformancemap to providetheend result
of combustion, piston motion, valve timing, and exhaust. Results
show that the model provides a reasonable representation of the
propulsion system.

An extension of Ref. 1 is the development of a general-purpose
simulationthatwill aid in the understandingof the transientbehavior
of the engine by capturing the individual cylinder dynamics.2;3 In-
dividual cylinder models for automotive engines have already been
developed for the purpose of control and diagnostic studies.4¡10

Unlike the mean value model, these models consider the dynamic
behavior of many engine subsystems on an individual cylinder ba-
sis. The dependenceof this type of simulation on empirical maps is

far less, e.g., than the model described in Ref. 1, and can be easily
adapted for other engines by the simple modi� cation of prede� ned
engine-speci� c parameters.

Effects such as altitude changes and propeller torque generation
that are mentioned in Refs. 1, 11, and 12 will be incorporated into
the presentmodel. The combinationof the work of two simulations
mentioned in the preceding text will form the basis for a general-
purpose tool that may serve future research and developmentneeds
in the GA industry.

Individual Cylinder Model
A brief descriptionof the individual cylinder model follows. The

model used in this simulation is essentially a physical model. This
model takes into account the dynamics of the various physical pro-
cesses that must take place prior to the production of propulsive
power. In simple terms one can think of the system as having air
and fuel as inputs and torque at the propeller as the output. Air
entering the engine through the air-intake nozzle passes over the
throttle body. The � ow of air through the throttle body is regulated
by the throttle opening and is governed by the pressure differential
across it. This air mixes with the fuel in the intake manifold. The
fuel mass entering the intake manifold is governed by a continuous-
� ow system (open-loopcontrol) based on the manifold pressureand
the pilot commanded mixture setting. The air–fuel dynamics are an
integral part of this model and are explained in some detail in the
following sections. The air–fuel mixture that enters the cylinders is
burned, releasingheat and generatingindicatedpressure.The model
used for the combustion of fuel is a heat-release model that uses a
Wiebe function to describe the burning rate of the fuel.13 The indi-
cated pressure is then converted to the indicated torque that drives
the crankshaft, thus generating propulsive power. While the indi-
cated torque accelerates the crankshaft there are other torques that
work to impede this acceleration. These are the load, friction, and
reciprocatingtorques.The net effect of these torques is seen through
variationsof the angular velocity of the crankshaft.The load torque
for this application is the torque that the variable-pitch propeller
exerts on the crankshaft. The friction torque is generated due to
relative motion between the various reciprocatingparts.

The products of combustion are exhausted out of the individual
cylinderchambers into the exhaustmanifold where, after some time
delay, they reach the exhaustgasoxygen(EGO) or universalexhaust
gas oxygen (UEGO) sensor. The EGO sensor is a binary sensor
that outputs a high-voltage value for rich combustion (relative to
the stoichiometric air–fuel ratio) or a low-voltage value for lean
combustion. The UEGO sensor outputs a voltage proportional to
the air–fuel ratio.

Figure 1 shows the basic system structure of the model, where
Tload representsthe load torquethat thevariablepitchpropellerexerts
on the crankshaft. Altitude effects cannot be seen explicitly in the

Throttle Body
Intake

Manifold
Combustion

Exhaust
Manifold

Fuel Injector

Iner tia

Damping / Friction

UEGO
Sensor

EGO
Sensor

Open Loop
Fuel Contoller

 a

w

ma,th

ma,cyl

mf,cyl

 Fuel Dynamics

mf,inj

A/Fout

Tind

T
load

Tfric

t
fuel

 w

A/Fexh

Vo2

mEG R

ma,can

mf,can

d EGR

d c an

Pm

Tm

Closed Loop
Fuel Contoller

Spark
Controller

d q

S

S

.
.

.

.

.

.

.
Canister

EGR

Fig. 1 Model structure.



PARKER AND RIZZONI 683

system structure,but are implicit to the air dynamics.The altitudeof
the aircraft directly affects the mass of air � owing over the throttle
in the intake manifold. Thus, the manifold pressure drops due to
decreases in air density as the altitude increases. One can also see
from the diagram that system blocks for fuel control, spark timing,
EGR, and canister are included for the implementation of exhaust
gas emissions control strategies.

