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PREFACE

JSBSim was conceived in 1996 as a lightweight, data-driven, non-linear, six-degree-of-
freedom (6DoF), batch simulation application aimed at modeling flight dynamics and control for
aircraft. Since the earliest versions, JSBSim has benefited from the open source development
environment it has grown within and the wide variety of users that have contributed ideas for its
continued improvement.

About this document

This document is split up into several parts. There is a QuickStart section that explains how to
get started with JSBSim quickly. That is followed by

User 6s Manual explains how to us geatd &Br&timodels, o0 make si mlt
write scripts, and how to perform various other tasks that do not involve changes to program code
in JSBSim itself. Section Two is a Programmerds Manue

architecture of JISBSim i how the code is organized and how it works. Section Three is the
Formulation Manual which contains a description of the math model and algorithms used to
model a subsystem. Section Four is a collection of some examples and case studies showing
how JSBSim has been used.

What this document is and what it is not

This document is not an exhaustive reference on the derivation of the equations of motion and
flight dynamics. For a text on that, see (Stevens & Lewis, 2003), and (Zipfel, 2007). This
document is meant to be the authoritative document about JSBSim.
Conventions used

When XML definitions are given, items in brackets (
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Quickstart

Getting the Source

JSBSim can be downloaded as source code in a "release" - a bundled set of source code files
(a snapshot) that was taken at some point in time when the source code was thought to be
stable. A release is made at random times as the developers see fit. The code can be
downloaded as a release from the project web site at:

http://sourceforge.net/project/showfiles.php?group id=19399

The source code can also be retrieved from the revision management storage location using a
tool called cvs (concurrent versions system). CVS is available as an optional tool in the Cygwin
environment under Windows, but is usually standard with Linux systems. Directions on
downloading JSBSim can be found at the project web site at http://www.jsbsim.org.

Getting the Program

At the same location, executable files for some platforms (Windows, Cygwin, Linux, IRIX, etc.)
may also be downloaded. It should be noted that at present (and unless otherwise stated in the
release notes for a release) the example aircraft and script files, etc. must be downloaded as part
of the source code release. Another alternative is to check out the files from the JSBSim cvs
repository.

Building the Program

JSBSim can be built using standard gnu tools, automake, autoconf, g++, make, etc. There
also exists a project file for building JSBSim using the Visual C++ development environment from
Microsoft. For a Unix environment (cygwin, Linux, etc.), once you have the source code files, you
should be able to change directory ("cd") to the JSBSim base directory and type:

.Jautogen.sh
make

This should result in an executable being created under the src/ subdirectory. If you are
building under Microsoft Visual C++, the executable will be under the Debug/ or Release/
subdirectory, depending on how you are building the executable.

Not e: I f youb6d I|like to build the program without th

areusingCygwin), youodll have to reconfigure the

env CFLAGS=" - mno- cygwin - O2" CPPFLAGS="- mno- cygwin" \
CXXFLAGS=" mno- cygwin - 02" LIBS=" -Iwsock32" \
Jconfigure -- target=i686 - pc- mingw32

Furthermore, if you would like to optimize your executable for speed, and you know the

architecture for your computer (for instance,

| Quickstart 1
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env CFLAGS=" - mno- cygwin i O9 1 march=nocona" CPPFLAGS=" - mno- cygwin \
T 09 T march=nocona" CXXFLAGS=" - mno-cygwin 109 i march=n ocona" \
LIBS=" - lwsock32" ./configure -- target=i686 - pc- mingw32

The Anoconad opti on s ubtextensiors, acddomtpei MMX,tSEK 8SE2, 0r 6 4
and SSE3 instruction sets. You can find out more about the Gnu compilers at gcc.gnu.org.
1.4 Running the Program

There may be several options specified when running the standalone JSBSim application
provided with a JSBSim release:

-- help Returns a usage message
-- version  Returns the version number

-- outputlogfile=<filename> Sets/ replaces the name of the data log file
-- logdirectivefile=<filename> Sets name of data log directives file

-- root=<path> Sets the JSBSim root directory (where src /reside s)

-- aircraft=<filename> Sets the name of the aircraft to be modeled

-- script=<fil ename> Specifies a script to run

-- realtime  Specifies to run in actual real world time
-- nice Directs JSBSIim to run at low CPU usage
-- suspend Specifies to suspend the simulation after initialization
-- initfile=<filename> Specifies an initi alization fi le touse
-- catalog Directs JSBSim to list all properties for this model
-- end- time=<time (double)> Specifies the sim end time
NOTE: There can be no spaces around the = sign when an option is
followed by a filename

If you have built JISBSim from source code there will be an executable under the src/
subdirectory. You can run JSBSim by supplying the name of a script:

src/jsbsim -- script=scripts/c1723.xml

If you are running the program using the Microsoft Visual C++ IDE, you will need to go to
Program Options and set the Command Arguments to run the script as shown above.’

You may have simply downloaded the executable. In this case, you should create the scripts/,
aircraft/, and engine, subdirectories. You should place aircraft models under the aircraft/
subdirectory, in another subdirectory that has the same name as the aircraft. For instance, if you
create a B-2 flight model, you would place that in the aircraft/B2/ subdirectory, and the aircraft
flight model name would be called B2.xml.

Lif you are using an older version of Microsoft Visual C++, make sure you have the latest service packs installed for
your version of Windows and for the Visual C++ tool you are using. Otherwise, you may get apmgieaties.

| Quickstart 2
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Overview

What, exactly, is JISBSim?

