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1 Introduction

The motivation of this thesis is to create a camiadple and comprehensive
simulation of a car suspension system with a watvikn and a novel active control. The
virtual nature of the model allows for greater raraf options than a physical model
would. This includes the ability to instantaneousthange parameters and observance of
physical reactions that would normally be mechdhjicar monetarily intensive to
configure. The virtual environment brings flexityil into demonstrations as well as
repeatability. Akhtdr and Kim et af. showed that virtual simulations created an
environment that facilitated design and promotedeustanding of a physical system
respectively.

Due to the nature of the project, comparisons @ @n important aspect of the
environment. The user is allowed to run a simokatvith one set of parameters, then
immediately change the parameters to run it agamg compare the results of the
simulation. This allows for a demonstration of holmanges in certain parameters effect
changes in response and how an optimal set of gaeasnfor one input is not the optimal
set for another.

The name given to the virtual environment usedhis tealization is recursive
acronym CAVE, which stands for the CAVE AutomatiértMal Environment. The
CAVE used is a collection of audio and visual equémt and position sensors that are
connected to an Onyx2 computer. The Onyx2 presesgormation and outputs to a
room with three walls and a floor that are usedidso screens. This allows the user to
have the feeling of immersions in the virtual eadiment. The user also has a joystick-
like device called a “wand” to navigate through thrtual environment and interact with
it.

The software used to program the three dimensiengironment is written in
C++ utilizing OpenGL Performer graphical librariesThree dimensional objects in
environment can either be created from points,, laved polygons using the graphical
libraries, or imported from files created with e@nt three dimensional modeling
software. The following pages detail a brief backopd of virtual reality technologies,
the creation and integration of the dynamics amkeriatics of the model, and the

simulation results.



1.1: Introduction to Virtual Reality

Depending on the point of view, virtual reality Hasen described in many ways
such as some who choose to define it from by tlés tthat are used. But this can be
limiting since many input and output devices caniriierchangeable, especially in an
ever developing field. In terms of functionalitygwever, virtual reality can be defined as
an interactive environment designed around a gcaplterface. Burdea and Coiftet
encompass the components of virtual reality as “ffteee ‘I's of Virtual Reality”

specifically immersion, interaction, and imaginatio

Virtual Reality Triangle

Interaction Imagination

Figure 1: Components of Virtual Reality (Burdea andCoiffet®)

Sherman and Cral@glso describe these same three components, \ehiéening
“Imagination” to “Virtual World” but also delineat& fourth component i.e. “Sensory
Feedback”.

The first hardware for Virtual Reality can be trddeack to 1962 with the patent

of the “Sensorama Simulatowhich used analog images taken by a pair of 35 mm



cameras side by side. In 1968, Ivan Sutherlasdridees the development for one of the
first Head Mounted Displays (HMD) designed for wat reality. By the end of the
decade, the graphical interface evolved to digyi@phics reaching 200 polygons per
scene. Through the 70s and 80s, the military a~A8Atook the lead with virtual reality
technology. For the military, portability of thefsvare was a key factor for the flight
simulators, since new planes were being constatglieloped. NASA's interest came
from the need for simulations of extra terrestaahditions. In 1984 NASA hired Scott
Fischer to create the Virtual Interface Environm@tarkstation (VIEW) lab through a
cooperative effort with several other companiesudiong Fakespace, Inc., the supplier of
the original CAVE lab at the University of Marylan8y the late 1980s computers began
to be powerful enough to replace the wireframe iesagith flat shaded surfaces. By
1989, Autodesk announced th€yberSpaceroject which allowed 3D world creation on
personal computers. In 1992, the SIGGRAPH compgtaphics conference first
déebuted the CAVE developed by the Electronic Vigadion Lab at the University of
lllinois. 1995 ushered the first sub $1,000 HMDiethincludes head tracking developed
by Virtual 1/0. By 2007, developers were takingvadtage of readily available
computation power tracing particles. Scirski et developed hybrid systems for use
with particle tracing. That same year Waldner ket developed a system allowing
multiple users to have independent perspectivesilmeously using polarized light.
Figure 2 shows the increase of the VR market sli9&S.

VR Market

(US dollars)
103“_

1 Bilion "

1993 1996 2000 2005 Year

Figure 2: Size of VR Market (Burdea and Coiffef)



Virtual reality technology has evolved today to lsua point that multiple
variations of interaction have involved. A claisifion system was introduced by Bill
then adapted by Biocca and L8vyThe adapted a classification broke the intevasti

into 6 variations:

Table 1: Classification of Systems (Biocca and Leby

Types Description®

Window systems A computer screen provides a window or portal onto an inter-
active, 3-D virtual world. Desktop computers are often used
and users sometimes wear 3-D glasses for stereoscopic effects.

Mirror systems The users look at a projection screen and see an image of them-
selves moving in a virtual world. Video equipment is used to
record the user’s body. A computer superimposes a cut-out
image on a computer graphic background. The cut-out images
of themselves on the screen mirrors their movements, hence
the name mirror systems.

Vehicle-based systems The users enter what appears to be vehicle (e.g., tank, plane,
car, space ship, etc.) and operate controls that simulate move-
ment in the virtual world. The world is most often projected
on screens. The vehicles may include motion platforms to sim-
ulate physical movement.

Cave systems Users enter a room or enclosure where they are surrounded by
large screens that project a nearly continuous virtual scene.
3-D glasses are sometimes used to enhance the sense of space.

Immersive virtual reality Users wear displays that fully immerse a number of the senses in

systems computer generated stimuli. The stereoscopic head-mounted
displays (HMD) are a distinctive feature of such systems,
Augmented reality Users wear a visual display (e.g., transmissive HMD) that super-
systems imposes 3-D virtual objects on real-world scenes,

One can see that the fourth item on Table 1, isyséem utilized for this project.

Details of the CAVE layout and hardware as it aggplto the University of Maryland
Mechanical Engineering CAVE can be found in Appandi;: CAVE Lab and

operation of said CAVE can be found in Appendix®peration of the CAVE

1.2: Introduction to Car Suspension Modeling withadtrol

Many variations of the car model have been utilidepending on the focus of the
application. Quarter car models are often usededucational material such as
Maxwell’®, Garnet!, and Ra¥’. These tend to be 1 or 2 degree of freedom (DOF)
systems. Others, still, use it as a baseline véxghoring new control systems such as

Vakakis or for reducing computation costs such as Zherzg '8t



Yao™ uses a 4 DOF half car model as a starting pointémonstrate an
egomotion estimation algorithm for use with autooom navigation as does Taghirad
and Esmailzadéf to design a controller that minimizes driver andssenger
acceleration. Yoshimura et dluse a 6 DOF half car model to demonstrate an ectiv
suspension using dynamic absorbers.

Full car models usually occur with 7 or 10 DOF. eTh DOF model is usually
sufficient for cases without forward or lateral @etcation, in other words, straight and
level driving with constant velocity. Zheng et'af® Lu®®, Yad®, and Kruzek and
Stribrsky* all use 7 DOF models for their respective papersanlinear energy sinks,
multi-objective B and H control, an algorithm for autonomous navigatiord an
analysis on roll and pitch due to breaking and eong, an exception to the
aforementioned cases. Kruzek and StribTstgke an additional step and model effect of
the ride on the passenger. Cases that take intouatdongitudinal and lateral
accelerations are usually are dealt with 10 DOResys. Kim and RS simplify that
common 10 DOF system by categorizing the degredseefiom into those that most
affect the ride and those that most affect handtimgn, using reducing a technique,
simplify the system to 7 DOF. As an example of flieceding models, Appendix C
overviews preliminary programs created using quade and half car models.

The type of car modeled will be dependent on tharpaters associated with the
car. A car with a center of gravity close to thent and a loose suspension system will
could correspond to an empty truck. A vehicle watttenter of gravity closer to the
center and a tight suspension system could comelspm a sportscar. Allowing these
parameters to be chosen by the user as in thisImaoldi@llow flexibility in the design
process.

Many of these papers many of these papers focusombrol designs and
implementation of specific types of active suspemssystems discusses later in this
paper. However, though out of the scope of thisepathese, too, can be modeled

independently of the car such as in Groom and St



2 Mathematical Modeling of the Dynamics of a Full @r

The model described below is a seven degree addraesystem including heave
X, pitch , roll and wheel displacements, w,, ws, wy. Each of the four wheels is
designated with its own input i.§; y» y3 andys All spring constantk between the
wheels and car frame are equal to each other athardamper constants Tire is
modeled with a high spring constants are denotdddnyd negligible damping. THe I,
I3, andl4 lengths are relative to the center of gravity. Blgstem diagram and equations

are shown belo¥t>2>

Figure 3: Passive Full Car Model

The controller for the car will be added betwdam ¢thassis and the each of the

wheels as shown below.

Figure 4: Control Input



2.1: Governing Equations and Series of Equationsanisformation

For completeness, control inputs, denotedify,, Uz, andu,, are added between
the car wheels and car body. The resulting gomagreigquations of the car body heave,

pitch, roll, and wheel displacement is as follows.

MKHK(X- b L ) BOX 7 4 ) KEX £+ Xl Al %), (2.)
Ho(X- I L BOX B IE 8 K(X g5 ) bEXahy A, R), 0, L

Jg- K% lg 1 9l bEX-lg- 14 aql, kX & Fotx) X ¢, 45 X)), (2.2)
'i%(x 11‘7 |4'£ Xa)Jl bi'x 'l’] 4[1 )Q|1 kl'ﬁx "72 'V4 N')J Zb@(ﬂz-ﬁ 4 X:)Jt 2+(lf +1U)3+|'(l2| 2u)
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mx- k(X gt 7k 9 ofXagl -1, x Ky-3 u (2.6)
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Isolating the second derivative results in theolwlhg equations:

MX =-(k+ k+ k+ k) X- (bt b+ Qt b X
+(k1|1' k2|2+ k3|1' k4|2)q+ (bli b!"i b!!-l bL)
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Transforming the second order equations into a&sef first order equations results in

the following.
h=X =%
-kt ktk) X (B B B QX
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The equations from (2.15) can then be used to Ibnddtate space form of the system

X =Ax+Bu+Gy (2.16)

where A is the coefficient matrix to the system variabld®, is a ones matrix
corresponding to the control inputs a@dis a matrix ofk, 's relating the ground input to

the system.

where the input disturbances for harmonic osciltagican be described as:

y, = Hy sin 2pvt Y, = H, Sin_2;|7_Vt +S,
(2.17)
y, = H, sin 2PVt +5, y, = H, sinz’il[ +5, +5,
while a bump excitation can be described by:
y1=i 1- cosﬂ y2=i -1 cg& Sy
2 L 2 L
(2.18)
ygz% 1- cos 2’?_Vt+ S, y4:% -1 COZSLVt' Sqt S,

where H, and H, are the bump height and harmonic amplitudes réiseég Vv is the
velocity of the vehicle is the time past, and is the length of the bump and the length
of a period in the harmonic input.

The s, ands, variables assume that all four wheels travel drersame bump
displacement at different times. Tls accounts for the interval between the front

wheels and the rear wheels, whie accounts for shift between the right set of wheels

and the left set of wheels.
The series of equations in (2.15) in conjunctiothwP.17) or (2.18), are solved
using Runge-Kutta-Fehlberg numerical method. Tdlat®n is solved in real-time at

approximately 100 solutions per second.



3 Active Control of Car Suspension

Active control of suspension systems are increggibecoming a common factor
in new cars. Commercially available active suspmarssfor passenger cars can be traced
back to 1987 with the Electronically Controlled Bession in the Mitsubishi Galafft.
Today, many other car companies have their ownored the active suspension system
including Mercedes Benz, Toyota, Infinity, Jagu@hevrolet, and Cadillac. For example,
Chevrolet and Cadillac utilize a Magneto-Rheolob{8éR) damper called MagneRitfe
developed by Dephi in a few of their cars includihg Cadillac Seville STS, XLR, SRX,
and the Chevrolet Corvette.

Active suspensions come in two forms, purely &guspensions which exert an
independent force such as hydraulic actuated awdremagnetic recuperative (ER) and
semi active suspensions which actively change amepihg coefficient of the suspension
such as valve actuated and the aforementioned Mipela These designs add comfort
to passengers and improve the road handling &sildf the vehicle. A summary of
various techniques can be found in refereri¢é%2°:30:31

A few specific examples of Linear Quadratic Retpda(LQR) and Linear
Quadratic Gaussian (LQG) control are demonstrate@aighirad and Esmailzadétes
well as Sam, Ghani, and AhnTad In addition, use of Nonlinear Energy Sink (NE@}
been proposed by Zheng, Baz, antf'li stemming from vibration control demonstrated
by Vakakis!*>?

In the following paragraphs, the process and desigan LQR and a Nonlinear
Energy Absorber (NEA) controller will be describeal.straightforward system model
without noise is implemented, thus all states Wwél known making an LQG controller

unnecessary.

3.1 Linear Quadratic Regulator (LQR) Design
The previously described full car model can be died in the state space form

X =Ax+Bu+Gy (3.0)
where state vectax is given by

.
x=X X g qg ff x %X % % % % % X (3.1)
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road disturbancev on each wheel is given by

vyl v % vl (3.2)
and control inpuu representing four actuators is given by
u=[u u, u, ul. (3.3)

The LQR control of this Linear Time-Invariant (JTdystem is to be designed for
a Fixed-Final State. Conventionally, determinirtge tcontrol matrix is based on
minimization of performance index below where weighp matricesQ and R are
positive semi-definite and positive definite, resipeely.
¥

J= (xTQx +uTRu) dt. (3.4)

0

However, Taghirad and Esmailzadfekhowed that an Acceleration Dependant

Method (ADM) can be implemented by including pagsgraccelerations in the form

z=[x Xoo| - (3.5)

pl

which can be visualized in Figure 5.

LN b

. " 4
NN\
AN AEERAN

— <

Figure 5: Passenger Locations
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For this system, these represent the vertical la@t®n of the front two

passengers. The corresponding performance intisgral

¥
—_ T T T
J= O(X Qx+uU Ru+z Sz) dt (3.6)
where the weighting matri$ is given by

gz 0 (3.7)
0 s

N

However, the passenger accelerations are linéagpgndant on the state variable

and thus (3.6) can simply be represented as

¥
J= (XTQnX +UTRU) dt (3.8)
0
where the newQ, is given by

Q.= Q+V,/Sv,+Vv, Sy, (3.9)
and linear dependence is described with transfaomaectorsv, andv, such that

Xpr = V1 X (3.10)

X =V, X

where the transformation can be defined by

v, = A, +A, x'1'2'2 0.5 +A, 0.5

(3.11)
V,=A, +A, X '1'2'2 0.5 -A,x0.5
The resulting control is represented in stateldaell form
= - Kx (3.12)
whereK is the state feedback gain matrix determined by
K =R !B'P (3.13)
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and P is the solution of the Algebraic Riccati Equation.

0=A"P+PA- P(BR'B")P+ Q, (3.14)

3.2 Solutions to the Algebraic Riccati Equation (AR

Many papers currently take the solution of the edigaic Riccati Equation for
granted by using by using packaged LQR soléfs®?*3th software such as MATLAB
and MATRIXx. In an attempt to call attention to themerous methods to solve an ARE,
this section reviews a few of these methods. litthven end with the method used in this
simulation.