The dynamics mentioned in the preceding discussion are de-
scribed in detail in the sections that follow. Two additional features
that are necessaryfor modeling a GA aircraft engineare a model for
the change in air density with altitude and a model for the variable
pitch propeller. These models are discussed in the following text.

Altitude Effects
The temperature relationship for the troposphere is given in

Ref. 1 as

³ D 1 ¡ 6:8729.10¡6/H (1)

³ is a dimensionless quantity that tells how the temperature varies
with respect to the sea-level temperature. In addition to tempera-
ture, the pressure variation with altitude was needed. The ideal gas
law and the fundamental � uid equation of the pressure variation is
derived in Ref. 12:

p D ½ RT ;
dp

dh
D ¡½g (2)

With these two equations, the following relationshipcan be de� ned
for temperature and pressure:

. p=p0/ D .T=T0/¡g=m R (3)

In Ref. 1, (3) is expressed as

» D ³ 5:25581 (4)

The legend in Fig. 2 indicates curves developed from two sources.
The Parkinson equations were used in Ref. 1, and they were com-
pared to the equations from Fox and McDonald.12 The discrepancy
is in the initial selectionof sea-level temperature.However, because
the discrepancy in densities is very small, the equations in Ref. 1
are used in the simulation for convenience.

Variable-Pitch Propeller Model
The method of the representativeblade elementmodel in Ref. 1 is

used to model the load torquedue to thepropelleron theengine.This
method assumes that torque can be approximated by a single blade
element located at a distance rgy. A � ctitious propeller with radius
rgy and disk area Aprop is used. The model characterizes the basic
torque dynamicswithout relying too much on the bladegeometry. It
does, however, rely on some empirical equations. These empirical
equations are the lift and drag coef� cients selected from Ref. 11.
The lift coef� cient CL is dependent on the angle of attack ®, which
is the angle measured from a resultant velocity vector to the airfoil

Fig. 2 Variation in density of air with altitude.

chord.The resultantvelocityvectoris the summationof thepropeller
rotationalvelocityr! and the forwardvelocityof the aircraft V . The
drag coef� cient CD is dependenton ¯ ¡ ®, which is the angle that is
directly related to the forward velocityof the aircraft.The empirical
coef� cients are the following:

CL D 0:1® (5)

CD D 0:02 C 0:0002.¯ ¡ ®/2 (6)

The geometric pitch angle of the propeller is described as ¯ . It
is measured from the plane of rotation to the airfoil chord. For a
variable-pitchpropeller system, the propeller blade has a hydraulic
actuator/governor system that controls engine rpm to a steady-state
value while changing the geometric blade pitch adjusts the load
torque. For this simulation, the governor has not been modeled,
thus the simulation user will have control over the pitch adjustment
and the forward velocity of the aircraft. Given the forward velocity
of the aircraft V , we can calculate the advance ratio Ja as

Ja D
V

NDprop

(7)

The advanceratiocanbe describedas the amount theplaneadvances
for one rotation of the propeller. Knowing the advance ratio, the
angle that is formed from the resultant velocity vector to the plane
of rotation ° can be described by the following relationship:

°prop D tan¡1.Ja=¸/ (8)

where ¸g is a geometric descriptionof the propeller blade. Another
parameter involving the geometric description of the blade is ¹.
Both ¹ and ¸ can be described by the following relationships:

¹ D
Aprop

2D2
prop

(9)

¸ D 2¼reval

Dprop

(10)

We are now in a position to express the torque that the propeller
exerts on the crankshaft:

Tprop D ½ N 2 D5
propCQ (11)

where CQ is described by

CQ D
CL sin °prop C CD cos°prop

cos2 °prop

¸3¹

2¼
(12)

Intake Air Dynamics Model
Figure 3 depicts a simpli� ed representationof the intake air sys-

tem of a GA engine. The system consists of a throttle body, a man-
ifold, and individual cylinder runners. The air-dynamics model is
based on the laws of continuity. The assumption made is that the
manifold pressure is uniform at a given time instant. Continuity
yields the following:

dma;m

dt
D Pma;th ¡

numcyl

i D 1

Pma;cyl;i (13)

Equation (13) shows that the change in the mass of air in the
manifold is dependent on the mass � ow rate of air over the throttle
plate and the mass � ow rate entering the individual cylinders. The
throttle position governs the area for the entering mass of air. How-
ever, as with any valve, friction and pressure differencesalso cause
losses of energy. This results in less � ow through the valve than the
theoretical maximum. Additionally, fuel is sometimes injected in
here so that the fuel and air can have some time to mix before being
aspirated by the engine.