JSBSim is a collection of program code mostly written in the C++ programming language, but
some C language routines are included. Some of the C++ classes that comprise JSBSim model
physical entities such as the atmosphere, a flight control system, or an engine. Some of the
classes encapsulate concepts or mathematical constructs such as the equations of motion, a
matrix, or a vector. Some classes manage collections of other objects. Taken together, JSBSim
takes control inputs, calculates and sums the forces and moments that result from those control
inputs and the environment, and advances the state of the vehicle (velocity, orientation, position,
etc.) in discrete time steps.

JSBSim has been built and run on a wide variety of platforms such as a PC running Windows
or Linux, Apple Macintosh, and even the IRIX operating system from Silicon Graphics. The free
GNU g++ compiler easily compiles JSBSim, and other compilers such as those from Borland and
Microsoft also work well.

Who is it for?

The JSBSim architecture is meant to be reasonably easy to comprehend, and is designed to
be useful to advanced aerospace engineering students. Due to the ease with which it can be
configured, it has also proven to be useful to industry professionals in a number of ways. It has
been incorporated into larger, full-featured, flight simulation applications and architectures (such
as FlightGear and OpenEaagles), and has been used as a batch simulation tool in industry and
academia.

Frames of Reference

Before moving into a description of the configuration file syntax, one must understand some
basic information about the frames of reference used in describing the location of objects on the
aircraft.

Structural Frame Thi s frame is a common manufacturerds fr ame
define points on the aircraft such as the center of gravity, the locations of all the wheels, the pilot
eye-point, point masses, thrusters, etc. Items in the JSBSim aircraft configuration file are located
using this frame. In the structural frame the X-axis increases from the nose towards the tail, the
Y-axis increases from the fuselage out towards the right (when looking forward from the cockpit),
and of course the Z-axis then is positive upwards. Typically, the origin for this frame is near the
front of the aircraft (at the tip of the nose, at the firewall, or in front of the nose some distance).
The X-axis is typically coincident with the fuselage centerline and passes through the propeller
hub (thrust axis). Positions along the X axis are referred to as stations. Positions along the Z axis
are referred to as waterline positions. Positions along the Y axis are referred to as buttline
positions.

| SectionOne ! & SN 4
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Note that the origin can be anywhere for a JSBSim-modeled aircraft, because JSBSim
internally only uses the relative distances between the CG and the various objects i not the

discrete locations themselves.

Body frame As used in JSBSim, the body frame is similar to the structural frame, but rotated
180 degrees about the Y axis, with the origin coincident with the CG. This is the frame where the
aircraft forces and moments are summed and the resulting accelerations are integrated to get

velocities.

Stability frame This frame is similar to the body frame, except that the X-axis points into the
relative wind vector projected onto the XY plane of symmetry for the aircraft. The Y-axis still
points out the right wing, and the Z-axis completes the right-hand system.

Wind frame This frame is similar to the Stability frame, except that the X-axis points directly
into the relative wind. The Z-axis is perpendicular to the X-axis, and remains within the aircraft
body axis XZ plane (also called the reference plane). The Y-axis completes a right hand

coordinate system.

Units

JSBSim uses English units for internal calculations almost exclusively. However, it is possible
to input some parameters in the configuration file using different units. In fact, to avoid confusion,
the unit always be specified.
For instance, the specification for the wingspan looks like this:

it is recommended

t hat

<wingspan unit="FT"> 35.8 </wingspan>

The above statement specifies a wingspan of 35.8 feet. The following statement specifying the
wingspan in meters would result in the wingspan being converted to 35.8 feet as it was read in:

<wingspan unit="M"> 10.91 </wingspan>

The two statements for wingspan are effectively equivalent.

The followingconve r si ons

ar e

currently suppMOi Maeds, FToOsi ng

i Feet, INOT | n c h I&30j Cubic inches, ACCOT Cubic centimeters, fiM307 Cubic meters, A FT 3 0
iTCubic feelit TSR ar e
Ki | ogBLWGIFT261 Slug-ft’, IKG*M20i Kilogram-meter’, A RiARDaod i a n, | DefréeG o
fLBS/FTO1 pounds per foot, iN/MOT Newtonsp e r mé&BSET/SECAI pounds per foot per

second, IN/M/SECOT Ne wt ons

per

met é6guafBETReR &iePto,u NAdLSBIS A KGO

met er pieWa tstesc,o HiolH R & WAW g 1S 0

T Newt ons ,iPidluBS8&S0i Knots, FT/SECOT Feetpers e c o nd ,i Methts (2o
s e ¢ 0 FEFLBS Foot-pounds, i N * MNewton-me t e INEIGOT fnches of mercury, iPSFOT
Pounds per square foot, MTMO1 atmospheres, fPSI0T Pounds per square inch, iPA0T Pascals]:

Length
MA FT
MA IN

Area
M2 A FT2

Volume

CCA IN3
M3 A FT3
LTR->IN3

Mass & Weight
KG A LBS

| SectionOne ! & SN 5
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Moments of Inertia
KG*M2 A SLUG*FT2

Angles
RAD A DEG

DEG A RAD

Spring force
N/M A LBS/FT

Damping force
N/M/SEC A LBS/FT/SEC

Power
WATTS A HP
HP A WATTS

Force
NA LBS

Velocity
KTS A FT/SEC

M/S A FT/SEC

Torgue
N*M A FT*LBS

Pressure
INHG A PSF
ATM A INHG
INHG A ATM
PSF A INHG
INHG A PA
PA A INHG
PSI A INHG

| SectionOne ! & SN
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Concepts