The Continuous Algebraic Riccati Equation (CARE&YXhe more difficult case to
solve as opposed to the Discrete Algebraic Ridéqtiation (DARE). One of the earlier
and still popular methods was developed by JameBoEer’* This method involves
reorganizing values of the ARE in to a single mxaais follows.

A Q,

M= BRBT) - A (3.15)

The eigenvectors dfl are then found and each eigenvector is writtaherform

q= D (3.16)
C

where b and care the upper and lower halves of the eigenveataespectively. The

solution to the ARE can then be described as

bop el (3.17)

Laub® later improved on this method using the computetibSchur vectors.

These methods are fairly straightforward; howevtebecomes computationally
expensive for larger systems with computationarefjrowing at a rate around.#

Two years later, D.L. Kleinm&hdeveloped an iterative technique which reduced
the Riccati equation into a linear algebraic equasimilar to the continuous Lyapunov

equation form. That same year, R.A. Srifithrote about an iterative solution to solve

13



the matrix equationXA+BX=C for which the continuous Lyapunov equation is a
special case i.e. whe®@=A". Later, Banks and I8 would combine these methods for
an iterative method suitable for large but finitmensional problems.

For this project, the discrete solution was deemederable since it minimized
matrix operations to addition, subtraction, muitation, and finding an inverse and
eliminated the need to find eigenvalues of a higlepmatrix.

The system model and performance index for therelis system is described by:

Xwg = AX B U

(3.18)
1+ Nt T T
‘Ji ZEXNSN Xy +_2 (Xanka+ukR U k)
k=i
where A, and B, were found using Taylor Series estimation.
A =T =(AXT +) +HQT. A T 14
(3.19)

.
B,= €YBdf =(BxT) +HQT. {B )

0
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The corresponding solution for the discrete ARE d&e found using the
following:*°

Q.30 R>0 S2 0 S, given
-1
S =A, S~ SwB(BS.B+ R) BS., Af Q, k<N (3.20)

Kk:(B-IESk+lBk+Rk)-lB-ll—<SkflAk k<N

It can be seen that as opposed to the continu®Es, £he solution here requires

the extra weighting matriXS,, as seen above which provides a starting pointtier

solution of the ARE. For this model, the identitwatrix is used.

3.3 Nonlinear Energy Absorber (NEA) Design
The Nonlinear Energy Absorber is an incrementep gb that of the Nonlinear

Eergy Sink developed by Vakakis This model redistributes energy to lower the
amplitude peaks of the system. Zheng et al. pegbds apply the control to car
suspension systems in two ways. In one pgapene controller was presented for a half
car model. In the oth® four independent controllers were proposed fdulkcar
model. This section describes the addition of @linear spring as well as the nonlinear
damper presented by Vakakis. This allows the systet only to effectively redistribute
the energy, also dissipate it as well. Just db thie LQR, all calculations were to be
made within the program to streamline the virtuggign interface.

Below are three tables that compare the energsipdison of a Vakakis type
system, a linear system, and the new system pesbevith both nonlinear spring and
nonlinear damper. It can be seen that the enasgypdtion of the Vakakis system is the
same as that of the linear system. However, tive system adds an extra term of
dissipation and therefore dissipates more energy #ither the Vakakis system or the

linear system.
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Table 2: Nonlinear Spring (Vakakis type system)

System Equation mx+ bx+ kX =0
. 1 1
Energy Equation =5 mx +Z kX
Energy Decay E=(mx+ kX) x=- bx= E

Table 3: Linear System

System Equation mx+ bx+ kx=0
. 1 1
Energy Equation E= > mx +E k¥
Energy Decay E=(mx+ k) x=- bk= E. = E

Table 4: Nonlinear Damper and Nonlinear Spring

System Equation mx+ bx+ kX + d% =0

Energy Equation :%mx'z +%, k¥

E=(mx+ kX) x=- bk- d% E

Energy Decay \ E:*> ‘Ev:*: ‘5-

Since the NEA relies on nonlinear springs and inear dampers, the addition of
new state variables are required as shown in (3vP@ye iterations =1® 4 correspond

to each of the four controllers as mentioned earlie

T

0= (z-%" 7 (- ¥ X (3.21)

where x and x corresponds to the position and velocity of eathhe wheels and

z,and z; are the points of contact above the wheels orchassis defined by (3.22)

below.
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Z, = X- lg- 1f Zy = X- hg- 1f

Ly = X+ lzq - |3f 4 = X+ |267 - |3f (3'22)
2y = X- hgt If Z = X- gt 1f
Zy = X+ Lg+1f Z,= X+Lg+If

One can see in equation (3.20) that the nonlingéfiness element iz, - x)’

and the nonlinear damping i§. Thus the feedback input is

u; =-Ng (3.23)

where N, Is the gain matrix of the NEA. This would givetsien gains, however, we
can assume that the center of gravity will remanstant laterally and reduce the gain to
eight by declaring the gains for the two front coliérs equal an the two back controllers
equal.

The calculation of the gain parameters My are numerically found by
minimization of the cost function given in (3.8)in the papers by Zhengt al., the
Matlab functionfminunc was utilized as the minimization algorithm. Sinicethe final

version of the program, Matlab was not to be useé, was written for the program (see
Appendix D: Main Source Code A random excitation is created and stored for

the minimization. The system is the repeatedlyestibd to the excitation while the gain

parameters are adjusted to minimize the cost foncti
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4 Matlab Derived Control Solutions®

Though the final version of the simulation waske stand-alone, the initial
calculations for the 7 DOF system were solved udfiaglab software. Interaction and
passive control parameters could be made in resd-tithin the virtual environment, but
gain matrices were calculated using Matlab softvesgarately. Below are results of the

results based on

4.1 Controller Calculations
The performance of the LQR and NEA controllers evevaluated using the

parameters from table 2.

Table 5: Vehicle Parameters

Parameter Unit Value
M, kg 1583

I, kg m? 531/2555
M, /M, M, IM,]| ke 48/48/74/74
K, /K, /K./K, | KNm 35/35/34/34
C,/C.,,/C,IC,, | Nem 400/400/200/200
K,/K,/K,]K, | KNim 220/220/220/220
1,01, m 1.116/1 438

L 1, 11,01 m 0.77/0.77/0.765/0.765

Using an unbounded optimization function in MatlE®dback parameters of
(3.20) corresponding to the minimum energy forrbalinear energy sink was found to
be:
Nl

N, =[2000022035,205.2,- 1504

and

N, =N, =[2000028035805.2,- 1509

such that

N =[N, N, N, N

Using the built in LQR solver in Matlab, the capending LQR solution of the

feedback gairK in (3.11) for the same parameters were found to be
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k,=k,=[-1762.6,846,789.6,3.:

k, =k, =[-2716.8,1078.2,1486:1, 58.
such that

K=[k k k k]

The following graphs in figure 4 show the frequgnand time domain

comparisons between the LQR and NEA responses.
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Figure 6: Frequency and Time Domain Graphs
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4.2 Implementation in Virtual Reality

The figures above depict the responses for thefsgarameters listed in table 2.

In figure 5 NEA control has a lower energy but L@éhtrol has a lower maximum.

Uncontrolled

Ileave - LOQR

Heave - NEA

Figure 7: Heave Response

In the roll and pitch responses, NEA control Hemth lower maximum and
energy. The high frequency jittering seen in theantrolled graphs of the figures below

can be attributed to the limitation of real timéegration.

Unconteelled

Roll - LOR

Roll - NEA

Figure 8: Roll Response
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Unconteelled

Pitch - LOR

Pitch - NEA

Figure 9: Pitch Response
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5 Final Simulation Interface and Results

Having covered the model for the car and the fonstto solve for the control
gains, the final aspect of the simulation is whatuser can experience: input and output
of the virtual environment. A thorough interfac®yides the user with a comprehensive

interaction and understanding with the virtual mode

5.1 Simulation Interface
As mentioned in the introduction, one of the madvantages of having a virtual

environment is the ability to have virtually instaneous changes to the model
parameters. Figure 4 depicts the adjustable mmal@imeters that can be accessed while
in the virtual environment. The hardware that $edi to interact with the environment
can be found in Appendix A. The software renddrgdrface used to interact with the

program includes a menu and a virtual pointer shismigure 10.

® Animation on..off

® Impulse/Harmonic
Toggle Car Body
Control Mode-->
Mass (kg)
Move CG
Springs (N/m)
Dampers (Ns/m)
Amplitude (cm)
Frequency (cycle/m)
Bump Height (cm)
Bump Length (cm)
Car Speed (m/s)
Bump Slant(s) (m)

Figure 10: Program menu and virtual pointer
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The menu itself is composed of three types of fatars. The first two on the
menu are Boolean buttons allowing for one of twaations and for this menu allows an
on/off toggle for Animation and a toggle betweemnhanic and impulse (bump) inputs.
Figure 11 gives an example of the Animation toggiad

@® Animation on..off

® Impulse/Harmonic
Toggle Car Body
Control Mode-->
Mass (kg)
Move CG
Springs (N/m)
Dampers (Ns/m)
Amplitude (cm)
Frequency (cycle/m)
Bump Height (cm)
Bump Length (cm)
Car Speed (m/s)

_Bump Slant(s) (m) |

Figure 11: Menu with Animation On

The second interface is a radio button which atlechoice between multiple

states. Figure 12 allows a toggle for the car baay type of control used in the model.

® Animation on..off ® Animation on..off
® Impulse/Harmonic ® Impulse/Harmonic
Toggle Car Body B Car Body Toggle Car Body
Control Mode--> Chassis Control Mode--> W Passive Only
Mass (kg) CG - View Mass (kg) LQR Control
Move CG Move CG NES Control
Springs (N/m) Springs (N/m)
Dampers (Ns/m) Dampers (Ns/m)
Amplitude (cm) Amplitude (cm)
Frequency (cycle/m) Frequency (cycle/m)
Bump Height (cm) Bump Height (cm)
Bump Length (cm) Bump Length (cm)
Car Speed (m/s) Car Speed (m/s)
Bump Slant(s) (m) Bump Slant(s) (m)

Figure 12: Menu with car body and control mode rado buttons

The final interface is a value adjuster. The paoy allows for adjustments in
mass of the chassis, center of gravity, springdardper coefficients, the amplitude and
frequency of the harmonic input, the height andjterof the speed bump, the car speed,
and the phase shift of the input between the iagiak left wheels. The phase shift allows
the user to adjust the, from (2.17) and (2.18) affecting both the Impudsel Harmonic
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inputs as depicted in the figures. If set to ze¢h® model with essentially virtually
become a four degree of freedom model where thke isolhegated. Each value
adjustments have two levels of positive and negatigjustment that allow for fine and
coarse adjustment. An example of the value adjustshown in Figure 13 with the

adjustment of mass.

® Animation on..off

® Impulse/Harmonic
Toggle Car Body
Control Mode-->
Mass (kg) - - 1500.0000 * -
Move CG
Springs (N/m)
Dampers (Ns/m)
Amplitude (cm)
Frequency (cycle/m)
Bump Height (cm)
Bump Length (cm)
Car Speed (m/s)
Bump Slant(s) (m)

Figure 13: Menu with mass value adjuster

Aside from using the wand to make changes to yaes parameters, the wand is
also used to reset the start position of the cdmavigate within the virtual environment.
The program allows for 4 degrees of movement inolyic, y, z and rotation about the z
(up and down) axis.

Since the geometrical representation of the rogatiis visually subject to the
parameter changes, the geometry of the road ang lisimreated in the program itself.
The car and components of the car, however, arghiormost part merely rotated or
translated. Therefore, these are created using 8#tware and imported into the virtual

environment.

5.2 Simulation Results
Many of the parameters show on the menu can beiseaediately after they are

changed. Figure 14, Figure 15 and Figure 16 shwwcar model with the car body,
chassis, and the center of gravity view respectivelThe chassis view exposes the
suspension system to the observer and the cengmaweity view allows the user to see
where the longitudinal center of gravity is whidiaages as the parameter changes.
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Figure 14: Model with car body

Figure 15: Model with chassis

Figure 16: Model with center of gravity
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Note on the upper left of the interface and inuFég1l7, the current car model
parameters are displayed. Also a graph (Figuresl@so displaying the graphed vertical
displacement of the driver as well as the numemecak displacement and energy of the
displaced driver for both the current run and thevpus run. This allows a comparison

between different parameters.

Figure 17: Model parameters with passive only conol

Figure 18: Graph of driver’s vertical displacement

The figures below depict changes in bump heiglbtlangth, change in left to

right phase, and amplitude and frequency of thenbarc input.

Figure 19: Road with long and high bump far apart
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Figure 20: Road with short and low bump close togéer

Figure 21: Low frequency, high amplitude harmonic nput

Figure 22: High frequency low amplitude harmonic irput

27



The figures below demonstrate the graph in actibne two scenarios run the car
at 2 m/s each showing one run with passive comtnol the second run with LQR and

NEA control respectively.

Figure 23: Car moving at 2 m/s without and with LQRcontrol

Figure 24: Car moving at 2 m/s without and with NEAcontrol

28



6 Conclusions

A virtual model of a car suspension system witlivaccontrol that can be
demonstrated in real time was successfully creatg@R controller and the novel NEA
controller which includes nonlinear damping werendestrated and compared. This
virtual reality model will allow a new medium fagdrning and understanding mechanical
behavior of a car suspension system. The intenfageu allows a user to change the
parameters of the car in a moment and instantlyjtlseehanges in response that result.
This instantaneous change lends a great advantage physical models used in
demonstration, which require time and effort touatljparameters such as stiffer springs,
or more massive weights. This thesis outlines ghecess of not only creating the
system model of a full car, but also allowing itlie adjustable so to enable a user to

explore the system in different configurations.
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Appendix A: CAVE Lab

A.1l: Layout and Introduction
-VR Lab layout
A.2: Projection
-Projectors
-Mirrors
-CAVE walls
A.3: Tracking
-Ascension: Flock of Birds
-Motion Tracker
-Range Extension Controller
A.4: Audio
-MIDI system
-Speaker
A.5: Interface
-Stereo Glasses
-Wand
-Glove
-Headset
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A.1 Layout and Introduction

’
)
\¢

¥ Curtain B Workstation

B Cave B Onyx II Computer

B Projectors B Speakers

m Mirrors m Huron & Flock of Birds

Figure 25: VR Lab Layout
The Figure above describes the layout of the CAUEmonents in virtual reality
lab at the University of Maryland. Note that thss hatched figures represent items
mounted from overhead while the remaining items ragar eyelevel or below. The
following sections will overview the hardware comgats that are utilized in the CAVE

experience. These were written as a tutorialditure users of the CAVE system.

A.2 Projection
There are four digitalGalaxy projectors that display the images of for the CAVE

system. The projectors are remote controllable aedcapable of analog and digital
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inputs. Three of these projectors are set on It to rear project on the walls of the

CAVE while the fourth is mounted from above frombjecting down to the floor.