684 PARKER AND RIZZONI

Fig. 3 Intake air system.

The throttle cross-sectionalarea is a function of geometry and of
the throttle angle Ã:13 The expression for the open throttle area Ath

as a function of Ã is as follows:

4Ath

¼ D2
D 1 ¡ cos Ã

cos Ã0

C 2

¼

ath

cos Ã
cos2 Ã ¡ a2

th cos2 Ã0

1
2

¡
cos Ã

cos Ã0
sin¡1 ath ¢ cos Ã0

cos Ã
¡ ath 1 ¡ a2

th

1
2 C sin¡1 ath

(14)

The variableath in Eq. (14) is the ratioof the throttleshaftdiameter
d to the throttle bore diameter D. Two sets of equationsare modeled
for two � ow conditions.The � rst conditionis for the case of pressure
ratios across the throttle less than a critical value (unchoked � ow).
This condition is characterizedby

pm =p0 > [2=.° C 1/]° =.° ¡1/ (15)

for which the mass � ow rate across the throttle plate is modeled as

Pma;th D
CD;th Ath p0p

RT0

pm

p0

1=°
2°

° ¡ 1
1 ¡

pm

p0

.° ¡1/=°
1
2

(16)

The chokedconditionis describedby the following set of equations:

pm=p0 · [2=.° C 1/]° =.° ¡1/ (17)

Pma;th D
CD;th Ath p0p

RT0

°
1
2

2

° C 1

.° C1/=2.° ¡1/

(18)

The mass � ow rate of air entering the cylinder is modeled similar
to the mass � ow rate of air across the throttle. For the unchoked
condition

Pma;cyl;i D

CD;cyl Avalve pmp
RTm

pcyl;i

pm

1=°
2°

° ¡ 1
1 ¡

pcyl;i

pm

.° ¡1/=°
1
2

(19)

Similarly, the choked condition is described as

Pma;cyl;i D
CD;cyl Avalve pmp

RTm

°
1
2

2
° C 1

.° C1/=2.° ¡1/

(20)

The manifold pressure is generated from Eq. (20) by the ideal gas
law:

p D m RT =V (21)

Fig. 4 Puddle phenomenon in fuel-injection subsystem.

Fuel Dynamics Model
Not all of the injected fuel enters the cylinder for combustion

each cycle. For low engine temperatures, such as at engine startup,
a portion of the fuel is deposited on the manifold walls in a liquid
state, forming what is commonly known as the fuel puddle.14 This
phenomenon is qualitatively depicted in Fig. 4. Postinjection and
prior to being aspirated for combustion, fuel coexists in three dif-
ferent phases: liquid fuel in the fuel puddle, � nely atomized fuel as
fuel mist, and evaporated fuel from the fuel puddle as fuel vapor.

The air–fuel mixture that enters the cylinder consists of the atom-
izedmistandtheevaporatedfuel fromthepuddle.As the intakevalve
opens, this combination of fuel and air is drawn into the cylinder,
and sometimes drops of liquid fuel will also drip into the cylinder.

For the IO-360, the fuel injectionsystemis a continuous� ow type.
A nozzle is positioned at each intake runner that leads to each of
the individualcylinder inlet valves.This is an open-loopsystem that
allows better mixing of the air and fuel as opposed to a carburetor.
The fuel dynamics equations are listed as follows:

mv D .1 ¡ X / Pm� (22)

Rmfe D .1=¿ /.¡ Pmfe C X Pm� / (23)

Pm total D Pmv C Pmfe (24)