2.1 Simulation

While the JSBSim user does not need to know some of the finer details of the flight simulator
operation, it can be helpful to understand basically how JSBSim works. Some of the most
important concepts are described in this section.
The use of fAPropertieso per mbripoviding BvEy tminterfacebe a ge
the various systems with parameters (or variables). Properties are used throughout the
configuration files that describe aircraft and engine characteristics.
Obviously, math plays a big part in modeling flight physics. JSBSim makes use of data tables,
as flight dynamics characteristics are often stored in tables. Arbitrary algebraic functions can also
be set up in JSBSim, allowing broad freedom for describing aerodynamic and flight control
characteristics.

2.2 Properties

Simulation programs need to manage a large amount of state information. With especially
large programs, the data management task can cause problems:

1 Contributors find it harder and harder to master the number of interfaces
necessary to make any useful additions to the program, so contributions slow
down.

1 Runtime configurability becomes increasingly difficult, with different modules
using different mechanisms (environment variables, custom specification files,
command-line options, etc.).

1 The order of initialization of modules is complicated and brittle, since one
module's initialization routines might need to set or retrieve state information from
an uninitialized module.

1 Extensibility through add-on scripts, specification files, etc. is limited to the state
information that the program provides, and non-code-writing developers often
have to wait too long for the developers to get around to adding a new variable.

The Property Manager system provides a single interface for chosen program state
information, and allows the creation of new variables dynamically at run-time. The latter capability
is especially important for the JSBSim flight control system (FCS) model because the various
flight control components (PID controllers, switches, summer, gains, etc.) that make up the
control law definition for an aircraft exist only in a specification file. At runtime, after parsing the
component definitions, the components are instantiated, and the property manager creates a
property to store the output value of each component.

Properties themselves are like global variables with selectively limited visibility (read or

| SectionOne ! & SN 7
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read/write) that are categorized into a hierarchical, tree-like structure that is similar to the
structure of a Unix file system. The structure of the property tree includes a root node, sub nodes,
(like subdirectories) and end-nodes (properties). Similar to a Unix file system, properties can be
referenced relative to the current node, or to the root node. Nodes can be grafted onto other
nodes similar to symbolically linking files or directories to other files or directories in a file system.
Properties are used throughout JSBSim and FlightGear to refer to specific parameters in program
code. Properties can be assigned from the command line, from specification files and scripts, and
T in the case of FlightGear i even via a socket interface. References to parameters as properties
look like position/h -l - ft , and aero/gbar - psf .

To illustrate the power of using properties and configuration files, consider the case of a high-
performance jet aircraft model. Assume for a moment that a new switch has been added to the
control panel for the example aircraft that allows the pilot to override pitch limits in the FCS. For
FlightGear, the instrument panel is defined in a configuration file, and the switch is defined there
for visual display. A property name is also assigned to the switch definition. Within the flight
control portion of the JSBSim aircraft specification file, that same property name assigned to the
pitch override switch in the instrument panel definition file can be used to channel the control laws
through the desired path as a function of the switch position. No code needs to be touched.

Specific simulation parameters are available both from within JSBSim and in configuration file
specifications via properties. As mentioned earlier, properties are the term we use to describe
parameters that we can access or set.

Many properties are static properties i i.e. those properties that are always present for all
vehicles. The aerodynamic coefficients, engines, thrusters, and flight control/autopilot models will
also have dynamically defined properties. This is because the whole set of aerodynamic
coefficients, engines, etc. will not be known until after the relevant configuration file for an aircraft
is read. One must know the convention used to name the properties for these parameters in order
to access them. As an example, the flight control system for the X-15 model features the following
components, among others:

<flight_control name="X -15">
<channel name="Pitch">

<summer n ame="Pitch Trim Sum">
<input>fcs/elevator - cmd- norm</input>
<input>fcs/pitch - trim - cmd- norm</input>
<clipto>
<min> - 1</min>
<max>1</max>
</clipto>
</summer>

<aerosurface_scale name="Pitch Command Scale">
<input>fcs/pitch - trim - sum</input>
<range>
<min> - 50</min>
<max>50</m ax>
</range>
</aerosurface_scale>

| SectionOne ! & SN 8
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<pure_gain hame="Pitch Gain 1">
<input>fcs/pitch - command scale</input>
<gain> - 0.36</gain>

</pure_gain>

A close examination of the above series of components reveals a hint as to how the property
names are given to components that are defined at rur
Trim Sumod) takes input from two pl ac-emwnormmdngé known st e
fes/pitch-trim-cmd-norm. The next component takes as input the output from the first component.
The input property listed for the second component is fcs/pitch-trim-sum. The convention for
automatic naming of properties for the flight control system (FCS) and autopilot is that all non-
al phanumeric characters in a compeinentThname narleu drees
spaces and slashes. Additionally, all letters are made lower-case. Continuing with the above case
shows that the Pliascth cGampno nledont ,t alk es as i nput the ou
component , APitch Command Scaled, which is given the
fcs/pitch-command-scale.

So, now we have a way to access many parameters inside JSBSim. We know how the FCS is
assembled in JSBSim. The same components used in the FCS are also available to build an
autopilot, or other system.