Figure 26: Standing Projector
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Figure 28: Hanging Projector (Front)

33



Figure 29: Projector Remote

With respect to the lens being in the front, thyhtiside of the projector houses all
the connection for the projector. The main powepdy and switch is located closer to
the rear of the projector (Figure 30) while signahnections and interface buttons are

located closer to the front (Figure 31).

Power
Switch

Power
Cord

Figure 30: Projector Front

There are three type of connection on the baclaol grojector: the RGB inputs,
the Horizontal and Vertical Sync for the video dhd IR sync for the stereo glasses. The
first two connect directly back to the Onyx2, whilee IR sync signal connects to the
other projectors and to the IR emitters descrilbegeiction A.5. The projector shown in

Figure 31 shows all three types of connection endfder described from left to right.
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Figure 31: Projector Back

RGB &
Sync signals
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As shown in the layout in Figure 25, the projectosg mirrors to project their
image onto the screen. This setup allows moramist for the image to expand to the

desired size while saving floor space.

Figure 33: Overhead Mirror
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The images from the projectors are ultimately draypon a hard screen. The
CAVE walls are shown below from the inner sidelsd CAVE.

U
“ i

Figure 34: CAVE walls and floor
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A.3 Tracking

A major part of the interface with the cave is thecking involved that tells the
system where the user is located so that actidkenthy the user will be reflected in the
change of the images projected. In the CAVE, tkisaccomplished through the
Ascension: Flock of Birdgacker shown below. This system is able to tiacth three

dimensional position as well as sensor orientation.

dbiiREE e Ascension:
L Flock of
= N Birds
o Sensor
— Controller

Figure 35: Three sensor controllers and the extenderange controller

This CAVE system has three sensor controllers shdwefow, and three

corresponding sensors, which will be explainedisechA.4. The back three controllers
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are connected in series to each other by FastBRisd(FBB). Each also is connected to a

power cord and its corresponding sensor.

Figure 36: Flock of Birds: Sensor Controllers

Power

Cord w FBB

Connection
To Sensors

Figure 37: Back of FOB sensor controllers
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Because the CAVE space is so large, the sensorotlers are hooked up to an
extended range controller and extended range titteshocated above the regular sensor

controllers.

Extended
Range
Controller

Figure 38: Extended Range Controller

The FBB from one of the regular sensor controll¢dsibbed the master
controller), is fed into the front of the extendemhge controller. The front is also
connected to the extended range transmitter andoalsk to the Onyx2 via RS-232 serial
cable. The back of the extended range controlleomected simply to a power cord.
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RS-232 Back
to Onyx2

-~

Feed to Extended
Range Transmitter

Figure 39: Front of Extended Range Controller

Figure 40: Back of Extended Range Controller

Power Cord
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Figure 41: Extended Range Tracker
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A.4 Audio

The audio control of the CAVE is handled by the HUR PC shown in Figure
42. The back of the HURON has the standard pow&A\Vkeyboard, and mouse
connection as well as an RJ-45 connection to thgx@ran audio input connection, and

an audio output connection.

/!

HURON PC

Figure 42: Huron PC
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Power Cord

=

Audio
Outputs

Mouse &

/ Keyboard
\ VGA

Figure 43: Back of Huron PC

To Onyx2 \

The audio lines are then sent to a splitter todpagated into individual channels.
In this setup there are eight audio output chaneretisone audio input.
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Input Row

A

Figure 44: Audio Signal Splitter

Audio Lines
to and from Output Row
HURON

From here, the single input is sent to the heattsaiophone described in section

A.1.4, while the eight outputs are sent to 4 x 2@tel High Current Mackie Amplifiers.
(Drawing taken from MACKIE M800 OWNERS MANUAL toidwvire clutter)

Power Cord

¥

XA N -~

Outputs to Inputs from Splitter
Speaker Figure 45: Back of Amplifier

The speakers are divided up into four sets of t&zach pair is divided by height
at each corner of CAVE. One is set on the grouvitile the other is mounted from

above as shown.
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Bottom

/ Speaker

Figure 46: Corner Pair of Speakers

Figure 47: Connection at Back of Speaker
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A.5 Hardware Interface

The last few items of the CAVE system are vitalrteracting with the CAVE
system once it is running. These items are locadédn the CAVE walls hanging from
the ceiling structure. They can be seen belowigare 48 as opposed to the CAVE walls

without the interface items shown in Figure 34.

Figure 48: CAVE with interface items hanging

The foremost of these items are the stereo glag€egstalEYES Stereo
Graphics). The stereo glasses are vital to gieeutber the virtual and interactive feel.
When the Onyx displays a Virtual environment, ituadly displays two similar images
adjacent to each other. The stereo glasses araitieel to combine these images into one

3D image.
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Figure 49: Stereo Glasses

The adjacent images are drawn separately but Atahigh rate of speed that the
human eye can not make out the individual imagelse images are also drawn askew
from one another to emulate the different anglas tile eyes see each image. The stereo
glasses separate these images by turning on anldeoffolarized lenses in sync with the
images so the right lens only lets the right eyethe right images, and the left lens does
the same. To turn the polarization on and off, glesses are powered by two CR2032

batteries located on the left side of the frame.
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Figure 50: Batteries for Stereo Glasses

Because they are run on batteries, they must beoftiafter use to extend the life
of the glasses. This can be done by closing tijig Barpiece which releases the power

trigger on the right ride of the frame.

Figure 51: Power Button
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The stereo glasses are able to sync to the imggesyp of Infra-Red Blasters (IR
Blasters). These IR blasters send an IR signtidglasses to “tell” them when to turn

each lens on and off.

Figure 52: IR Emitter(Front)

Figure 53: IR Emitter (Back)

These IR Blasters have a matrix of infra-red emstten the front and are
connected on the back by a RS-232 connection adldpta RJ-45 cable and a power
cord. Three of these are located behind the thedls of the CAVE and one is hung next
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to the hanging projector. These are hooked iresevith each other and terminate at one
projector that outputs the synchronous signal.

The side of the stereo glasses is attached orneeddensors of the Flock of Birds
tracking system. This not only allows the Onyxktomw where the user’'s head is in the
environment, but also to calculate the angles $pldy the image. As mentioned before,
the images are askew from on another to presendiffezent view angle of each eye;
however, the system also needs a reference painhdéoeyes as well. This is provided
by the said tracking sensor.

Figure 54: Flock of Birds Sensor on Stereo Glasses

There are additional unattached glasses that sacpngsers can wear in the
CAVE; however, their images won't be as clear a&sghmary users because the images

are not drawn from their view point. The resulaigeeling of being cross eyed.
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Figure 55: Unattached Stereo Glasses

The next important element for interacting with t8AVE is the wand. The
wand is the basic element for virtual reality eomiment navigation and interaction. The
joystick has three buttons and a pressure sengapatick. The first button is a trigger
button for the index finger, while buttons two atidee are the left and right of the

joystick respectively.

Figure 56: Sideview of Wand Showing Trigger (Butto)
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Figure 57: Back View of Wand Showing Joystick and Bttons 2&3

Like the stereo glasses, the wand also has arhattasensor. The sensor is vital
when using the wand to point and choose objectgedisas for navigation. The joystick
allows forward and reverse movement as well rotatbut does not allow simple lateral
movement. Lateral movement, however, can be acksimed by turning the orientation
of the joystick so that the new forward/reversel wirrespond with the former desired
lateral movement. Also attached to the undersfdeeowand is the RS-232 signal cable

that relays the joystick input back to the Onyx2.

Figure 58: Underside of Wand Showing Sensor and Coection to Onyx2
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An additional tool for the CAVE interface is the li&yGlove. The glove itself is
equipped with joint sensors that can determinegothgation of the individual digits of the
fingers. The glove also has miniature vibratorghantips of each finger and on the palm
of the hand. These are used in conjunction with ttiird Flock of Birds sensor for
interaction with vibration analysis in the CAVEN &ddition to the tracking sensor, the
glove also has an RS-232 connection back to thex®nphe glove also has an on/off

switch located next to the sensor. These candeisehe figures below.

Figure 59: CyberGlove

Figure 60: CyberGlove Showing Tracking Sensor and R-232
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Appendix B: Operation of the CAVE

B.1: Startup Sequence
-Onyx
-Tracking
-Audio
-Projection
B.2: Basic Onyx2 Use (IRIX OS)
-File Browser
-Shell Terminal
-Simple programs
-Older programs
B.3: Capturing CAVE Images and Video
-Media Recorder

55



B.1 Startup Sequence
Normally the majority CAVE systems will be runniagall times save items with

a short wear out life such as batteries and bullbgere may be times, however, where the
system needs to be restarted from scratch, for pbeara total power failure. The
following section will describe the startup sequen€the components of the CAVE.

Main Panel

Figure 61: Onyx2 Main Panel Location
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The first step to starting up the CAVE is to powsgr the Onyx2. This can be
done by pressing the “menu/cancel” button on thenrmpanel of the Onyx2, using the
four navigation buttons to locate the “action” mersarolling down to “power up,”

choosing the “action” menu, selecting “power umtigressing the “execute” button.

Figure 62: Main Panel
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Figure 63: Location of "Power Up"

Once the Onyx2 is powered up the user must logim fthe workstation.

Figure 64: Workstation
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Before proceeding to initiate the tracking, audind projectors, the power strips
for these systems should be checked to make seyeatie on. The first one can be found
behind the Huron PC while the second and thirdbat@nd the monitors for the Huron
and projector PCs.

Figure 65: Power Strip Behind Huron PC
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Figure 66: Power Strips Behind Monitors

The tracking system must be started in a certajunesgce, so if the system is on, it
must be shut off first. Shutting off the sensortcolters can be done from the front. The

extended range controller power switch, howevedndated in the back.

Figure 67: Controller Power Switch
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Figure 68: Extended Range Controller Power Switch

Once the controllers are off, the extended rangebeaturned back on followed
by the three regular controllers. Finally, doulieking “Start Tracker” icon will start the
system. For the system to be running correctlyfoalr of the controller lights must be

on after “Start Tracker” is run.
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Figure 69: Activation Lights

To start the audio system, the sound amplifiersraners should first be turned
on.
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Figure 70: Switches for the Mixer and Amplifiers

Next, the DSP Switch on the Huron (Figure 71) ningsturned on.
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Figure 71: DSP Power Button on the Huron PC

The computer must then be logged into. Once loggetthe applications “Socket
for NT” and “VRack for NT” must be initialized. Bse can be found under “Start”
“Programs” "Huron3.1.” Once “VRack for NT” begins, “D:\Akl\sHl_g.wsp” must be

loaded into the program.

Once the Huron PC programs have been initializedoaesponding audio
program must be started on the Onyx2. This cardd®e by using the following

commands in a shell (for information on openindnallsterminal, reference section 2.1).

cd /disk3/VSS/vss3.1/

Jvss
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This will start the VSS program and bring up thikof@ing window.

Figure 72: VSS Program

For this system to function correctly, the chanstebuld be set to 2 and the SR
should be set to 8kHz.

To run programs with the CyberGlove following coomdahould be used:

cd /usr/local/vertex/App*/v*/i*/6*/

.Imaster
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The remote can be tuned to a specific projectduioes so that all four projectors
will repond to the remote. This option can be tedgby pressing the small projector
selection button with a pen followed by the progeatumber where 1 corresponds to the
front wall projector, 2 correspond to the right & correspond to the left wall, 4
corresponds to the floor and O operates on alleptojs. This will turn on projectors

ability to accept menu commands.

O

Figure 73: Projector Selection

In most cases the projectors will always be on,léftitin a standby mode which
saves all the settings but simply keeps the butbasoto not wear them out. The status
of the projectors can be determined by checkingLtiB on the side of the projectors.
The standby indicator light will show red if theopactor is in standby and green if the
projector is operational. For proper operationyekow sync light will also show as well

as the red IR indicator.
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Figure 74: Mode LEDs

Switching in between standby mode can simply beedoy pressing and holding the
standby button on remote and pointing to each ptoje This is not to be confused with
the pause button adjacent with the standby butidre pause button simply puts a shutter
in front of lens effectively blocking any image;wever, the projector would still fully

operational.
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Figure 75: Standby Button

Figure 76: Toggling Image Shape Settings

The Onyx2 system and CAVE are now fully running agady to run any CAVE
program.

B.2 Basic Onyx2 Use (IRIX OS)

Two of the most useful program in IRIS are the filowser and the shell
terminal. The file browser, as the name suggesssthe user browse the file system and
manipulate the locations of files. To some degtiee browser also lets the user execute
programs as well. To open the file browser, ther i smple selects from the desktop
toolbox “Desktop” "Access Files” "In My Home Directory”. This will bring up the

browser in the home directory indicated by a siriffle From here, the user can drag and
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drop items, perform function by selecting a fileg)d right clicking for options, and
execute files by double clicking on a file. Imag#f how to open the browser and the

browser itself can be found below.

Figure 77: Opening Browser

Figure 78: File Browser

The shell terminal allows a user to manipulate exelcute programs. Most IRIX
users tend to run programs out of a shell rathan through a Graphical User Interface

since the shell allows more freedom to choose hm@aptogram executes. An example of
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this can be seen in Section 2.2 when trying towepin image. To open a shell, the user
simply selects “Desktop” "Open Unix Shell” from the tool chest. See beloar f

figures.

Figure 79: Opening Shell Terminal

Figure 80: Shell Terminal
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Running a basic program from a shell simply invelebanging directories to the
directory that the program is in and typing in ffregram preceded by “./”. Examples

follow:

cd /usr/local/jsmoker/Shell/64
Jshell

cd /usr/local/waelakl/Helic/
./helic2

To run older programs that require the librariesuofolder version of Matlab, the

following command should be used from the termthat program will be run from:

Setenv LD_LIBRARY64_PATH /usr/local/matlab/extdiinlsgi64

This will allow the programs to use the librarigdvatlab 5.3 rather than 6.5.

B.3 Capturing CAVE Images and Video

When running certain programs, it may become adggdus to capture an image
or a video. This can be done with a program cdlleddiarecorder.” “Mediarecorder”
can be found under the “MediaTools” tab of the Hic®atalog.”
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Figure 81: Mediarecorder startup
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To capture a picture, a location must first be elmd®r the captured file.

Figure 82: Set capture location

The “capture image” button can then be used to shdbe type of capture, and

capture area.

O

Figure 83: Set type of capture and capture area
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The record button can then be depressed to cagpeiienage.

O

Figure 84: Capture button

The same procedure can be used to capture a Vidednstead of using the

capture image button, the capture video button fnestsed instead.

O

Figure 85: Video button
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Also, unlike the capture image mode, the stop buttaust be used to stop the

recording

O

Figure 86: Stop Button

To capture an image or video from a CAVE progrdme, CAVE mode should be
switched from stereo to mono for a single cleargea This can be done by editing the
following file:

/usr/local/CAVE/etc/cave.config

Within the file, switch the comment (#) settingfaows:

DisplayMode stereo

#DisplayMode mono

to
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#DisplayMode stereo
DisplayMode mono

Another problem that arises is capturing the imatyde the CAVE program is
running. This can be done in two ways. The firsywsato simply use the built in time
delay within mediarecorder. Here the type of cegpand the amount of time to delay the
capture and then the delay timer is run while teerwpens the program. The negative
part of this method is rushing to get the imagevasted for the capture. An alternative
is to open mediarecorder from a shell terminal vatdelay command. An example of

this follows:

(./helic2& ; sleep 5; mediarecorder)&

This will delay the opening of mediarecorder 5 setafter the program helic2
is run. From that point mediarecorder can be wsed the user was capturing from the
desktop. A sample image is shown below.