Cylinder Pressure Development and Combustion Model
From Ref. 15, the mass � ow into the cylinder during the intake

stroke and the mass � ow during the exhaust stroke are de� ned as

mcyl D m0;cyl C
t;IVC

t;IVO

Pmcyl dt D
p0;cyl M0;cylV0;cyl

QRT0;cyl

C
t;IVC

t;IVO

Pm cyl dt

(25)

m cyl D m0;cyl ¡
t;EVC

t;EVO

Pmcyl dt D
p0;cyl M0;cylV0;cyl

QRT0;cyl

¡
t;EVC

t;EVO

Pmcyl dt

(26)

where IVC and IVO are the intake valve closed and open, respec-
tively; and EVC and EVO are the exhaust valve closed and open,
respectively. The ideal gas law, Eq. (21), is used in both cases to
convert the mass to pressure.

Exhaust and intake terms are used for the valve overlap time:

mcyl D m0;cyl C
t;IVC;overlap

t;IVO;overlap

Pm cyl dt ¡
t;EVC;overlap

t;EVO;overlap

Pm cyl dt (27)

The combustion model that is used in the simulation is a heat
release model. This model is based on the � rst law of thermody-
namics. One can effectivelycharacterizethe combustionprocess by
analyzing either the mass fraction burned [xb.µ/] or the gross heat
release [Qch.µ/]. From theory, the grossheat release rate .dQch=dµ/
is

dQch

dµ
D °

° ¡ 1
pcyl

dVcyl

dµ
C 1

° ¡ 1
Vcyl

dpcyl

dµ
C dQht

dµ
(28)
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Neglecting the effects of convective heat transfer to the cylin-
der walls, a common approximation can be made, this is the ap-
parent heat release Qapp; .µ/, which can be computed directly
from pressure–volume p ¡ V data. The apparent heat release rate
dQapp=dµ is expressed as

dQapp

dµ
D °

° ¡ 1
pcyl

dVcyl

dµ
C 1

° ¡ 1
Vcyl

dpcyl

dµ
(29)

To calculatedQapp=dµ , the cylindervolumemust be computed.This
can be described by the following function:

Vcyl D Apf[2a=.rc ¡1/]C l Ca ¡a cos µ ¡ l2 ¡ a2 sin2 µg (30)

Differentiatingthe volume equation with respect to µ , the following
function is obtained:

dVcyl

dµ
D Ap a sin µ C

a2 sin µ cos µ

l2 ¡ a2 sin2 µ
(31)

Treating ° as a constant, the only term left in the heat-release
rate equation is the dpcyl=dµ term. This is calculated through the
numerical differentiation of pcyl. Once dQapp=dµ is calculated, the
apparent heat release Qapp; .µ/ can now be calculated through a
numerical integration algorithm:

Qapp D
µ f

µi

dQapp

dµ
dµ (32)

We are now in a positionto obtain the mass fractionof fuel burned
xb.µ/. The relationshipbetween Qapp; .µ/ and the xb.µ/ is the lower
heating value .Q lhv/ for the aircraft fuel. This is simply expressed
as

xb D
Qapp.µ/

Q lhv

(33)

Once xb.µ/ is obtained, an empirical formula called the Wiebe
function is used in conjunction with a nonlinear curve � tting algo-
rithm to � nd the coef� cients to best � t xb.µ /. The Wiebe function
expresses xb.µ/ in the following empirical fashion:

Oxb D 1 ¡ exp ¡aw[.µ ¡ µ0/=1µ ]mw C 1 (34)

For the model to be successful, experimental pressure data are
needed at the important operating conditions such as idle, take-
off, and cruise to calculate the %xb . Once this has been computed,
the Wiebe function coef� cients can be calculated using a nonlinear
curve-� tting algorithm such as an iterative nonlinear least squares
to minimize the cost of a function or

Minimize: f D .xb ¡ Oxb/ for g.aw; mw/ D f 2 (35)

Now that we have the coef� cients aw and mw , we plug them into the
analytically differentiatedmass fraction of fuel burned equation:

dxb

dµ
D xb;total

aw .mw C 1/

1µ

µ ¡ µ0

1µ

mw

exp ¡aw

µ ¡ µ0

1µ

mw C1

(36)

The dQapp=dµ equationcan be solved for dp=dµ . When this is done,
we can substitute Eq. (36) to give

dpcyl

dµ
D ° ¡ 1

Vcyl

dxb

dµ
Q lhv ¡ °

Vcyl

dVcyl

dµ
pcyl (37)

This equation is then numerically integrated to give the cylinder
pressure or the indicated pressure that pushes on the piston head:

pcyl D
dpcyl

dµ
dµ (38)

Fig. 5 Simulated cylinder pressure at engine startup.