Math

Functions
The function specification in JSBSim is a powerful and versatile resource that allows algebraic
functions to be defined in a JSBSim configuration file. The function syntax is similar in concept to
MathML (Mathematical Markup Language, www.w3.org/Math/), but it is simpler and more terse.
A function definition consists of an operation, a value, a table, or a property (which evaluates
to a value). The currently supported operations are:

==

sum (takes n arguments)
difference (takes n arguments)
product (takes n arguments)
guotient (takes 2 arguments)
pow (takes 2 arguments)
exp (takes 2 arguments)

abs (takes n arguments)

sin (takes 1 arguments)

cos (takes 1 arguments)

tan (takes 1 arguments)

asin (takes 1 arguments)
acos (takes 1 arguments)
atan (takes 1 arguments)
atan2 (takes 2 arguments)
min (takes n arguments)
max (takes n arguments)

=A =4 =4 4 4 -4 -4 -4 -4 -4 -4 -4 -4 -4 -4
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avg (takes n arguments)
fraction (takes 1 argument)
mod (takes 2 arguments)

=A =4 =4 =4

random (Gaussian random number, takes no arguments)
1 integer (takes one argument)

An operation is defined in the configuration file as in the following example:

<sum>
<value> 3.14159 </value>
<property> velocities/gbar </property>
<product>
<value> 0.125 </value>
<property> metrics/wingarea </property>
</product>
</sum>

In the example above, the sum element contains three other items. What gets evaluated is
written algebraically as:

3.14159 + gbar + (0.125 * wingarea)

A full function definition, such as is used in the aerodynamics section of a configuration file
includes the function element, and other elements. It should be noted that there can be only one
non-optional (non-documentation) element - that is, one operation element - in the top-level
function definition. The <function> element cannot have more than one immediate child
operation, property, table, or value element. Almost always, the first operation within the function
element will be a product or sum. For example:

<function name="aero/coefficient/CIr">
<description>Roll moment due to yaw rate</description>

<product>
<property>aero/qbar - area</property>
<property>metrics/bw - ft</property>
<property>aero/bi2vel</property>
<property>velocities/r - aero - rad_sec</property>
<table>
<independentVar>aero/alpha - rad</independentV  ar>
<tableData>
0.000 0.08
0.094 0.19
</tableData>
</table>
</product>

</function>

The "lowest level" in a function definition is always a value or a property, which cannot itself
contain another element. As shown, operations can contain values, properties, tables, or other
operations.

Some operations take only a single argument. That argument, however, can be an operation
(such as sum) which can contain other items. The point to keep in mind is any such contained
operation evaluates to a single value - which is just what the trigonometric functions require
(except atan2, which takes two arguments).
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Finally, within a function definition, there are some shorthand aliases that can be used for
brevity in place of the standard element tags. Properties, values, and tables are normally referred
to with the tags, <property>, <value>, and <table>. Within a function definition only, those
elements can be referred to with the tags, <p>, <v>, and <t>. Thus, the previous example could
be written to look like this:

<function name="aero/coefficient/CIr">
<description>Roll moment due to yaw rate</description>
<product>
<p> aero/gbar - area </p>
<p> metrics/bw - ft </p>
<p> aero/bi2vel </p>
<p> velocities/r - aero - rad_sec </p>
<t>
<independentVar> aero/alpha -rad < /independentVar>
<tableData>
0.000 0.08
0.094 0.19
</tableData>
</t>
</product>
</function>

2.3.2

Tables
One, two, or three dimensional lookup tables can be defined in JSBSim for use in
aerodynamics and function definitions. For a single "vector" lookup table, the format is as follows:

<table name="property_name">
<independentVar lookup="row"> property_name </independentVar>
<tableData>
key 1valu e 1
key 2 value 2
key n value_n
</tableData>
</table>

The lookup="row" attribute in the independentVar element is optional in this case; it is
assumed that the independentVar is a row variable. A real example is as shown here:

<table >
<independentVar lookup="row"> aero/alpha - rad </independentVar>
<tableData>
-1.57 1.500
-0.26 0.033
0.00 0.025
0.26 0.033
1.57 1.500
</tableData>
</table>

The first column in the data table represents the lookup index (or breakpoints, or keys). In this
case, the lookup index is aero/alpha-rad (angle of attack in radians). If alpha is 0.26 radians, the
value returned from the lookup table would be 0.033.
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The definition for a 2D table, is as follows:

<table name="property_na me">
<independentVar lookup="row"> property_name </independentVar>
<independentVar lookup="column"> property _name </independentVar>
<tableData>
{col_1 key col 2 key ... col_n_key}

{row_1 key}{col_1 data col 2 data ... co |_n_data}
{row_2_key}{... S }
o H e e }
{row_n_key}{... e e }
</tableData>
</table>

The data is in a gridded format. A real example is as shown below. Alpha in radians is the row
lookup (alpha breakpoints are arranged in the first column) and flap position in degrees is split up
in columns for deflections of 0, 10, 20, and 30 degrees):

<table>
<independentVar lookup="row">aero/alpha - rad</independentVar>
<independentVar lookup="column">fcs/flap - pos - deg</independentVar>