Figure 87: Sample captured image
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Appendix C: Preliminary Models

A.1: Quarter Car Model
A.2: Quarter Car Interface
A.3: Half Car Model

A.4: Half Car Interface
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C.1 Quarter Car Model
The vehicle model for the quarter car can be sedombin Figure 88. This is a

solely one dimensional model withas the output ang as the input. The resulting

system equation is listed below the mdog&l**

Figure 88: Quarter Car Model
mx+ cx+ kx= cy+ k' (C.1.1)

Because of the simplicity of this one dimensiongétem, the harmonic and
impulse forms of the system response were takerosed form and used in the virtual
reality modeling. The harmonic response is shbelow wherey is a simple sine wave
input resulting in a cosine outpxitvith an amplitude and frequency sHift

y(t) = Ysin(wt) (C.1.2)

1
K2+(cw? 2

xp(t)=Y 5 >
(k- mw™+ (cw

coswt- - f,) (C.1.3)

Where
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fy=tan’ " CrVrV‘l/l/Z f,= tah LS (C.1.4)
- av

The impulse response, also modeled in closed f@ammhown below. Here the
input of the wheel is just an instantaneous chaogea brief duration, resulting in a

decaying sine wave®.

x(t) = sin(w,t)
miv
Where
w = |K z=_2C w,=w, ] 12° C.16
" \m 2w ¢« o (C.1.6)
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C.2 Quarter Car Interface

Figure 89: Quarter Car VR Model

The user interface for the virtual reality moddbwaled the user to change the
value of the systems constants, toggle the animainal the type of response desired. As
shown above, the constant values and the resudepdtaft is displayed overhead. Below
shows an instance where a value is being changethéoyiser. The user can make

changes in both small and large increments.

Figure 90: Quarter Car VR Model with value changing
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C.3 Half Car Model
The model in Figure 91 is a two dimensional systehime inputs of the system

are the displacement of the wheelsapd y, and the outputs are the displacement of the
mass center and the pitch angle of the mass. pAilhg constants are equal to each other

as are the damper constants. The resulting syseiations are shown below Figure®4
15,17,42

Figure 91: Half Car Model

mx+ K x- |g)+ € x Jgr Kx lgr € x Jg) (C.3.1)
=ky, +cy + ky + cy

J.g- k(x L@k ox Lot kix Lot cdx [9l, (C.3.2)
='ky1|1' Cylli" kzyzlé' Cyzlz

Unlike the previous model, finding the solution mlosed for would be
unreasonable. For this case, the solution wilfdaend using a fourth order estimation
method, i.e. Runge-Kutta-Fehlberg metffod To implement the method, the basic

equations are first transformed into a system aféqns as described below.
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Isolating the Second Derivatives:

mx=-(k+ k) x (& B x (ki k)& (Bl big (C.3.3)
+kyl+CM+k)é+C)£

3.0 = (k- kL) x+ (¢l cl)x (ki kf)g (ch cf)g
'kylll' Cyl"l*' kZYZlii' Cyzlz

Transform into a Series of Equations:

X =X X=%
‘= x RN C L
m +(k1|1' kzlz)X3+ (b1|1' bJ2)XT Fl
so (C.3.5)
% =q X3=%
X, =g = 1 (klll' k2|2)X1+ (b.JLl_ bzlz)xz
‘ ©3e - (ki K2 xs (el cdf)xx F,
Where the input forces are:
Fo=ky, +cy +ky + cy
(C.3.6)
F,=-kyl- cyl+ Kyl cy,l
and
y = 1. cos 2PN p=2 o1 cof s,
2 L 2 L
(C.3.7)
_HpVv . 2pVt _ HpV .rngtJr
Y, C sin 3 Y, i SiR 3 Sy

Above, the 4makes the assumption that the front and rear wlaelgoing over
the same bump at different times (a shift in phase)
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C.4 Half Car Interface

Figure 92: Initial 2-Dimensional Car Model’

The visual model of the car was first created asv@ dimensional model as
shown above to reflect solely the two degreeseddom of the system as shown above.
However, to improve the virtual reality feel of theerface, the car was remade in three
dimensions as shown below. The system remainegaimee, however. The two front
wheels were treats as a point of single input a® wes two rear wheels. In this way, roll

motion could still be ignored.

Figure 93: 3-D Car Model in 2-DoF with Menu
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The figures below show the different modes in which simulation can be run.
Toggling the car body off allows the adjustableteerof gravity to be seen, and also
allows a clearer view of the car’s response to tnpa Figure 94, the bump width and
height can be changed by the user with the menwrshd~igure 95depicts the car in
harmonic mode with a regular sine input. The fesgry and amplitude of the input can
also be changed with same menu as in the impulsiemé&inally, while “Frequency”
and “Bump Length” will change the virtual length afcycle, the “Car Speed” will
change the rate at which the car is moving. Tloeeefthere are essentially two ways to

adjust the input frequency in both the impulse badnonic modes.

Figure 94: 2-DoF over Bump without Car Body
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Figure 95:2-DoF over Harmonic Input with Car Body
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Appendix D: Main Source Code

D.1: Main Loop

D.2: Assignment of Variables & Scene Setup
D.3: RKF45

D.4: Kinematics & Gain Optimization
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and menu creation.

There are many files that needed to implementgtogram but most of the files
are general files ported from program to program are used as an aid for navigation

The source code below is ldatte program described in this

paper and has been broken into four basic secttbesmain loop wherein the program
continues to run in real-time, the assignment ofiabdes & scene setup where the
environment is setup, the Runge-Kutta-Fehlburggiratgon used to solve the system, and
the kinematics & gain optimization which displape system and updates it as needed.

D.1: Main Loop

I

fullcar.c++

#include "mtesthead.h”
#define MY_PI 3.141592654
#define MY_E 2.71821828

[tk Rk 1130 FUNCLION FrFrktrie

/

int main(int argc, char **argv)

Ml main

Initialization();

pfinit();

pfCAVEConfig(&argc, argv, NULL);

shared = (shared_data_t *) pfMalloc(sizeof(shared_
pfGetSharedArena());

/I set CAVENear and CAVEFar here, before the displ
/I NOTE: these are floats, not ints

CAVENear =0.1;

CAVEFar = 65000.0;

/I set multiprocess mode
pfMultiprocess(PFMP_FORK_COMPUTE);
pfConfig();

pfCAVEInitChannels();

/I Navigation Class
M

nav = new simpleNavigator;
M

if (antialias)
graphicslnit();

shared->master_channel = pfCAVEMasterChan();
shared->scene = createScene(argc, argv);

// main loop

kAR AR |

data_t),

ay processes are forked

while (! (CAVEgetbutton(CAVE_ESCKEY) || CAVEgetbut ton(CAVE_QKEY) || exit_program))

{
pfSync();
pfCAVEPreFrame();
menu->handle();
pfFrame();
pfCAVEPostFrame();

}
pfCAVEHalt();
CleaningUp();
pfEXit();

return 0;

!

kAR AR |
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D.2: Assignment of Variables & Scene Setup

ok kR xRk | nitialization FreEr

void Initialization(void){}// Initialization

1

[remmrsscsok CleaningUp FUnCtionsss s

void CleaningUp(void){}// CleaningUp
/

/**********k*k*k***k**creatscene Function Fkkkkkkkk
pfScene *createScene(int argc, char **argv)

font = pfdLoadFont_typel("Helvetica-Bold", PFDFONT
pfGeoState *gstate = new pfGeoState;

shared->scene = new pfScene;

sky = new pfEarthSky;
sky->setColor(PFES_CLEAR,0.3, 0.5, 0.9, 0.0);
shared->master_channel->setESky(sky);

headT_dcs = new pfDCS();
headl_dcs = new pfDCS();

grounddcs = new pfDCS();
roaddcs = new pfDCS();

HCardcs = new pfDCS();
Chassisdcs = new pfDCS();

bumpdcs = new pfDCS();
Wallldcs = new pfDCS();
cg_string= new pfString;
cg_text = new pfText;
CGwrddcs = new pfDCS();
CGshpdcs = new pfDCS();
CGdcs = new pfDCS();

waitdcs = new pfDCS();
wait_string = new pfString;
wait_text= new pfText;
Wheelldcs = new pfDCS();
WHub1ldcs = new pfDCS();
WHL1dcs = new pfDCS();
Springldcs = new pfDCS();

Wheel2dcs = new pfDCS();
WHub2dcs = new pfDCS();
WHL2dcs = new pfDCS();

Spring2dcs = new pfDCS();

Wheel3dcs = new pfDCS();
WHub3dcs = new pfDCS();
WHL3dcs = new pfDCS();

Spring3dcs = new pfDCS();

Wheel4dcs = new pfDCS();
WHub4dcs = new pfDCS();
WHLA4dcs = new pfDCS();

Spring4dcs = new pfDCS();

nav->init();

Move = 3;
k1=35000.0;
k2=k1;
k3=k1;
ka=k1;

kt=220000.0;

b1=400.0;
b2=b1;
b3=b1;
b4=b1;

MASS=1500;
J1=MASS*5/3;
J2=MASS/3;
m1=80;
m2=80;
m3=80;
m4=80;

freql = 1*3.2808;
ampl = 0.075;
pshl =0.0;

psh2 = 0.0;
Bheight = .15;
Blength = 1;

springdsf=-(1.0/6.0);

WHubipos=12*0.12/3.2808+.01;//wheel radius+road he

SRR AR AR RRARK |
kAR AR |
]
SRR AR AR RRARK |

kAR AR |

_FILLED);

ight
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WHubisc=0.10*.3/3.2808;

WHLipos=12+*0.12/3.2808+.01;//wheel radius+road hei ght
WHLisc=0.12/3.2808;

Ilwheel radius+road height+just short ofhub radius
Springipos=12+*0.12/3.2808+.01+0.25/3.2808;
Springisc=0.35/3.2808;

cg =-0.5;
Spread=15*.3/3.28;

bspd = 2;

WHLDPTH = 8.5*.3/3.28;
WHLDPTH2 = 8.5*.3/3.28;

Wallipos=1.1;
Wallliscz=0.2/3.2808;//z
Walliscx=Spread/4.5;//x
Walliscy=.164;/ly

Ilwheel radius+road height+just short ofhub radius
HCaripos=12*0.12/3.2808+.01+0.25/3.2808;
HCarisc=1*.3/3.2808;

Gipos = -10;

gstate->setMode(PFSTATE_SHADEMODEL, PFSM_GOURAUD);
gstate->setMode(PFSTATE_ANTIALIAS, PFAA_ON);
gstate->setMode(PFSTATE_TRANSPARENCY, PFTR_ON);
gstate->setMode(PFSTATE_CULLFACE, PFCF_OFF);
shared->scene->setGState(gstate);

shared->nav_dcs = new pfDCS;
shared->scene->addChild(shared->nav_dcs);

pfMatrix matrix;
matrix.makeRot(0.0, 1.0, 0.0, 0.0);
matrix.preScale(1.0, 1.0, 1.0, matrix);

shared->nav_scs = new pfSCS(matrix);
shared->nav_dcs->addChild(shared->nav_scs);

shared->nav_switch = new pfSwitch;
shared->nav_scs->addChild(shared->nav_switch);

pfLightSource *sun = new pfLightSource;
sun->setColor(PFLT_DIFFUSE, 1.0, 1.0, 0.8);
sun->setColor(PFLT_AMBIENT, 0.15, 0.15, 0.05);
sun->setPos(.3945, -0.65, 0.65, 0.0);
sun->setMode(PFLS_SHADOW_ENABLE, PF_ON);
sun->setVal(PFLS_INTENSITY, .6f);
shared->nav_dcs->addChild(sun);

shared->scene->setTravMask(PFTRAV_ISECT, Oxfffffff f,
PFTRAV_SELF | PFTRAV_DESCEND | PFTRAV_IS_CACHE, PF _OR);

pfFilePath(path);

CarOut = new grapher(shared->scene, gnodes, 0.0, 0 .0,-.1);
CarOut->reset(gnodes);

CarOut->limit = 0;

CarOut2 = new grapher(shared->scene, gnodes, 0.0, 0.0, .4);
CarOut2->textChoice = 2;//1;

CarOut2->reset(gnodes);

CarOut2->limit = 0;

CarOut2->graphColor(0,.3,.3);

/I INIT MENU
i

pfMenuGeometry *geometry = new pfMenuGeometry;
menu = new pfMenu(shared->scene, geometry, "Model Parameters");

pfMenultem *new_item;

new_item = new pfMenuToggleltem(geometry, mn_an_st_ toggle_cbf, "Animation on..off", 0);
menu->additem(new_item);

new_item = new pfMenuToggleltem(geometry, mn_mode_ toggle_cbf, “Impulse/Harmonic", 0);
menu->additem(new_item);

static const char *button_p_text[] = {
"Car Body", "Chassis", "CG - View" };

new_item = new pfMenuRadioltem(geometry, mn_carbod y_value_cbf, "Toggle Car Body",button_p_text, 3);
menu->additem(new_item);

static const char *button_p_text2[] = {
"Passive Only", "LQR Control", "NEA Control" };

new_item = new pfMenuRadioltem(geometry, mn_Contro |_value_cbf, "Control Mode-->",button_p_text2, 3);
menu->additem(new_item);

new_item = new pfMenuValueltem(geometry, mn_WHub_v alue_cbf, "Mass (kg)", MASS);

89



menu->additem(new_item);

new_item = new pfMenuValueltem(geometry, mn_cg_val ue_cbf, "Move CG", cg);
menu->additem(new_item);

new_item = new pfMenuValueltem(geometry, mn_stiffl _value_cbf, "Springs (N/m)", k1);
menu->additem(new_item);

new_item = new pfMenuValueltem(geometry, mn_damp_v alue_cbf, "Dampers (Ns/m)",b1);
menu->additem(new_item);

new_item = new pfMenuValueltem(geometry, mn_ampl_v alue_cbf, "Amplitude (cm)", ampl*100);
menu->additem(new_item);

new_item = new pfMenuValueltem(geometry, mn_freql_ value_cbf, "Frequency (cycle/m)", freq1/3.2808);
menu->additem(new_item);

new_item = new pfMenuValueltem(geometry, mn_Bheigh t_value_cbf, "Bump Height (cm)", Bheight*100);
menu->additem(new_item);

new_item = new pfMenuValueltem(geometry, mn_Blengt h_value_cbf, "Bump Length (cm)", Blength*100);
menu->additem(new_item);

new_item = new pfMenuValueltem(geometry, mn_speed_ value_cbf, "Car Speed (m/s)", Move);
menu->additem(new_item);

new_item = new pfMenuValueltem(geometry, mn_slant_ value_cbf, "Bump Slant(s) (m)", bspd);
menu->additem(new_item);

DataUpdate();

if (dump_scene)

FILE *out_file = fopen("shared->scene.out", "w");

pfMemory::print(shared->scene, PFTRAV_SELF | PFTRA V_DESCEND,

PFPRINT_VB_DEBUG, out_file);
fclose(out_file);

/I For Springs and Masses Loading
I

WHubcolor= (pfVec4 *) pfMalloc(sizeof(pfVec4),pfGe tSharedArena());
CGcolor= (pfVec4 *) pfMalloc(sizeof(pfVec4),pfGetS haredArena());

WHubcolor->set(0.5,0.5,0.5,1);
CGcolor->set(0.5,0,1,1);

/ V‘V’hcc::l ***k****************/
WHubgeode = new pfGeode();

WHubgeode = createCylinder(6,WHubcolor);

WHLgeode = new pfGeode();

WHLgeode =(pfGeode *) pfdLoadFile("wheel.iv");

WHub1ldcs->addChild(WHubgeode);
WHL1dcs->addChild(WHLgeode);
Wheelldcs->addChild(WHubldcs);
Wheelldcs->addChild(WHL1dcs);
headl_dcs->addChild(Wheelldcs);

WHub2dcs->addChild(WHubgeode);
WHL2dcs->addChild(WHLgeode);
Wheel2dcs->addChild(WHub2dcs);
Wheel2dcs->addChild(WHL2dcs);
headl_dcs->addChild(Wheel2dcs);

WHub3dcs->addChild(WHubgeode);
WHL3dcs->addChild(WHLgeode);
Wheel3dcs->addChild(WHub3dcs);
Wheel3dcs->addChild(WHL3dcs);
headl_dcs->addChild(Wheel3dcs);

WHub4dcs->addChild(WHubgeode);
WHL4dcs->addChild(WHLgeode);
Wheel4dcs->addChild(WHub4dcs);
Wheel4dcs->addChild(WHL4dcs);
headl_dcs->addChild(Wheel4dcs);

E—————— P— A
/ Shocks and Struts !