When collecting the pressure data, it is important to sample at
a high resolution to ensure an accurate calculation of the heat-
release rate. Sampling rates of every two crank angle degrees have
been known to give reasonable accuracy. In addition to knowing
the cylinder geometry, spark timing is also an important parameter
for combustion analysis. The experimental pressure data were col-
lected from a production automotive engine. This same procedure
will be applied to the AVCO Lycoming engine. Figure 5 shows the
individual cylinder pressure for three different throttle positions.

Piston Kinematics
The compression ratio is useful because it is often quoted in

engine manuals or books, and it can be expressed as

rc D
VT

Vc
D

Vd C VC

Vc

(39)

where Vd can be expressed as

Vd D
¼ B2

piston

4
L (40)

To fullycharacterizethe motionof thepiston,and thevolumechange
associated with it, the cylinder volume and its derivative will be
restated as

Vcyl D A p [2a=.rc ¡ 1/] C l C a ¡ a cos µ ¡ l2 ¡ a2 sin2 µ (41)

Differentiating the volume equation with respect to µ :

dVcyl

dµ
D Ap a sin µ C

a2 sin µ cos µ

l2 ¡ a2 sin2 µ
(42)

Torque Production and Friction Model
Many forces act on a piston inside the cylinder chamber. These

forces generate torque on the crankshaft. The force that is a direct
result of the cylinder pressure or indicated pressure Pcyl generates
the positive work done by the engine on the piston crown. Through
the use of geometric relationships of the piston assembly, we can
characterize the indicated torque as

Ti D .Pcyl ¡ Pcrank/Apa f1.µ/ (43)

f1.µ/ D sin µ 1 C
¸crank cos µ

1 ¡ .¸crank sin µ/2
(44)

The reciprocating torque that is generated by the rotation of an
equivalentmass can be described as

Tr D Meqa2 f1.µ/ f1.µ/ Rµ C f2.µ/ Pµ 2 (45)
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f2.µ/ D

¸crank cos 2µ

1 ¡ .¸crank sin µ/2
C

¸3
crank.sin 2µ/2

4 1 ¡ .¸crank sin µ/2
3

C cos µ

(46)

The friction torque used from Ref. 10 is given by

T f D c1
Pµ C c2 Pcyl¹ f j f1.µ/j (47)

Expressing the oil viscosity as a function of temperature:

¹ f D 6:31 log¡1 ¡5 C 4:54[1 C .Toil=135/]¡1:3 (48)

The three torquescan be summed to get the net torque.The overall
torque Tcyl can thus be expressed as

Tcyl D Ti ¡ Tr ¡ T f (49)

This overall torque generated from the piston is only one torque
acting on the crankshaft.For a four-cylindercon� guration, individ-
ual cylinder pulses will result from the torque generated by each
cylinder. The individual cylinder torques coupled with the torque
generatedby the propellersystemwill forma basis for thecrankshaft
dynamics.

Crankshaft Dynamics
The crankshaft can be modeled to many different levels of com-

plexity. A simple model is to assume that the entire crankshaft is
lumpedintoa singleinertiaanda singledampingcoef� cient.For GA
aircraft engines, this is not a bad assumptionbecause the crankshaft
tends to be short due to the horizontally opposed piston arrange-
ment and close proximity of the propeller. The inertia in this case is
considered to be a sum of the engine and propeller inertias.

Applying Newton’s second law we have

numcyl

i D 1

Tcyl;i ¡ Tload ¡ B! D J P! (50)

Converting the equation from the time domain to the crank angle
domain we get the following equation:

d!

dµ
D

numcyl

i D 1
Tcyl;i ¡ Tprop

J!
¡

B

J
(51)

Integrating this equation in the crank angle domain gives the
engine speed for the aircraft engine.