<tableData>
0.0 10.0 20.0 30.0

- 0.0523599 8.96747e - 05 0.00231942 0.0059252 0.00835082
- 0.0349066 0.000313268 0.0 0567451 0.0108461 0.0140545
-0.0174533 0.00201318 0.0105059 0.0172432 0.0212346
0.0 0.0051894 0.0168137 0.0251167 0.0298909
0.0174533 0.00993967 0.0247521 0.0346492 0.0402205
0.0349066 0.0162201 0.0342207 0.0457119 0.0520802
0.0523599 0.0240308 0.0452195 0.0583047 0.0654701
0.0698132 0.0333717 0.0577485 0.0724278 0.0803902
0.0872664 0.0442427 0.0718077 0.088081 0.0968405

</ tableData>

</table>

The definition for a 3D table in a coefficient would be (for example):

<table name="property _name">
<independentVar lookup="row"> property_name </independentVar>
<independentVar lookup="column"> property _name </independentVar>
<in dependentVar lookup="table"> property_name </independentVar>
<tableData breakpoint="table_1 key">
{col_1 key col 2 key ... col_n_key}
{row_1_key} {col_1_data col_2_data ... col_n_data}

{row_2_key}{... S }
{... }{. e e }
{row_n_key}{... e e }

</tableData>
<tableData breakpoint="table_2_key">

{col_1_key col_2 _key ... col_n_key}
{row_1_key} {col_1_data col_2_data ... col_n_data}
{row_2_key}{... e e }
{.. }{. e e }
{row_n_key} {... S }

</tableData>

<tableData breakpoint="table_n_key">
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{col_1 key col 2 key ... col_n_key}
{row_1 key}{col_1 data col 2 data ... col_n_data}

{row_2_key}{... S }
o H e e }
{row_n_key}{... e e }
</tableData>
</table>

[Note the "breakpoint” attribute in the tableData element, above.] Here's an example:

<table>
<independentVar look up="row">fcs/row - value</independentVar>
<independentVar lookup="column">fcs/column - value</independentVar>
<independentVar lookup="table">fcs/table - value</independentVar>
<tableData breakPoint=" -1.0">

-1.0 1.0
0.0 1.0000 2.0000
1.0 3.0000 4.0000
</tableData>
<tableData breakPoint="0.0000">
0.0 10.0
2.0 1.0000 2.0000
3.0 3.0000 4.0000
</tableData>
<tableData breakPoint="1.0">
0.0 10.0 20.0
2.0 1.0000 2 .0000 3.0000
3.0 4.0000 5.0000 6.0000
10.0 7.0000 8.0000 9.0000
</tableData>
</table>

Note that table values are interpolated linearly, and no extrapolation is done at the table limits
1 the highest value a table will return is the highest value that is defined.

2.4 Forces and Moments

2.4.1 Aerodynamics
There are several ways to model the aerodynamic forces and moments (torques) that act on
an aircraft. JSBSim started out by using the coefficient buildup method. In the coefficient buildup
method, the lift force (for instance) is determined by summing all of the contributions to lift. The
contributions differ depending on the aircraft and the fidelity of the model, but contributions to lift
can include those from:

1 Wing
i Elevator
1 Flaps

Aerodynamic coefficients are numbers which, when multiplied by certain other values (such as
dynamic pressure and wing area), result in a force or moment. The coefficients can be taken from
flight test reports or textbooks, or they can be calculated using software (such as Digital
DATCOM or other commercially available programs) or by hand calculations.

Eventually, JSBSim added support for aerodynamic properties specified as functions. Within
the <aerodynamics> section of a configuration file there are six subsections representing the 3
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force and 3 moment axes (for a total of six degrees of freedom). The basic layout of the
aerodynamics section is as follows:

<aerodynamics>

<axi s name
c

{ force ions ¢é}
</axis>
<axi s name=0SI| DEO >

{ force contributions ¢é}
</axis>
<axis name=0LI FTO0>

{ force contributions ¢€}
</axis>
<axi s name=0ROLLO>

{ moment contri butions ¢é}

</axis>

<axis name=0PI|I TCHoO >
{ moment contributions ¢é&}
</axis>

<axis name=0YAWO>
{ moment contributions &}
</axis>

</aerodynamics>

Individual axes are not all absolutely required. There are several standard grouped sets of
axes that are supported in JSBSim:

DRAG, SIDE, LIFT (wind axes)
1 X, Y, Z (body axes)
1 AXIAL, SIDE, NORMAL (body axes)

All three systems accept ROLL, PITCH, YAW axis definitions. The axial systems cannot be
mixed.

Within the axis elements, functions are used to define individual force or moment contributions
to the total for that axis. Functions are used throughout JSBSim. In defining a force or moment,
functions can employ the use of tables, constants, trigonometric functions, or other standard C
library functions. Simulation parameters are referenced via properties. Here is an example:

<function name="aero/ force /CLDf">
<description>Lift contribution due to flap deflection</description>
<product>
<property>aero/function/ground - effect - factor - lift</property>
<property>aero/gbar - area</property>
<table>
<independentVar>fcs/flap - pos - deg</independentVar>
<tableData>
0.0 0.0
10.0 0.20

| SectionOne ! & SN 14




JSBSim Reference Manual v1.0

20.0 0.30
30.0 0.35
</tableData>
</table>
</product>
</function>

In this case, a description in words of what the above does is as follows: CLDf (the
contribution of lift due to flap deflection) is the product of the ground-effect-factor-lift, gbar-area,
and the value determined by the table, which is indexed as a function of flap position in degrees.