Springgeode = new pfGeode();

Springgeode = (pfGeode *) pfdLoadFile("spring2.iv* );
Springldcs->addChild(Springgeode);
headl_dcs->addChild(Springldcs);

Spring2dcs->addChild(Springgeode);
headl_dcs->addChild(Spring2dcs);

Spring3dcs->addChild(Springgeode);
headl_dcs->addChild(Spring3dcs);

Spring4dcs->addChild(Springgeode);

headl_dcs->addChild(Spring4dcs);
frrsmsoaosCenter of Gravity Body B —
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Wallgeode = (pfGeode *) pfdLoadFile("wall_1.iv");

Wallldcs->addChild(Wallgeode);

headl_dcs->addChild(Wallldcs);

Wallldcs->setTravMask(PFTRAV_ISECT, Oxffffffff,
PFTRAV_SELF|PFTRAV_DESCEND| PFTRAV_IS_CACHE, PF_OR);

Wallldcs->setTravFuncs(PFTRAV_APP,BeamMotion,NULL) ;

[rewikmssaes Center of Gravity Marker+ T

CGgeode = createCylinder(2,CGcolor);
cg_string->setFont(font);
cg_string->setMode(PFSTR_JUSTIFY, PFSTR_CENTER);
cg_string->setColor(0.5, 0.0, 1, 1.0);
sprintf(cgChar,"CG=%3.2f m", -cg);
cg_string->setString(cgChar);
cg_text->addString(cg_string);
CGwrddcs->addChild(cg_text);
CGshpdcs->addChild(CGgeode);
CGdcs->addChild(CGwrddcs);
CGdcs->addChild(CGshpdcs);
headl_dcs->addChild(CGdcs);

e Control Wait Requestsses kAR AR |

wait_string->setFont(font);
wait_string->setMode(PFSTR_JUSTIFY, PFSTR_CENTER);
wait_string->setColor(0.7, 0.3, 0.3, 1.0);
sprintf(waitChar,"Please Wait for Calculations");
wait_string->setString(waitChar);
wait_text->addString(wait_string);
waitdcs->addChild(wait_text);
shared->nav_dcs->addChild(waitdcs);

/ UROUND ***k******k***k*k*k*/
groundgeode = (pfGeode *) pfdLoadFile("ground.iv") H
grounddcs->addChild(groundgeode);
/lgrounddcs->setTrans(-10/3.28,0,0);//z,x,y
headl_dcs->addChild(grounddcs);

1 ROAD: ]

roadgeode = (pfGeode *) pfdLoadFile("road.iv");
roaddcs->addChild(roadgeode);
/lroaddcs->setTrans(-10/3.28,0,0);//z,x,y
headl_dcs->addChild(roaddcs);

/ UARBODY ***k******k***k***k***k/
HCargeode = (pfGeode *) pfdLoadFile("car2.iv");
HCardcs->addChild(HCargeode);
headl_dcs->addChild(HCardcs);
Chassisgeode = (pfGeode *) pfdLoadFile("chassis.iv ")
Chassisdcs->addChild(Chassisgeode);
headl_dcs->addChild(Chassisdcs);

/ SPEEDBUMP B —

bumpgeode = new pfGeode();

bumpgeode = bump(Bheight,Blength);
bumpdcs->addChild(bumpgeode);
headl_dcs->addChild(bumpdcs);
bumpdcs->setTravFuncs(PFTRAV_APP,BumpUpdate,NULL);

[rirrkrreskesserreek| nitial Scales and Transition e

CGwrddcs->setScale(2/3.2808);

CGwrddcs->setTrans(2.5/3.2808,-cg,0);

CGwrddcs->setRot(0 , 90, 90);

CGshpdcs->setTrans(0,-cg,0);
CGshpdcs->setScale(0.25/3.2808,0.25/3.2808,1.4/3.2 808);
CGdcs->setTrans(Wallipos+0.3/3.2808,Gipos,0);

CGdcs->setScale(0);

Wallldcs->setTrans(Wallipos,Spread+Gipos+0.1,-WHLD PTH*1.05);
Wallldcs->setScale(0);

waitdcs->setTrans(0,15,4);
waitdcs->setScale(0);

HCardcs->setRot(90 , 0, 90);
HCardcs->setTrans(HCaripos,Gipos,0);
HCardcs->setScale(HCarisc);

Chassisdcs->setRot(90 , 0, 90);
Chassisdcs->setTrans(HCaripos,Gipos,0);
Chassisdcs->setScale(HCarisc);

WHubldcs->setScale(WHubisc);

WHub1ldcs->setRot(0,-90,0);

WHub1ldcs->setTrans(0,0.7*.3/3.28,0);

WHL1dcs->setScale(WHLisc);
Wheelldcs->setTrans(WHubipos,Spread+Gipos,-WHLDPTH );
Wheelldcs->setRot(0,90,0);

Springldcs->setScale(Springisc);

Springldcs->setTrans(Springipos,Spread+Gipos,1.2*. 3/3.28-WHLDPTH);
Springldcs->setRot(90,0,90);

WHub2dcs->setScale(WHubisc);
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WHub2dcs->setRot(0,-90,0);
WHub2dcs->setTrans(0,0.7+*.3/3.28,0);
WHL2dcs->setScale(WHLisc);
Wheel2dcs->setTrans(WHubipos,-Spread+Gipos,-WHLDPT
Wheel2dcs->setRot(0,90,0);
Spring2dcs->setScale(Springisc);
Spring2dcs->setTrans(Springipos,-Spread+Gipos,0.2*
Spring2dcs->setRot(90,0,90);

WHub3dcs->setScale(WHubisc);
WHub3dcs->setRot(0,-90,0);
WHub3dcs->setTrans(0,0.7*.3/3.28,0);
WHL3dcs->setScale(WHLisc);
Wheel3dcs->setTrans(WHubipos,Spread+Gipos, WHLDPTH2
Wheel3dcs->setRot(0,-90,0);
Spring3dcs->setScale(Springisc);
Spring3dcs->setTrans(Springipos,Spread+Gipos, WHLDP
Spring3dcs->setRot(90,0,90);

WHub4dcs->setScale(WHubisc);
WHub4dcs->setRot(0,-90,0);
WHub4dcs->setTrans(0,0.7*.3/3.28,0);
WHLA4dcs->setScale(WHLisc);
Wheel4dcs->setTrans(WHubipos,-Spread+Gipos, WHLDPTH
Wheel4dcs->setRot(0,-90,0);
Spring4dcs->setScale(Springisc);
Spring4dcs->setTrans(Springipos,-Spread+Gipos, WHLD
Spring4dcs->setRot(90,0,90);

Nodeldcs->setTrans((Gipos+position-0.5)*0.4,30,0.3
Node2dcs->setTrans((Gipos+position-0.5)*0.4,30,0.3
Node3dcs->setTrans((Gipos+position-0.5)*0.4,30,0.3

Node4dcs->setTrans((Spread+Gipos+position)*0.4,30+
Node5dcs->setTrans((-Spread+Gipos+position)*0.4,30
Node6dcs->setTrans((Spread+Gipos+position)*0.4,30+
Node7dcs->setTrans((-Spread+Gipos+position)*0.4,30

CarOut->scale = 0.1;
CarOut2->scale = 0.1;

headl_dcs->setRot(270,0,-90);
headl_dcs->setScale(3.2808, 3.2808, 3.2808);
headl_dcs->setTrans(-0,40,0); //x,y,z

ScreenText();

shared->scene->addChild(freql_scs);
shared->scene->addChild(WHub_scs);
shared->scene->addChild(stiff1_scs);
shared->scene->addChild(damp_scs);
shared->scene->addChild(ampl_scs);
shared->scene->addChild(psh_scs);

/******k***k***k*** |n mallze Matricieskk*k*k***k
initMatrices();
/

headT_dcs->addChild(headl_dcs);
nav->addChild(headT_dcs);
shared->scene->addChild(nav);

/
shared->master_channel->setScene(shared->scene);
return shared->scene;

YI createScene
/

/***k******k*k*k***k***** graphicslnit Function Kkk
void graphicslnit(void)
{

int my_fb_config[] =

{

PFFB_LEVEL, 0,
PFFB_RGBA,
PFFB_DOUBLEBUFFER,
PFFB_STEREO,
PFFB_SAMPLE_BUFFER, 1,
PFFB_DEPTH_SIZE, 15,
PFFB_STENCIL_SIZE, 1,
PFFB_RED_SIZE, 10,
PFFB_GREEN_SIZE, 10,
PFFB_BLUE_SIZE, 10,
PFFB_SAMPLES, 8,
None

h
int num_pipes = pfGetMultipipe();

for (inti=0; i < num_pipes; i++)

H-1*.3/3.28);

.3/3.28-WHLDPTH);

TH2-1.2*.3/3.28);

2+1*.3/3.28);

PTH2-0.2*.3/3.28);

*(Wallipos+0.5+yc[1])-5);
*(Wallipos+0.5+yc[1])-5+1);
*(Wallipos+0.5+yc[1])-5+2);

0.3*(-WHLDPTH),0.3*(WHLipos+y01)-5);
+0.3*(-WHLDPTH),0.3*(WHLipos+y02)-5);

0.3*(WHLDPTH),0.3*(WHLipos+y03)-5);
+0.3%(WHLDPTH),0.3*(WHLipos+y04)-5);

kR k|

kR k|

Sk AR

SRR AR AR RRARK |

kR Rk
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{
pfPipe *p = pfGetPipe(i);
pfPipeWindow *pw = p->getPWin(0);
XVisuallnfo *valid_config = pw->chooseFBConfig( my_fb_config);
pw->setFBConfigld(valid_config->visualid);

}
Ylgraphicsinit

] Kbk Rk,
Prikktktkbkrtiok Menu FUNCHONS Hktikktikrk B
-~
: ***k*********/
static void mn_an_st_toggle_cbf(pfMenultem *, int t oggle)
{
/I toggle item callback
if(AnimIndex)
{
AnimIndex=toggle;
else
if(((ControlMode == 1) && ParameterChange1) || (( ControlMode == 2) && ParameterChange2) ||
((ControlMode == 3) && ParameterChange3))
wait2go = 1;
else
Animindex=toggle;
precalc();
Calculations();
}
sprintf(WHubChar,"Mass=%1.1f kg",MASS);
WHub_string->setString(WHubChar);
sprintf(stiffLlChar,"Siffness=%21.1f N/m" k1);
stiff1_string->setString(stiffLChar);
sprintf(dampChar,"Damping=%21.1f Ns/m",b1);
damp_string->setString(dampChar);
static void mn_carbody_value_cbf(pfMenultem *, int button)
// toggle item callback
switch(button)
{
case 1:
/lcarbody = 1;
Chassisdcs->setScale(HCarisc);
HCardcs->setScale(HCarisc);
Wallldcs->setScale(0);
CGdcs->setScale(0);
break;
case 2:
/lcarbody = 2;
Chassisdcs->setScale(HCarisc);
HCardcs->setScale(0);
Wallldcs->setScale(0);
CGdcs->setScale(0);
break;
case 3:
/lcarbody = 3;
Chassisdcs->setScale(0);
HCardcs->setScale(0);
Wallldcs->setScale(Walliscz, Walliscx, Walliscy) ;
CGdcs->setScale(1);
break;
}
}
static void mn_mode_toggle_cbf(pfMenultem *, int to ggle)

/I toggle item callback
mode=toggle;
Calculations();
if(mode)

{

sprintf(freq1Char,"Amp=%1.2f cm",ampl/10);
ampl_string->setString(amplChar);

sprintf(WHubChar,"Mass=%1.1f kg",MASS);
WHub_string->setString(WHubChar);

sprintf(stiffLlChar,"Siffness=%21.1f N/m" k1);
stiffl_string->setString(stiff1Char);
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sprintf(dampChar,"Damping=%1.1f Ns/m",b1);
damp_string->setString(dampChar);

bumpchange = 1;
}
static void mn_Control_value_cbf(pfMenultem *, int button)

/l radio item callback
switch(button)

case 1:
ControlMode = 1;
sprintf(freq1Char,"Control = OFF");
freql_string->setString(freq1Char);
freql_string->setColor(0.7, 0.5, 0.5, 1.0);
break;

case 2:
ControlMode = 2;
sprintf(freq1Char,"Control = LQR");
freql_string->setString(freq1Char);
freql_string->setColor(0.7, 0.3, 0.3, 1.0);
break;

case 3:
ControlMode = 3;
sprintf(freqlChar,"Control = NEA");
freql_string->setString(freq1Char);
freql_string->setColor(0.3, 0.7, 0.3, 1.0);
break;

}

/lcar speed

void mn_WHub_value_cbf(pfMenultem *item_ptr, int ac tion)
{

/I value item callback

/I get current value
float value = ((pfMenuValueltem *) item_ptr)->getV

/I modify value based on user action
switch (action)

case MN_FAST_DEC:
value -= 1000;
break;

case MN_NRML_DEC:
value -= 100;
break;

case MN_NRML_INC:
value += 100;
break;

case MN_FAST_INC:
value += 1000;
break;

}

/I set new value

((pfMenuValueltem *) item_ptr)->setValue(value);
MASS=value;

J1 = 5*MASS/3;

J2 = MASS/3;

ParameterChangel = 1;

ParameterChange2 = 1;

ParameterChange3 = 1;

precalc();
Calculations();

sprintf(WHubChar,"Mass=%1.1f kg",MASS);
WHub_string->setString(WHubChar);