Exhaust Modeling
Because the exhaust manifold is nearly identical to the intake

manifold, the exact same form will be used here. This means that
the equation is as follows:

dma;ex

dt
D

numcyl

i D 1

Pmcyl;i ¡ Pmout (52)

The time delay for the exhaust gas to reach the EGO sensor can
be expressed as

1t D Rl pex Arun=RTex Pmout (53)

Simulation and Experimental Results
Several maneuvers have been attempted to validate the data for a

Lycoming IO-360 engine. The Lycoming IO-360 is a four-cylinder
engine with horizontallyopposedpistons,naturalaspiration(no tur-
bocharging or supercharging), and continuous-� ow fuel injection.
Some of the IO-360 engine speci� cations are shown in Table 1.

Validation data were supplied from a test cell in the Engine Re-
search Center at West Virginia University for three test runs. These
test runs represent frequently used operating conditions for the en-
gine. A large � ywheel is used to replace the propeller inertia.

Figures 6–13 represent the transient responses in simulated and
experimental runs. Figures 6–9 show results for test-1, which rep-

Table 1 Lycoming IO-360 engine parameters

Physical parameter Value Units

Compression ratio 8.5 ——
Bore 0.1302 m
Stroke 0.1111 m
Displacement 0.0059 m3

Piston area 0.0133 m2

Crank radius 0.0556 m
Connecting rod length 0.1710 m
Engine/� ywheel inertia 0:0360=1:0142 Nms2

Equivalent reciprocating mass 1.26 kg

Fig. 6 Engine speed for a step transient test no. 1.

Fig. 7 Manifold pressure for a step transient test no. 1.

Fig. 8 Load torque for a step transient test no. 1.

resents a throttle step change from 20 to »36%. Figures 10–13
show results for test-2, which represents a throttle step of 89–24%.
Figure 6 shows the response in the engine speed. The action of
the closed-loop controller in maintaining a steady-state speed of
2700rpmis apparent.The manifoldpressureresponse(Fig. 7) shows
increasingmanifoldpressure,as expected.Figure8 shows the torque
responseto a step increasein throttle.This responsecan be explained
by noting that for a � xed rpm, the dynamometer is controlling rpm
to absorb the torque output of the engine. Figure 9 shows the air–
fuel ratio response;some deviationbetween the simulation response
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Fig. 9 Air-to-fuel ratio for a step transient test no. 1.

Fig. 10 Engine speed for a step transient test no. 2.

Fig. 11 Manifold pressure for a step transient test no. 2.

Fig. 12 Load torque for a step transient test no. 2.

and experimental results is apparent. As mentioned earlier, a num-
ber of parameters necessary for validating the simulation were not
available; hence, a number of approximationshad to be introduced.
For example, the in-cylinder pressure data that are essential for the
combustionmodel were not available for the IO-360 engine.Hence,
pressuredata from an automotiveengine was used instead.The sec-
ondset of � guresshows the responseto stepdownin the throttle from
89 to 24%. This is a large step that tests the simulation. Figure 10
shows that the rpm remains � xed due to the closed-loop control of
the engine speed. Figure 11 shows the drop in manifold pressure

Fig. 13 Air-to-fuel ratio for a step transient test no. 2.

when the stepdown to 24% occurs. Figure 12 shows the torque re-
ductionwhile the speed is maintainedat 2700 rpm. Figure 13 shows
the air–fuel ratio for the stepdown in throttle.

Conclusions
The model was assembled and partiallyvalidated for a Lycoming

IO-360 engine. The individual cylinder model performs well with
the given level of sophistication of the cylinder pressure and com-
bustion models. The individual cylinder simulation tracks the ex-
perimental data well for the higher throttle angles (13% and up).
One reason for this is the modeling of combustion in the crank an-
gle domain. The discrepancy between experimental and theoretical
results is within 10% for throttle positions greater than 13%.

A feature to be noted in the simulation results is the presence of
oscillations. This is easily explained if one realizes that the sim-
ulation is an inherently less-damped system compared with a real
engine. These results were produced using real-time data as in-
put to the simulation, the in� uence of which cannot be ruled out.
We draw attention to the fact once again that in the absence of in-
cylinder pressure data from the IO-360 engine, pressure data from
an automotive engine were used. These are reasonable results for
the given validation data set. To obtain more accurate simulation
results, detailedexperimental data are needed for system identi� ca-
tion purposes. Currently work on the simulation is being continued
under sponsorship from NASA. In the very near future, a complete
data set representative of the IO-360 engine is to be collected with
the aircraft in � ight. It is believed that this will greatly enhance the
accuracy of this simulator.