All of the functions in an <axis> section are summed and applied to the aircraft in the
appropriate manner. There is some flexibility in this format, though. Functions that are specified
outside of any <axis> section are created and calculated, but they do not specifically contribute to
any force or moment total by themselves. However, they can be referenced by other functions
that are in an <axis> section. This technique allows calculations that might be applied to several
individual functions to be performed once and used several times. The technique can be taken
even further, with actual aerodynamic coefficients being calculated outside of an <axis> definition,
with the coefficients subsequently being multiplied within function definitions by the various
factors (properties) that turn them into forces and moments inside an <axis> definition.

As an e x a mamieethe liftdorcé due to angle of attack (alpha). We know that
increasing the angle of attack increases lift i up to a point. Lift force is traditionally defined as the
product of dynamic pressure (gbar), wing area (S;), and lift coefficient (C.). In this case, the lift
coefficient is determined via a lookup table, using alpha as an index into the table:

<function name="aero/coefficient/CLalpha">
<description> Lift_due_to_alpha </description>
<product>
<property> aero/gbar - psf </property>
<property>  metrics/Sw -sqft </property>
<table name=0CLO>
<independentVar lookup="row"> aero/alpha -rad </independentVar>
<tableData>
-0.20 -0.720
0.00 0.240
0.22 1.300
0.60 0.664
</tableData>
</table>
</product>
</function>

The above functi on ring saledlated manyntimeés Per setopdras ISBSime
executes. The value of the function is the product of gbar, wing area, and lift coefficient as
determined by the lookup table. For instance, if alpha (in radians) is 0 degrees, the lift coefficient
is 0.240.

So, for the aircraft we are modeling, where do we get this information about the lift coefficient
i or any other aerodynamic data? An early task in modeling any aircraft is to collect the aircraft
characteristics informationi a sor t of fetfoat.tOae chnebegm with @ search using the
NASA Technical Report Server search engine at: http://ntrs.nasa.gov. For instance, a search
phrase of i B e e ¢ metuthé&d &everal documents, and one was available as a PDF file:
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Stability and control derivative estimates obtained from flight data for the Beech 99
aircraft, Tanner, R. R.; Montgomery, T. D.

Lateral-directional and longitudinal stability and control derivatives were determined from

flight data by using a maximum likelihood estimator for the Beech 99 airplane. Data were

obtained with the aircraft in the cruise configuration and with one-third flap deflection. The
estimated derivatives show good agreement with the predictions of the manufacturer.

Next, one might search for an FAA Type Certificate Data Sheet (TCDS) at:
http://www.airweb.faa.gov/Requlatory and Guidance Library/rqMakeModel.nsf/
A careful sTerBE GERTIHICATE DtAoT Ai SHEET NO. ABEeLIC® O f or t he
aircraft.
Documents such as these can be helpful in crafting an aircraft aerodynamic model. If you are
unable to find stability and aerodynamic information about the aircraft you are interested in, try
finding a comparable aircraft. For instance, the CV-880, B747, and C-5 all have data published in
Aircraft Handling Qualities Data, by Heffley and Jewell.
First of all, the NASA Beech 99 Technical Memo mentioned above contains specific
information about the aerodynamicqu al i ti es of the ai theginardatinga Let 6s | ook
JSBSim aerodynamics specification for a specific aircraft.
As mentioned, JSBSim uses the coefficient buildup method for calculating aerodynamic forces
and moments on an aircraft. We have a nice report for the Beech 99 showing both the
manufacturerbés estimates and flight test data for the

Longitudinal coefficients (i.e. xz-plane symmetric coefficients, lift, pitch, drag)
(1) Cy=C,a+C,,d,+Cy

_ qc
@ C,=C,a+C, =+Cya,+C,
3 Cp=Cp, +KC’
Lateral coefficients (i.e. side force, roll, yaw)

@ C, =C,b+C,ad,+Cya +C,

G C :C|,,b+c|p %b"'ch %"'Cldada +C,a +C

b rb
(6) Cn =Cn b+Cn p_-'-Cn _+Cna’ da +Cna’dr +Cn
b p 2/ T N a r 0
The above equations are for (in order), normal force coefficient, pitch moment coefficient, drag
coefficient, side force coefficient, rolling moment coefficient, and yaw moment coefficient. There is
no lift coefficient specified. For low alpha, the normal and lift coefficients are very close.

The manufacturer 6s esti mates for the aerodynamic force and
follows:

(7 CLa =0.096+ 0.151("3’C (per degree; no flaps)
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(8) CLa =0.101+ 0.151C']"c (per degree; 1/3 flaps)

@ C, =0.0275+0.0625,
(10) C,, , =0.010+ 0.0104,  (per degree)

(11) C,, =-0.034- 0.032Q,  (per degree)
(12) C,, =-431 (perradian)

(13) Cmq =-3.40 (per radian)

(14) C, =0.014- 0.00157, (per degree)
(15) C,b =-0.0023 (per degree)

(16) CYb =-0.010 (per degree)

a7 Cnd, =-0.0014 (per degree)

(18) C,, =0.00017- 0.000022Xx (per degree)
(19) CY[,r =0.0026 (per radian)

(20) C, =-0.20- 0.197(a (per radian)

(21) CIr =0.05+0.623Cx (per radian)