}
void mn_cg_value_cbf(pfMenultem *item_ptr, int acti on)
/I value item callback

/I get current value
float value = ((pfMenuValueltem *) item_ptr)->getV

/I modify value based on user action
switch (action)

{
case MN_FAST_DEC:

value -=0.5;
break;

case MN_NRML_DEC:
value -=0.1;

alue();

alue();
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break;

case MN_NRML_INC:
value +=0.1;
break;

case MN_FAST_INC:
value += 0.5;
break;

}

/I set new value
((pfMenuValueltem *) item_ptr)->setValue(value);

cg=value;
CGshpdcs->setTrans(0,-cg,0);
CGwrddcs->setTrans(2.5,-cg,0);
ParameterChangel = 1;
ParameterChange2 = 1;
ParameterChange3 = 1;
precalc();

Calculations();

sprintf(cgChar,"CG=%3.2f m", -cg);
cg_string->setString(cgChar);

void mn_stiff1_value_cbf(pfMenultem *item_ptr, int

}

// value item callback
/I get current value
float value = ((pfMenuValueltem *) item_ptr)->getV

/I modify value based on user action
switch (action)
{
case MN_FAST_DEC:
value -= 5000.0;
break;
case MN_NRML_DEC:
value -= 500.0;
break;
case MN_NRML_INC:
value += 500.0;
break;
case MN_FAST_INC:
value += 5000.0;
break;

}

/I set new value
((pfMenuValueltem *) item_ptr)->setValue(value);
kl=value;

k2=value;

k3=value;

k4=value;
ParameterChangel = 1;
ParameterChange2 = 1;
ParameterChange3 = 1;
precalc();
Calculations();

sprintf(stifflChar,"Stiffness1=%1.1f N/m2" k1);
stiffl_string->setString(stiff1Char);

static void mn_damp_value_cbf(pfMenultem *item_ptr,

{

/I value item callback
/I get current value
float value = ((pfMenuValueltem *) item_ptr)->getV

/I modify value based on user action
switch (action)
{
case MN_FAST_DEC:
value -=100.0;
break;
case MN_NRML_DEC:
value -=50.0;
break;
case MN_NRML_INC:
value +=50.0;
break;
case MN_FAST_INC:
value += 100.0;
break;

}

/I set new value

((pfMenuValueltem *) item_ptr)->setValue(value);
bl=value;

b2=value;

b3=value;

b4=value;

ParameterChangel = 1;

action)

alue();

int action)

alue();
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}

ParameterChange2 = 1;
ParameterChange3 = 1;
precalc();
Calculations();

sprintf(dampChar,"Damping=%1.1f N/m2",b1);
damp_string->setString(dampChar);

static void mn_freql_value_cbf(pfMenultem *item_ptr

}

/I value item callback
/I get current value
float value = ((pfMenuValueltem *) item_ptr)->getV

/I modify value based on user action
switch (action)

case MN_FAST_DEC:

value -=0.5;
break;

case MN_NRML_DEC:
value -= 0.05;
break;

case MN_NRML_INC:
value += 0.05;
break;

case MN_FAST_INC:
value += 0.5;
break;

}

/I set new value

((pfMenuValueltem *) item_ptr)->setValue(value);
bumpchange = 1;

freql=value*3.2808;//convert from feet to meters
Calculations();

static void mn_ampl_value_cbf(pfMenultem *item_ptr,

/I value item callback
/I get current value
float value = ((pfMenuValueltem *) item_ptr)->getV

/I modify value based on user action
switch (action)

case MN_FAST_DEC:
value -=5;
break;
case MN_NRML_DEC:
value -= 1;
break;
case MN_NRML_INC:
value +=1;
break;
case MN_FAST_INC:
value +=5;
break;

}

/I set new value

((pfMenuValueltem *) item_ptr)->setValue(value);
bumpchange = 1;

ampl=value/100;

Calculations();

static void mn_Bheight_value_cbf(pfMenultem *item_p

{

/I value item callback
/I get current value
float value = ((pfMenuValueltem *) item_ptr)->getV

/I modify value based on user action
switch (action)

case MN_FAST_DEC:

value -= 10.0;
break;

case MN_NRML_DEC:
value -= 1.0;
break;

case MN_NRML_INC:
value +=1.0;
break;

case MN_FAST_INC:
value += 10.0;
break;

, int action)

alue();

int action)

alue();

tr, int action)

alue();
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/I set new value

((pfMenuValueltem *) item_ptr)->setValue(value);
bumpchange = 1;

Bheight=value/100;

Calculations();

static void mn_Blength_value_cbf(pfMenultem *item_p

{

/I value item callback
/I get current value
float value = ((pfMenuValueltem *) item_ptr)->getV

/I modify value based on user action
switch (action)
{
case MN_FAST_DEC:
value -= 10.0;
break;
case MN_NRML_DEC:
value -= 2.0;
break;
case MN_NRML_INC:
value += 2.0;
break;
case MN_FAST_INC:
value += 10.0;
break;

}

/I set new value

((pfMenuValueltem *) item_ptr)->setValue(value);
bumpchange = 1;

Blength=value/100;

Calculations();

static void mn_speed_value_cbf(pfMenultem *item_ptr

/I value item callback
/I get current value
float value = ((pfMenuValueltem *) item_ptr)->getV

/I modify value based on user action
switch (action)

case MN_FAST_DEC:
value -= 1.0;
break;

case MN_NRML_DEC:
value -=0.5;
break;

case MN_NRML_INC:
value +=0.5;
break;

case MN_FAST_INC:
value +=1.0;
break;

}

/I set new value

((pfMenuValueltem *) item_ptr)->setValue(value);
Move=value;

Calculations();

static void mn_slant_value_cbf(pfMenultem *item_ptr

{

/I value item callback
/I get current value
float value = ((pfMenuValueltem *) item_ptr)->getV

/I modify value based on user action
switch (action)
{
case MN_FAST_DEC:
value -= 1.0;
break;
case MN_NRML_DEC:
value -=0.1;
break;
case MN_NRML_INC:
value +=0.1;
break;
case MN_FAST_INC:
value +=1.0;
break;

}

/I set new value

((pfMenuValueltem *) item_ptr)->setValue(value);
bspd=value;

bumpchange = 1;

Calculations();

tr, int action)

alue();

, int action)

alue();

, int action)

alue();

kAR AR |
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/**********k*k*k***k**** Datau pd ate FU nctio n Fkkkkk ***k******k**/
void DataUpdate(void)

shared->spl_switch = menu->buildSplashText(shared- >scene,
"Base Motion of a Full-Car System", "7-Degrees of Freedom",
"(X, Theta, Phi, x1, x2, x3, x4)","");

}I DataUpdate

] Kbk Rk
/********»H(**k*k***k***** GI’OUI’ldDraW Function Kkkkk ***k******k***k*/
void GroundDraw(pfDCS *dcs)
inti,j;
int N=50;
int GridStep=5;
pfVec3 *corners;
pfVec4 *colors;
int *lengths;
pfGeoState *gstate;
pfGeoSet *groundgset;
pfGeode *groundgeode;
gstate = new pfGeoState;
groundgset = new pfGeoSet;
groundgeode = new pfGeode;
colors = (pfVec4 *) pfMalloc(sizeof(pfVec4), pfGet SharedArena());
corners = (pfVec3 *) pfMalloc(2*(2*21)*sizeof(pfVe c3), pfGetSharedArena());
groundgset->setPrimType(PFGS_LINES);
groundgset->setNumPrims(42);
for(i=0;i<=20;i++)
lengthsli]=2;
}
groundgset->setPrimLengths(lengths);
groundgset->setAttr(PFGS_COORD3, PFGS_PER_VERTEX, corners, NULL);
groundgset->setAttr(PFGS_COLOR4, PFGS_OVERALL, col ors, NULL);
colors[0].set(0.3f, 0.4f, 0.0f, 1.0f);
for(i=0, j=0; i<=41; i=i+2, j=j+GridStep)
{
corners[i].set((float)(j-N),(float)(-N), -5.0f);
corners[i+1].set((float)(j-N),(float)(N), -5.0f);
}
for(i=42, j=0; i<=83; i=i+2, j=j+GridStep)
{
cornersfi].set((float)(-N), (float)(j-N), -5.0f);
corners[i+1].set((float)(N), (float)(j-N), -5.0f) ;
}
groundgset->setGState(gstate);
groundgeode->addGSet(groundgset);
dcs->addChild(groundgeode);
MIGroundDraw
] Kbk kR

pfGeode * createCylinder(float size,pfVec4 *color)

{

pfGeoSet *gset;

pfMatrix matrix;

pfGeode *geode = new pfGeode;

gset = pfdNewCylinder(256,pfGetSharedArena());
gset->setAttr(PFGS_COLOR4,PFGS_OVERALL,color,NULL)
matrix.makeScale(size, size, size);
pfdXformGSet(gset,matrix);

geode->addGSet(gset);

return geode;

pfGeode * createSphere(float size,pfVec4 *color)

{

pfGeoSet *gset;

pfMatrix matrix;

pfGeode *geode = new pfGeode;

gset = pfdNewSphere(256,pfGetSharedArena());
gset->setAttr(PFGS_COLOR4,PFGS_OVERALL,color,NULL)
matrix.makeScale(size, size, size);
pfdXformGSet(gset,matrix);

geode->addGSet(gset);

return geode;

pfGeode * bump(float Bheight, float Blength)
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pfGeoState *gstate;

pfGeoSet *gset;

pfGeode *geode;

intind = 0;

int pind = 0;

intij,c;

float StPos[]={0,-Blength/2,-5};
float points[50004][3];

int polygon[60000][4];

pfVec4 *bcolor = (pfVec4 *)pfMalloc( 20002 * sizeo f(pfVec4),pfGetSharedArena());
if('mode)

roaddcs->setScale(1);
llllimake points//Iif
for(j=0;j<6;j++)
{
for (i=0;i<101;i++)

(=2 lj==3)
points[ind][0] = StPos[0];

else
points[ind][0] = StPos[0]+(Bheight/2)*(1-
cos(2*MY_PI*i/101));
ifj<3)
points[ind][1] = StPos[1]+i*Blength/101+bspd ;
else
points[ind][1] = StPos[1]+i*Blength/101-bspd ;
switch(j)
{
case 0:
points[ind][2] = StPos[2];
break;
case 5:
points[ind][2] = StPos[2]+10;
break;
default:
points[ind][2] = StPos[2]+5;
}
bcolorind].set(0.85,0.85,0,1);
ind++;
}
Il Iconnectivity//lIIf
for (i=0; i<500; i++)
{
polygon[pind][0] = pind;
polygon[pind][1] = pind+1;
polygon[pind][2] = pind+101;
polygon[pind][3] = pind+100;
pind++;
}
else
{
roaddcs->setScale(0);
Blength = 2000;
SGipos = Blength/2+Gipos;
StPos[0]=0;
StPos[1]=-Blength/2;
IlilIImake points///il
for(j=0;j<2;j++)
{
for (i=0;i < 10001;i++)
points[ind][0] = StPos[0]+ampl*sin(freq1*i*BI ength/10001);
if<1)
points[ind][1] = StPos[1]+i*Blength/10001+bs pd;
else
points[ind][1] = StPos[1]+i*Blength/10001-bs pd;
points[ind][2] = StPos[2]+j*10;
bcolorfind].set(0.4,0.4,0.4,1);
ind++;
}
Il Iconnectivity//l1If
for (i=0; i<10000; i++)
{
polygon[pind][0] = pind;
polygon[pind][1] = pind+1;
polygon[pind][2] = pind+10002;
polygon[pind][3] = pind+10001;
pind++;
}
}
IlllIIdefine arrays for coordinates and an index array into coordinates array/////l/
pfVec3 *coords = (pfVec3 *)pfMalloc( ind * sizeof( pfVec3), pfGetSharedArena() );
ushort *index = (ushort *)pfMalloc( 4*pind * size of( ushort ), pfGetSharedArena() );
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/* store the points in the coordinate array */

for(i=0;i<ind;i++)

coordsli].set( points[i][0], points[i][1], p

/* store the connectivity of polygon into index */
for(i=0;i<pind; i++)

for(j=0;j<4;j++)

{

index[c] = polygon[il[j];
CH++;

}

/* Create a Geometry Set and set attributes */

gset = new pfGeoSet();

gset->setAttr(PFGS_COORD3, PFGS_PER_VERTEX, coords
gset->setAttr(PFGS_COLOR4,PFGS_OVERALL,bcolor,inde

/* Set first primitive type as quad */
gset->setPrimType( PFGS_QUADS);
gset->setNumPrims( pind );

/* Set the rendering mode as wireframe */
gstate = new pfGeoState;

/* Create a geometry node and attch the geometry
gset->setGState( gstate );

geode = new pfGeode;
geode->addGSet( gset );
return geode;

oints[il[2] );

, index);
X);

set to it */

100



D.3: RKF45

void calcu(float *y)
{
/lcalculates gain for rkf45 step
intj=0;
double xin1, xin2, xin3, xin4;

switch(ControlMode)

{
case 1:
ul=0;
u2=0;
u3=0;
u4=0;
break;
case 2:
ul=0
u2=0;
u3=0;
u4=0
for(j = 0; j <14; j++)
ul = ul - Kgain[O][j]*y[j+1];
for(j = 0; j <14; j++)
u2 = u2 - Kgain[1][j]*y[j+1];
for(j = 0; j <14; j++)
u3 = u3 - Kgain[2][j]*y[j+1];
for(j = 0; j <14; j++)
u4 = u4 - Kgain[3][j]*y[j+1];
break;
case 3:
xinl = kt*y01/m1;
Xin2 = kt*y02/m2;
xin3 = kt*y03/m3;
Xin4 = kt*y04/m4;
ul=-(param[1]*pow(y[1]-11*y[3]-I3*y[5]-y[7].3)+p aram([2]*(y[2]+|1*y[4]-13*y[6])
+param[3]*pow(y[7]-xin1,3)+param[4]*y[8]);
u3=-(param[1]*pow(y[1]-11*y[3]+I3*y[5]-y[11],3)+ param([2]*(y[2]-11*y[4]-13*y[6])
+param[3]*pow(y[11]-xin2,3)+param[4]*y[12]);
u2=-(param[5]*pow(y[1]+12*y[3]+14*y[5]-y[9].3)+P aram([6]*(y[2]+I2*y[4]+|4*y[6])
+param[7]*pow(y[9]-xin3,3)+param[8]*y[10]);
ud=-(param[5]*pow(y[1]-12*y[3]+}4*y[5]-y[13],3)+ param([6]*(y[2]-12*y[4]+|4*Y[6])
+param[7]*pow(y[13]-xin4,3)+param(8]*y[14]);
break;
default:
ul=0;
u2=0;
u3=0;
u4=0;

printf("In default. How did | get here?\n");

}

inl = (ul+u2+u3+u4);

in2 = (-11*(ul+u3)+I2*(u2+u4));
in3 = (-I3*(ul+u2)+4*(u3+ud));
in4 = kt*y01-ul;

in5 = kt*y02-u2;

in6 = kt*y03-u3;

in7 = kt*y04-u4;