This model is currently being used to develop alternate control
strategies for implementation of a single-lever operation. Various
schemes incorporating advanced sensor and actuator technology
for improved performance are being researched. Strategies such as
turbocharging, EGR, spark, and fuel control will be studied with
a view to not only improving performance but also tackling issues
such as emissions.

Fault detectionof aircraftsensorsandactuatorsis anotherareathat
can be studiedusing this simulator.This could lead to the integration
of diagnosticsand control,making the overall control strategy more
fault tolerant.

Acknowledgments
We gratefully acknowledgethe support provided for this work by

NASA under the AGATE program, Grant NCA3-AGATE-122; and
West Virginia University and Lycoming through access to experi-
mental data.

References
1Richard, J. C., “Low-Order Nonlinear Dynamic Model of IC Engine-

Variable Pitch Propeller System for General Aviation Aircraft,” NASA TM
107006, July 1995.

2Rizzoni, G., Parker, G., and Dawson, J., “Individual Cylinder Model
of IC Engine-Variable Pitch Propeller System for GA Aircraft,” Ohio State
Univ. Powertrain Control and Diagnostics Lab., Rept. 733726-9602, Nov.
1996.

3Rizzoni, G., “ME 781 Powertrain Dynamics Class Notes,” Dept. of



688 PARKER AND RIZZONI

Mechanical Engineering, Ohio State Univ. Columbus, OH, 1996.
4Kao, M., and Moskwa, J. J., “Turbocharged Diesel Engine Modeling

for Nonlinear Engine Control and State Estimation,” Advanced Automotive
Technologies, DSC-Vol. 52, American Society of Mechanical Engineers,
New York, 1993, pp. 135–146.

5Kao, M., and Moskwa, J. J., “Turbocharged Diesel Engine Modeling
for Nonlinear Engine Control and State Estimation,” Journal of Dynamic
Systems, Measurements, and Control, Vol. 117, No. 1, 1995, pp. 20–30.

6Dobner, D. J., “A Mathematical Engine Model for Development of Dy-
namic Engine Control,” Society of Automotive Engineers, TP 800054, Feb.
1980.

7Cook, J. A., and Powell, B. K., “Discrete Simpli� ed External Lineariza-
tion and Analytical Comparison of IC Engine Families,” Proceedings of the
American Control Conference, Vol. 1, 1987, pp. 326–331.

8Moskwa, J. J., and Hedrick, J. K., “Modeling and Validation of Automo-
tive Engines for Control Algorithm Development,” Advanced Automotive
Technologies, American Society of Mechanical Engineers, DSC-Vol. 13,
New York, 1989, pp. 237–247.

9Cook, J. A., and Powell, B. K., “Modeling of an Internal Combustion
Engine for Control Analysis,” IEEE Control Systems Magazine, Aug. 1988,
pp. 20–25.

10Ciulli, E., Rizzoni, G., and Dawson, J., “Numerical and Experimental
Study of Friction on a Single Cylinder CFR Engine,” Society of Automotive
Engineers, TP 960357, Feb. 1996.

11Von Misses, R., Theory of Flight, Dover, New York, 1959.
12Fox,R. N., and McDonald,A. T., TheFundamentalsof FluidDynamics,

Wiley, New York, 1992.
13Heywood, J. R., Internal CombustionEngineFundamentals, McGraw–

Hill, New York, 1988.
14Aquino,C. F., “Transient A/F ControlCharacteristics of the 5 Liter Cen-

tral Fuel Injection Engine,” Society of Automotive Engineers, TP 810494,
1981.

15Dawson, J. A., “An Experimental and Computational Study of Internal
Combustion Engine Modeling for Controls Oriented Research,” Ph.D. Dis-
sertation, Dept. of Mechanical Engineering, Ohio State Univ., Columbus,
OH, 1996.