(22) CY =0.394 (per radian) ’&% HHH ,:;?*':T;“;I_‘,‘ i ImE
N N NN NN NS R
(23) C, =0.0079- 0.762 (per radian) HHHHH 1 HAHH A
’ o
(24) C, =-0.515 (per radian) EEnmmamamE=S -r} 7 !
2 t 1%
.. . T 71
(25) CYp =-0.199- 0.385 (per radian) Jassanasn ! SEEREYEEEE
“T1 | ] SN ARNEE|
L [l | L] . : H L -
(26) C,,, =0.0027 (per degree) SR EESREREEERERauNEREy S EEEN
O EEEL NP/ G AN
& 1] | A N AEEE
(27) Cnda =-0.001E (per degree) I: o Qf‘"]‘/ :;yai T , :
= asnEEEENEs i NEE ANNEEEREREEEN
The subscripts p, q, r, refer to rates about the § arbH A HE 8 HHEEREE
g HE.& 11 & |
X,¥,z, a x,gwhere Xiis a, r, e) refers to the & HHHT o immmma ! i H
S E N ] EEENNEE
deflection of the aileron, rudder, or elevator, ’ AmmmEmmEraEEmEY 2 ; iZ:
respectively; |, m, n, refer to moments about the C HHHERE A
1 | |
X, Y, z, axes; U, b, refer to angle of attack and d AT "l , H T
. . ) & L,.“_,‘ R i ! 1\ 1‘ 11
angle of sideslip; L, D, and Y, refer to lift, drag, ¥os r;—j—&i’—, . ¥ ' T I
and side force. T, refers to thrust coefficient, and  FHHHHHSE B
is defined as follows: gj '—1:_7 HHHHT S &N TT‘T,F
PR 2 ]
Thrust T
(28) TC = qs -5 -z_;t 7rT;4»_lJ_’LJ_}_I_a I | oTii ":‘Lj_ y j: .__L":i—lli
Section angle of o1acK, &, deg e
NACA 4412 Wing Section
These coefficients and derivatives are not all -
necessarily the last word on aerodynamic Figure 1 Lift curve for NACA 4412 Wing Section (2D)
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modeling for the Beech 99 1 the data comes from testing that was done for a particular purpose
that is not necessarily supposed to result in a full aerodynamic database for simulation modeling.
So, we are left with data obtained within a fairly narrow flight envelope. We can look at the
coefficient and derivative data and make adjustments on a one-by-one basis. But, not only are
there adjustments that can be made to the set of coefficients, but additional ones that can be
added in.

Let 6s c o glirstiTHessymbdL C, gis shortha n d f 6 § or th&€change in lift coefficient
with a change in alpha. This is just the slope of the lift coefficient curve (see Figure 1 for an
example). The Iift curve slope for an ideal 2D airf
airfoil, the lift curve does not pass through zero i that is, there is an inherent lift to the airfoil even
at zero angle of attack. Furthermore, a real wing (i.e. not a 2D airfoil section) is not as efficient as
an airfoil, and the slope of the Iift curve wil!/| be
will eventually stall at a particular angle of attack, perhaps around 12-16 degrees. The information
given in the Beech 99 report is valuable; however, some adjustments will have to be made to
account for stalling. The value of C_ ydefines a slope i a line that goes on forever! Knowing that
the lift attributable to alpha is complexi i t 6 s tnaight lineai we might instead consider
creating a lookup table or function that includes the behavior at stall. Unfortunately, little or no
information is given to us about stall in the document, but some searching suggests 73 kts (123
ft/sec) as the stall speed. Also, what about the post-stall behavior? Modeling post-stall and very
high alpha regimes is effectively beyond the scope of this discussion, but suffice it so say we
would like to provide plausible behavior in all regimes where possible. In this case, we can look to

S T -

-
NACA-O01 2 Airfoil Section
o
'—"l‘lt-u.lo.m"_l_l a2l
o Re »0.50x 108

- a Rew0,70x 10°

E; : 100 1e 120 | 130 140 150 1334 170 180

i | [

o 0,2 1 1 R __» i 1
L] TN ]
0.6 71 V . N ‘ \1 '-f T
] ‘ IiNENER S 1] e |
Y i T Ry s/“ \VA,

| 19 NG |
l - -
o e 11 I T

Angle of Attack, = (deg)

a study done by Sandia Labs some years ago. The study resulted in data being collected that
showed the lift coefficient as it varied with angle of attack for symmetric airfoils of varying
thickness, across the entire alpha range of 0 to 180 degrees. Figure 2 shows the lift coefficient for
an airfoil for a full range of alpha. The thickness of the airfoil represented by the data in Figure 2
is 12%. The blended-airfoil wing used on the Beech 99 is 18% thick at the root and 12% thick at
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the tip. We will assert that we can use the data for a 15% thick airfoil as representative of the
average characteristic of the wing.
Not including thrust effects at the moment, the lift coefficient of the wing can be written as:

[ Lift coefficient = 0.939 * {table value} + (0.25 * D ( *0.017)+0.3 |

The lift force is just the above coefficient multiplied by gbar and area:

| Lift force = gbar * wingarea * Lift_coefficient ‘

The equation was developed by asserting that:

1 the effect of camber on the airfoil data effectively adds 0.3 to the lift coefficient,
91 for a 3-D wing the curve must be scaled (0.939),
9 adding a flap setting in degrees (multiplied by 0.017 to convert it to a radian

measurement) multiplied by 0.25 gives the increase in lift coefficient from flaps

The JSBSim-ML representation of the lift of a wing using the 15% thick Sandia data and
information from ATheory of Wing Sectionso,