/lUser defined system of diff. equations
void f(float t, float *y, float *yp)
{

defcount++;

yp[1] = y[2];
yp[2] = (a[0]*y[1] + a[1]*y[2] + a[2]*y[3] + a[3
a[9]*y[10] + a[10]*y[11] + a[11]*y[12] + a[12]*y[13

yp[3] = y[4];
yp[4] = (a[14]*y[1] + a[15]*y[2] + a[16]*Y[3] +
a[22]*y[9] + a[23]*y[10] + a[24]*y[11] + a[25]*y[12

yp[S] = y[6];
yp[6] = (a[28]*y[1] + a[29]*Y[2] + a[30]*y[3] + a[
a[35]*y[8] + a[36]*y[9] + a[37]*y[10] + a[38]*y[11]

yp[7] = y[8];
yp[8] = (a[42]*y[1] + a[43]*y[2] + a[44]*y[3] +
in4)/m1;

1*y[4] + a[4T*y[5] + a[S]*y[6] + ale]*y[7] + a[7]*y
]+ a[13]*y[14] + in1)/MASS;

a[17]*y[4] + a[18]*y[5] + a[19]*y[6] + a[20]*Y[7] +
1+ a[26]*y[13] + aj27]*y[14] + in2)/IL;

31]*y[4] + a[32]*y[5] + a[33]*y[6] + a[34]*y[7] +
+ a[39]*y[12] + a[40]*y[13] + a[41]*y[14] + in3)/J

a[45]*y[4] + a[46]*y[5] + a[47]*y[6] + a[48]*y[7] +
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yp[9] = y[10];
. %’;ﬂ/[lg] = (a[50]*y[1] + a[51]*y[2] + a[52]*y[3] + a[53]*y[4] + a[54]*y[5] + a[55]*y[6] + a[56]*Y[9] +a[57]*y[10] +
in5)/m2;
yp[11] = y[12];
) %’;ﬂl[lg] = (a[58]*y[1] + a[59]*y[2] + a[60]*Y[3] + a[61]*y[4] + a[62]*y[5] + a[63]*y[6] + a[64]*y[11] +a[65]*y[12] +
in6)/m3;
yp[13] = y[14];
. ¥§J/[li] = (a[66]*y[1] + a[67]*y[2] + a[68]*y[3] + a[69]*y[4] + a[70]*y[5] + a[71]*y[6] + a[72]*y[13] +a[73]*y[14] +
in7)/m4;
}
void fehl(int neqn, float *y, float t, float *h, fl oat *yp,
float *f1, float *f2, float *f3, float *f 4, float *f5, float *s) {
float ch;
inti;
ch=*h/4.0;

for (i=1; i<=neqn; i++)
5[] = y[i] + ch * yp[il;

f(t + ch, 15, f1);
ch=3.0*(*h)/ 32.0;

for (i=1; i<=neqn; i++)
5[] = y[i] + ch * (yp[i] + 3.0 * f1[i]);

f(t+3.0 * (*h) / 8.0, 15, 2);
ch=*h/2197.0;

for (i=1; i<=neqn; i++)
f5[i] = y[i] + ch * (1932.0 * ypl[i] + (7296.0 * f2[i] - 7200.0 * f1[i]));

f(t +12.0 * (*h) / 13.0, 5, 3);
ch =*h/4104.0;
for (i=1; i<=neqn; i++)
f5[i] = y[i] + ch * ((8341.0 * ypli] - 845.0 * f3[i]) + (29440.0 * £2[i]
- 32832.0 * f1[i]));
f(t + *h, 5, f4);
ch =*h/20520.0;
for (i=1; i<=neqn; i++)
f1[i] = y[i] + ch * ((-6080.0 * ypli] + (9295.0 * f3[i] - 5643.0 * f4][i]))
+(41040.0 * f1[i] - 28352.0 * f2[i])) ;
ft+*h /2.0, 1, f5);
/I Ready to compute the approximate solution at T+H

ch =*h/7618050.0;

for (i=1; i<=neqn; i++)

sli] = y[i] + ch * ((902880.0 * yp[i] + (385573 5.0 * f3[i] - 1371249.0 * f4[i]))
+(3953664.0 * f2[i] + 277020.0 * f5[i] )i
} 1ifehl()
void rkf45 (int negn, float *y, float t, float tout , float relerr, float abserr,
int *iflag)
{
rkfs(neqn, y, t, tout, relerr, abserr, iflag, wl , &W2, w3, w4, w5,
w6, w7, &w8, &w9, &iwl, &iw2, &iw3, &iw4, &iw5 )
}

/IEmulation of Fortran Intrisic Functions
int ISign(int a, int b) {

if (b<0) return -abs(a);

else return abs(a);

}

float Max(float a, float b) {
if (a>=b) return a;
else return b;

}

float Min(float a, float b) {
if (a<=b) return a;
else return b;

}
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float Sign(float a, float b) {
if (b<0) return (-fabs(a));
else return fabs(a);

void rkfs(int neqn, float *y, float t, float tout, float relerr, float abserr,
int *iflag, float *yp, float *h, float *f 1, float *f2, float *f3,

float *f4, float *f5, float *savre, float *sava
int *init, int *jflag, int *kflag) {
//Labels: e25,e40,e45,e50,e60,e65,e80,e100,e200,e26 0
float remin = 1e-12;
int maxnfe = 3000;

float a,ae,dt,ee,eeoet,eps,esttol,et,hmin,rer,s,sca le;
float tol,toln,ypk;

bool hfaild,output;

int ik,mflag;

/I Check the input parameters
eps = EPSILON;
if (neqn < 1) {

*iflag = 8;
return;

if (relerr < 0.0) {
*iflag = 8;
return;

if (abserr < 0.0) {
*iflag = 8;
return;
mflag = abs(*iflag);
if (abs(*iflag) < 1 || abs(*iflag) > 8) {
*iflag = 8;
return;
}
/1 1s this the first call?
if (mflag == 1) goto e50;
/I Check continuation possibilities
if (t==tout && *kflag != 3) {
*iflag = 8;
return;
if (mflag != 2) goto e25;
Il'iflag = +2 or -2
if (*kflag == 3) goto e45;
if (*init == 0) goto e45;
if (*kflag == 4) goto e40;

if (*kflag == 5 && abserr == 0.0) {
printf("\n RKFS: Fatal error.\n");

return;
}
if (*kflag == 6 && relerr <= *savre && abserr <= *savae) {
printf("\n RKFS: Fatal error.\n");
return;
}
goto e50;

/l'iflag = 3,4,5,6,7 or 8

e25:if (*iflag == 3) goto e45;
if (*Yiflag == 4) goto e40;
if (*iflag == 5 && abserr > 0.0) goto e45;

/I Integration cannot be continued since user did n ot respond to

/I the instructions pertaining to iflag=5,6,7 or 8.

printf("\n RKFS: Fatal error.\n");
return;

/I Reset function evaluation counter

e40: *nfe = 0;
if (mflag == 2) goto e50;

/I Reset flag value from previous call
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e45:*iflag = *jflag;
if (*kflag == 3) mflag = abs(*iflag);
/I Save input iflag and set continuation flag for s ubsequent input checking.

e50: *jflag = *iflag;
*kflag = 0;

/I Save relerr and abserr for checking input on sub sequent calls.

*savre = relerr;
*savae = abselrr;

I* Restrict relative error tolerance to be at least as large as
2*eps+remin to avoid limiting precision difficul ties arising
from impossible accuracy requests. */

rer = 2.0 * EPSILON + remin;
/I The relative error tolerance is too small.

if (relerr <rer) {
relerr = rer;
*iflag = 3;
*kflag = 3;
return;

dt=tout - t;

if (mflag == 1) goto e60;
if (*init == 0) goto €65;
goto e80;

/* Initialization:
set initialization completion indicator, init
set indicator for too many output points, kop
evaluate initial derivatives
set counter for function evaluations, nfe
evaluate initial derivatives
set counter for function evaluations, nfe
estimate starting stepsize. */

e60: *init=0;
*kop = 0;
a=t
f(a, y, yp);
*nfe =1,

if (t == tout) {
*iflag = 2;
return;

e65: *init = 1;
*h = fabs(dt);
toln = 0.0;
for (k = 1; k<=neqn; k++) {
tol = relerr * fabs(y[k]) + abserr;
if (tol > 0.0) {
toln = tol;
ypk = fabs(yp[K]);

if (ypk * pow(*h,5.0) > tol)
*h = pow((tol/ypk),0.2);
}
if (toln <= 0.0) *h =0.0;

*h = Max(*h, 26.0 * eps * Max(fabs(t), fabs(dt))) ;
*iflag = 1Sign(2, *iflag);

1/ Set stepsize for integration in the direction fr om T to TOUT
e80: *h = Sign(*h,dt);
/I Test to see if RKF45 is being severely impacted by too many output points.
if (fabs(*h) >= 2.0 * fabs(dt)) *kop = *kop + 1;
/I Unnecessary frequency of output.
if (*kop == 100) {
*kop = 0;
*iflag = 7;
return;
11'If too close to output point, extrapolate and re turn.
if (fabs(dt) <= 26.0 * eps * fabs(t)) {
for (i=1; i<=neqn; i++)

yli] = y[i] + dt* yp[i];
a = tout;
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f(a, y, yp);
*nfe = *nfe + 1;
t = tout;
*iflag = 2;
return;
/I Initialize output point indicator
output = FALSE;

/I To avoid premature underflow in the error tolera
/I scale the error tolerances.

scale = 2.0/ relerr;
ae = scale * abserr;

/I Step by step integration

e100: hfaild = FALSE;

/I Set smallest allowable stepsize
hmin = 26.0 * eps * fabs(t);

/* Adjust stepsize if necessary to hit the output p
Look ahead two steps to avoid drastic changes in

thus lessen the impact of output points on the ¢

dt=tout - t;
if (fabs(dt) >= 2.0 * fabs(*h)) goto e200;

/I The next successful step will complete the integ
if (fabs(dt) <= fabs(*h)) {
output = TRUE;

*h =dt;
goto e200;

*h=0.5*dt; //reduce step

/I Too many function calls.
e200:if (*nfe > maxnfe) {
*iflag = 4;
*kflag = 4;
return;

}

/I Advance an approximate solution over one step of

fehl(negn, y, t, h, yp, f1, f2, 3, f4, 15, f1);
*nfe = *nfe + 5;

/* Compute and test allowable tolerances versus loc

and remove scaling of tolerances. Note that rel
measured with respect to the average of the magn
solution at the beginning and end of the step. *
eeoet = 0.0;
for (k = 1; k<=neqn; k++) {

et = fabs(y[k]) + fabs(f1[k]) + ae;

if (et <=0.0) {

*iflag = 5;
return;

ee = fabs((-2090.0 * yp[k] + (21970.0E+00 * f3[
+(22528.0 * f2[K] - 27360.0 * f5[k]));
eeoet = Max(eeoet, ee/et);
}
esttol = fabs(*h) * eeoet * scale / 752400.0;
if (esttol <= 1.0) goto e260;

/I Unsuccessful step. Reduce the stepsize, try aga
/I The decrease is limited to a factor of 1/10.

hfaild = TRUE;
output = FALSE;

if (esttol < 59049.0)
s = 0.9/ pow(esttol, 0.2);

else
s=0.1,
*h=s* (h);

nce function,

oint.
the stepsize and
ode. */

ration to the output point.

length H

al error estimates
ative error is
itudes of the

/

K] - 15048.0 * fA[K])
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if (fabs(*h) < hmin) {
*iflag = 6;
*kflag = 6;
return;

else
goto e200;

/I Successful step. Store solution at T+H and eval
€260: t=t+ *h;

for (i=1; i<=neqn; i++) y[i] = f1[i;

a=t

f(a, y, yp);

*nfe = *nfe + 1,

/I Choose next stepsize. The increase is limited t
II'If step failure has just occurred, next stepsize

if (esttol > 0.0001889568)
s = 0.9/ pow(esttol, 0.2);
else
s=5.0;
if (hfaild) s = Min(s, 1.0);
*h = Sign(Max(s * fabs(*h), hmin), *h);
/I End of core integrator
/I Should we take another step ?
if (output) {
t = tout;
*iflag = 2;
if (*iflag > 0) goto e100;
/I Integration successfully completed.

/I ne-step mode
*iflag = - 2;

}

uate derivatives there.

o a factor of 5.
is not allowed to increase.
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D.4: Kinematics & Gain Optimization

void precalc(void)

a[0] = -(k1+k2+k3+k4);

a[l] = -(b1+b2+b3+b4);

a[2] = k1*11-k2*12+k3*11-k4*12;
a[3] = b1*11-b2*12+b3*11-b4*12;
a[4] = k1*13+k2*13-k3*14-k4*14;
a[5] = b1*13+b2*13-b3*14-b4*14;
a[6] = k1,

a[7] = bl;

a[8] = k2;

a[9] = b2;

a[10] = k3;

a[l11] = b3;

a[12] = k4;

a[13] = b4;

a[14] = ((k1+k3)*11-(k2+k4)*12);

a[15] = ((b1+b3)*11-(b2+b4)*12);

a[16] = -((k1+k3)*pow(I1,2)+(k2+k4)*pow(12,2));
a[17] = -((b1+b3)*pow(I1,2)+(b2+b4)*pow(I2,2));
a[18] = -(k1*11*13-k2*12*13-k3*11*|4+k4*12*14);
a[19] = -(b1*11*13-b2*12*I3-b3*11*14+b4*12*(4);
a[20] = -k1*11;

a[21] = -b1*1;

a[22] = k2*12;

a[23] = b2*12;

a[24] = -k3*11;

a[25] = -b3*11;

a[26] = k4*12;

a[27] = b4*12;

a[28] = ((k1+k2)*13-(k3+k4)*14);

a[29] = ((b1+b2)*13-(b3+b4)*14);

a[30] = -(k1*11*13-k2*12*(3-k3*11*|4+k4*12*14);
a[31] = -(b1*1*13-b2*12*I3-b3*|1*14+b4*12*(4);
a[32] = -((k1+k2)*pow(I3,2)+(k3+k4)*pow(l4,2));
a[33] = -((b1+b2)*pow(I3,2)+(b3+b4)*pow(l4,2));
a[34] = -k1*13;

a[35] = -b1*I3;

a[36] = -k2*13;

a[37] = -b2*13;

a[38] = k3*4;

a[39] = b3*l4;

a[40] = k4*14;

af41] = b4*l4;

a[42] = k1;
a[43] = b1;
af44] = -k1*11;
a[45] = -b1*1;
a[46] = -k1*13;
af47] = -b1*13;
a[48] = -(kt+k1);
af49] = -b1;

a[50] = k2;
a[51] = b2;
a[52] = k2*12;
a[53] = b2*12;
a[54] = -k2*13;
a[55] = -b2*I3;
a[56] = -(kt+k2);
a[57] = -b2;

a[58] = k3;
a[59] = b3;
a[60] = -k3*11;
a[61] = -b3*I1;
a[62] = k3*14;
a[63] = b3*14;
a[64] = -(kt+k3);
a[65] = -b3;

a[66] = k4;
a[67] = b4;
a[68] = k4*12;
a[69] = b4*12;
a[70] = k4*14;
a[71] = b4*l4;
a[72] = -(kt+k4);
a[73] = -b4;

printf("Filling Matricies: In Precalc");
zero(A,14,14);

fillA();
printf("%f\n", dts);
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for(inti=0; i< 14; i++)
for(intj =0; j < 14 ;j++)