<function name="aero/force/CLalpha">

<description> Lift force due to a Ipha </description>

<product>
<property>aero/qbar - psf</property>
<property>metrics/Sw - sqgft</property>
<sum name=0aero/ coefficient/ CLal phao>
<value> 0.3 </value> <! --  Lift curve slope camber shi ft -->
<product>
<value> 0.25 </value> <! -- flap setting curve shift - >
<property> fcs/flap - pos - deg </property>
<value> 0.017 </value> <! -- convert degrees to radians - >
</product>
<product>
<value> 0.939583333 </value> <! --  Lift curve scaling value - >
<table name=0aero/ coefficient/Clalphao>

<independentVar lookup="row">aero/alpha
<tableData>

- deg</independentVar>

NACA wi

-180
-170
- 160
- 150
- 140
-130
-120
-110
- 100

60
70
80
90

0.0000
0.8500
0.6350
0.7700
0.9800
0.8500
0.6700
0.4500
0.1850

0.8750
0.6300
0.3650
0.0900

n

100 -0.1850
110 -0.4500
120 -0.6700
130 -0.8500
140 -0.9800
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150 -0.7700
160 -0.6350
170 -0.8500
180 0.0000
</tableData>
</table>
</product>
</sum>
</product>

</function>

24.2

This specification should produce
a fairly smoothly changing lift force in
a wide range of conditions. Note that
this is a force calculation 1 the lift
coefficient has been multiplied with
gbar and the area of the wing.

This function defining the lift force
on the wing due to angle of attack is
but one contribution to the total lift
force on the aircraft. When the
elevator is moved, it also changes the
lift force of the tail, which results in a
pitch moment on the aircraft i the
main purpose of the elevator 1 but the
change in lift force must be taken into
account in the total lift force
calculation.

Developing an accurate
aerodynamic model of an aircraft is
an art form in itself, and crafting more
accurate and detailed aerodynamic
models can involve great expense
and effort using wind tunnels and
computational facilities. But the first
step is to gather as much information
as is possible for the vehicle being
modeled.

4#’

2 Hartzell HGB3TN-3 or HGB3TN-3B hubs with
Hartzell T10173EB or T10173B8 blades.
Diameter: 933/8 in.

Pitch settings at 30 in. sta.:

Reversing propeller:

Reverse 11°

Feather 87°

AN

Beechcraft B99
Model A99A Airliner

Horizontal tail span 22.38 feet (6.82 met
Tail area 100 fed(9.29 metery

MAC 4.63 feet (1.41 metel

Aspect Ratio 5.

Sweep 17

Dihedral 7°

»

«
Flight idle propeller low pitch stop is set so that
2000 r.p.m., torque shall be awlicated 600 +60
ft.-Ib. corrected for sea level standard day.
Secondary flight idle stop shall be 210 +40
propeller r.p.m. higher than flight idle stop with
gas generator speed of 70 percent.

Engine thrust lines and wheelbe
span 13 feet (3.96 meters)

Flap total Area 37.8%(3.51 nf)
Flap span (each) 12.4 ft (3.78 m
Flap chord 1.5 feet (0.46 m)

Wing area 279.97%1(26.01 meter$

Wing chord (MAC) 6.5 feet (1.98 meters)
Aspect Ratio 7.54

Dihedral 6.8 degrees

Wing root airfoil NACA 23018

Wing tip airfoil NACA 23012

Weight

Empty equipped 5777 Ibs. (2620 kg)

Full Fuel

Max takeoff 10,900 Ibs. (4944 kg)

CG @ +179 to +195 in. (gear extended), 26% MA
Ixx 12,464.8 slugft’ (16,900 kgm’)

lyy 17,627 slugft® (23,900 kgm?)

1zz 28,691 slugt? (38,900 kgm?)

Elevator

Area 26.4 ft (2.45 nf)
MAC 0.39

Engine thrust offset 2°
‘DWXP " 1ZG RI P
|
|

1

18 feet (5.48 meters)

Propulsion
Several different engine types are modeled in JSBSim,
1 Piston
1 Rocket
1 Turbine
1 Turboprop
1 Electric

Wingspan 45.9 feet (13.98 meters)
Fuselage/Propigr clearance 3 inches (0.076 mete

Engines: Pratt & Witney PT6A27,
Shaft HP 680, Equiv. Shaft HP 71
Jet thrust 76 Ibs., Max. allowable
TIT 1337° F (725° C). Propeller
shaft speed 2100 rpm. Burns-4pP
JR5, JR8, Jet A, Jet AL, Jet B

Aileron totd area 13.9 ft(1.29 nf)
Aileron span (each) 7.9 ft (2.4 m)
Aileron chord 0.9 ft (0.28 m)

Maximum operating speed: 260 mph (226 kt
@ 15.5kft, for 15.5kft t@5kft decrease 4 kts
per 1kft)

Maneuvering speed: 195 mph (169 kts)
Flaps extend speed: 161 mph (140 kts)
Landing gear extend: 180 mph (156 kts)
Landing gear operating: 150 mph (130 kts)

Flaps Maximum 43°
Aileron up 18°, down 15°
Elevator up 12°, down 15°
Stabilizer up 4.25°, down 3.5°
Rudder right 26°, left 20°
Vertical tai
Area 44.9 ft (4.17 nf)
Span 7.6 ft (2.32 m)
MAC 6.3 ft (1.9 m)
AR 1.29
Sweep 19.5°

Rudde Height 14.4

Aeal2ff(112m) — eet(4.38m)
MAC 0.5¢ N
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