Adi]li] = AfilG]*.004;/dts;
if(i == )
Ad[i][] = Ad[i][] +1;
}

zero(B,14,4);
fillB();

for(i=0; i< 14; i++)
for(intj=0;j<4;j++)
{

Bd[i][i] = B[il[]*.004;//dts;
}

//Set Weighting Matrices
zero(Q,14,14);
eye(Q,14);

Q[1][1] = 500000000.0;
QI[3][3] = 2000000000.0;
Q[5][5] = 1000000000.0;

Q[0][0] = 100000000.0;
Q[2][2] = 100000000.0;
Q[4][4] = 100000000.0;

zero(R,4,4);
eye(R4);
for(i = 0;i < 4; i++)
R[] = R

zero(vl,1,14);
zero(v2,1,14);

for(i = 0; i<14; i++)
{
v1[0][i] = A[1][i]+A[3][i]*(11+cg-0.5) + A[5][i]* 0.5;
v2[0][i] = A[L][I+A[3][]*(11+cg-0.5) - A[S][i]* 0.5;
}

transpose(v1,TM3,14,1);
MM(TM3,v1,TM1,14,1,14);

transpose(v2,TM3,14,1);
MM(TM3,v2,TM2,14,1,14);

scalarM(5.0,TM1,TM1,14, 14);// Multiply by weighti ng
scalarM(5.0,TM2,TM2,14, 14);

printMat(TM1, 14, 14);
add(Q,T™M1,Q,14,14);
add(Q,T™M2,Q,14,14);

/lnitialize Ricatti S
zero(S,14,14);
eye(S,14);

/Initiate Empty Gain Matrices
zero(FAKEgain,4,14);

if(ParameterChange?2)
if(ControlMode == 2)
zero(Kgain,4,14);
sprintf(waitChar,"Calculating LQR Matrix");
waitdcs->setScale(1.4);
wait_string->setString(waitChar);

}
if(ParameterChange3)
if(ControlMode == 3)
zero(NEAgain,2,4);
sprintf(waitChar,"Calculating NEA Gains: %i %% d one", NEArep);
waitdcs->setScale(1.4);
wait_string->setString(waitChar);

}

MakeCalc = 1;//actual calculations are in beam
/ltraverser so that calculation notification shows

void Calculations(void)

float i;
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11=Spread-cg;
12=Spread+cg;
I13=WHLDPTH+0.5;
14=WHLDPTH+0.5;

float div = 15;
dts = dt/div;

negn = 14; // 7 equations
abserr = 0.000001;
relerr = 0.000001;
iflag = 1;
if(AnimIndex)
{
if(mode)//Harmonic Input

if(begin)
{

else

((WHLDPTH+1)/tan(atan(40/bspd)))));

Spread+((WHLDPTH+1)/tan(atan(40/bspd)))));

to cm)

else //bump input

if(begin)
{

y01 = ampl*sin(freq1*(SGipos+Spread-(WHLDPTH/ta n(atan(40/bspd)))));
y02 = ampl*sin(freq1*(SGipos-Spread-((WHLDPTH+1 )tan(atan(40/bspd)))));
y03 = ampl*sin(freq1*(SGipos+Spread+(WHLDPTH/ta n(atan(40/bspd)))));

y04 = ampl*sin(freq1*(SGipos-Spread+((WHLDPTH+1
ye[1] = (y01+y02)/2;

ye[2] = 0;

yc[3] = atan((((y02+y04)/2)-((y01+y03)/2))/(I11+

yc[4] = 0;
yc[5] = atan((((y03+y04)/2)-((y01+y02)/2))/(13+
yc[6] = 0;

ye[7] =yo1;

yc[8] = 0;

ye[9] = y02;

yc[10] = 0;

ye[11] = y03;

yc[12] = 0;

yc[13] = y04;

yc[14] = 0;

)/tan(atan(40/bspd)))));

12));
14));

for(inti=1;i< (NEQ+1); i++)

wl[i] = 0;
wa3l[i] = 0;
w4[i] = 0;
wb5l[i] = 0;
wél[i] = 0;
w7[i] = 0;

}

w2 =0;

w8 =0;

w9 =0;

begin = 0;

startime = pfGetTime();
prevtime = pfGetTime();

y01 = ampl*sin(freq1*(position+SGipos+Spread-(W
y02 = ampl*sin(freq1*(position+SGipos-Spread-

HLDPTH/tan(atan(40/bspd)))));

y03 = ampl*sin(freq1*(position+SGipos+Spread+(W
y04 = ampl*sin(freq1*(position+SGipos-

HLDPTH/tan(atan(40/bspd)))));

for(i = O; i<div; i++)
{
calcu(yc);
rkf45(neqn, yc, i*dts, i*dts+dts, relerr, abse
if((int)i % 4 == 3)
{

rr, &iflag);
for(int v = 0; v <=MAXPOINTS-2; v++)
gnodes[v] = gnodes[v+1];

double Driver = yc[1]-(I11+cg-0.5)*yc[3] + .5*
gnodes[MAXPOINTS-2] = Driver*100;//yc[1]*100;

ye[5];
Il(from feet

}

CarOut->gupdate(gnodes,dts);

/lcar frame position at four corners taken rela
x1= yc[1]-11*yc[3]-I3*yc[5];
x2=yc[1]+I2*yc[3]-I13*yc[5];

x3= yc[1]-11*yc[3]+|4*yc[5];

x4= yc[1]+2*yc[3]+l4*yc[5];

tive to the center
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for(inti=1;i < (NEQ+1); i++)

yeli] = 0;
wl[i] = 0;
w3[i] = 0;
w4[i] = 0;
wb5l[i] = 0;
wél[i] = 0;
w7[i] = 0;

}

w2 =0;

w8 =0;

w9 =0;

begin = 0;

prevtime = pfGetTime();
bumppos = Blength/2+Gipos;

}
else
{
if(position > (-Gipos - Blength/2 + Spread + bs pd) && position < (-Gipos +
Blength/2 + Spread + bspd))
{
y02 = (Bheight/2)*(1-cos((bumppos-Spread-bspd) *2*MY_PI/Blength));
else
{
y02 =0;
}
if(position > (-Gipos - Blength/2 - Spread + bs pd) && position < (-Gipos +
Blength/2 - Spread + bspd))
{
y01 = (Bheight/2)*(1-cos((bumppos+Spread-bspd) *2*MY_PI/Blength));
}
else
{
y01=0;
}
if(position > (-Gipos - Blength/2 + Spread - bs pd) && position < (-Gipos +
Blength/2 + Spread - bspd))
{
y04 = (Bheight/2)*(1-cos((bumppos-Spread+bspd) *2*MY_PI/Blength));
else
{
y04 =0;
}
if(position > (-Gipos - Blength/2 - Spread - bs pd) && position < (-Gipos +
Blength/2 - Spread - bspd))
{
y03 = (Bheight/2)*(1-cos((bumppos+Spread+bspd) *2*MY_PI/Blength));
else
{
y03=0;
}
for(i = 0; i < div; i++)
calcu(yc);
rkf45(neqn, yc, i*dts, i*dts+dts, relerr, abse rr, &iflag);
if((int)i % 4 == 3)
{
for(int v = 0; v <=MAXPOINTS-2; v++)
gnodes[v] = gnodes[v+1];
double Driver = yc[1]-(11+cg-0.5)*yc[3] + .5* yc[5];
gnodes[MAXPOINTS-2] = Driver*100;//yc[1]*100; Il(from feet
to cm)
}
}
CarOut->gupdate(gnodes,dts);
bumppos = Move*dt+bumppos;
}
position = Move*dt+position;
ntime = pfGetTime();
}
dt = pfGetTime() - prevtime;
prevtime = pfGetTime();
}

fersnes BumpUpdate FUNCLion st
static int BumpUpdate(pfTraverser *trav,void *)

{
if(bumpchange)
{

bumpdcs->removeChild(bumpgeode);

bumpgeode = bump(Bheight,Blength);
bumpdcs->addChild(bumpgeode);

110



bumpchange = 0;

}
return PFTRAV_CONT;

¥l BumpUpdate function

1

/***k******k*k*k***k*** BeamMOtiOn Function Fkkkkkk
static int BeamMotion(pfTraverser *trav,void *)

if(MakeCalc)///must be here to alow the notificati
if(ControlMode == 1)
{

if(ParameterChangel)

{
if(wait2go)
{

}

}
MakeCalc = 0;
waitdcs->setScale(0);

}
if(ControlMode == 2)
{

if(ParameterChange2)

kR |

Sk RRk

on to show (waitdcs)

wait2go = 0;
Animindex = 1;

/ICalculate LQR first

for(inti=0; i < 100; i++)
{

MM(S,Bd, TM1,14,14,14);
transpose(Bd,TM2,4,14);
MM(TM2,TM1,TM3,4,14,4);
add(TM3,R,TM1,4,4);
MatrixInversion(TM1,4,InvMat);
MM(S,Ad, TM1,14,14,14);
MM(TM2,TM1,TM3,4,14,14);
MM(InvMat, TM3,Kgain,4,4,14);

MM(Bd,Kgain, TM1,14,4,14);
sub(Ad, TM1,TM2,14,14);
MM(S,TM2,TM3,14,14,14);
transpose(Ad,TM1,14,14);
MM(TM1,TM3, TM2,14,14,14);
add(TM2,Q,S,14, 14);

ParameterChange2 = 0;

if(wait2go)
{

wait2go = 0;
Animindex = 1;

waitdcs->setScale(0);

%\/IakeCalc =0;

}

if(ControlMode == 3)
if(ParameterChange3)
{ i{f(NEArep =

=0)

for(inti = 0; i<9; i++)

{
param[i] = 0;
psign[i] = -1;
pinterval[i] = 50;
oldpinterval[i] = 50;

}

mval = 0;

newmval = 0;

oldmval = 0;

limit = 10.0;

intreturn = 0;

printf("exit program = %i\n", exit_program);

yr01[0] = 0.0;

yr02[0] = 0.0;

yr03[0] = 0.0;

yro4[0] = 0.0;

srand ( time(NULL) );
dtn = dts;

myfile = fopen("grandnum.txt", "r");
myoutfile = fopen("wutiread.txt","w");

if(imyfile)
{

printf("Can't open random number file!");

111



pinterval[i];

pinterval[i]*4;//Dtemp;

}

int istart;
int ifinish;

exit_program = 1;
}
if(!myoutfile)
{

printf("Can't open What | Read file!");
exit_program = 1;

}

float nextnum;
for(long ij = 1; ij < neareps; ij++)

fscanf(myfile,"%f",&nextnum);
fprintf(myoutfile,"%f",nextnum);
yrO1[ij] = yr01[ij-1]+nextnum;
fgetc(myfile);
fputc(\t',myoutfile);

fprintf(myourtfile,"%f",nextnum);
fscanf(myfile,"%f",&nextnum);
yr02[ij] = yr02[ij-1]+nextnum;
fgetc(myfile);
fputc(\t',myoutfile);

fprintf(myourtfile,"%f",nextnum);
fscanf(myfile,"%f",&nextnum);
yro3[ij] = yr03[ij-1]+nextnum;
fgetc(myfile);
fputc(\t',myoutfile);

fprintf(myourtfile,"%f",nextnum);
fscanf(myfile,"%f",&nextnum);
yro4[ij] = yr04[ij-1]+nextnum;
fgetc(myfile);
fputc(\n',myoutfile);

if(nextnum != nextnum)

printf("Read wrong number!");
exit_program = 1;

fclose(myfile);
fclose(myoutfile);
newmval = calculateE(param, yr01, yr02, yr03, yro4);
mval = newmval;
printf("%f\n",mval);
printf( Hrwkiktrs\ ).
if(mval == eub)
mval = (eub-1);

if(NEArep <9)
{

else

istart = NEArep;
ifinish = NEArep+1;

if(NEArep%2 == 1)
{

istart = 1;
ifinish = 5;
else
{
istart = 5;
ifinish = 9;
}

for(int i = istart; i < ifinish; i++)

param(i] = param[i] + psign[i]*pinterval[i;
while(fabs(limit) > .001)
{

newmval = calculateE(param, yr01, yr02, yr03, yrod);
limit = newmval-mval;
if(newmval < mval)
if((1-(newmval/mval)) < 0.2 && (direcs > 4)
{
float Atemp, Btemp, Ctemp, Dtemp;
Atemp = mval-newmval;
Btemp = oldmval-mval;
Ctemp = Btemp-Atemp;
Dtemp = Atemp/Ctemp;
if(Dtemp > 0)
{

oldpinterval[i] =

pinterval[i] =
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}

else

intreturn = 1;
direcs = 0;

pinterval[i] = pinterval[i]*4;

oldmval = mval;
mval = newmval;

direcs++;
if(direcs > 6)
direcs = 6;
}
else
{
if(direcs == 5)

pinterval[i] = pinterval[i]*0.2;

if(newmval == eub)

param[i] = param[i] -

pinterval[i] = pinterval[i]*0.5;

pinterval[i] = pinterval[i]*0.5;

done\n mval=%f", NEArep*2,

rameterChange3,

psign[i]*pintervalli];
psign(i] = psign(i]*-1;
limit = 10;
direcs = 0;
else
{
oldmval = mval;
mval = newmval;
psign(i] = psign(i]*-1;
direcs = 0;
}
}
if(CAVEgetbutton(CAVE_NKEY))
{
limit = 0;
NEArep = 100;
param(i] = param[i] + psign[i]*pinterval[i;
if(intreturn)
pinterval[i] = oldpintervalli];
intreturn = 0;
}
1.
limit = 10.0;
}
NEArep++;
sprintf(waitChar,"Calculating NEA Gains: %i %%
mval);
wait_string->setString(waitChar);
printf("%f\t",mval);
printf("Parameters:");
for(int ijk = 1;ijk<9; ijk++)
printf("%f\t",paramlijk]);
printf("\n");
if(tempint <0)
{
printf("%f\t",mval);
printf("Parameters:");
for(int ijk = 1;ijk<9; ijk++)
printf("%f\t",param[ijk]);
printf("\n");
tempint++;
}
if(NEArep == 50)
{
printf("Parameter Change = %i\t Rep = %i\n",Pa
NEArep);
ParameterChange3 = 0;
NEArep = 0;
MakeCalc = 0;
waitdcs->setScale(0);
if(wait2go)
{
wait2go = 0;
Animindex=1;
}

}
Ylend if(ParameterChange3)
Ylend if(controlmode3)
Ylend if makecalc
pfDCS *dcss = (pfDCS *) trav->getNode();

Calculations();
if(ButtonTimer < 20)
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ButtonTimer++;
if(CAVEgetbutton(CAVE_GKEY) && (ButtonTimer >= 10)
if(AnimIndex)
{
Animindex=0;
}
else

{
|| ((ControlMode == 3) && ParameterChange3))

if(((ControlMode == 1) && ParameterChangel) || (

wait2go = 1;
else
Animindex=1;

precalc();
Calculations();

ButtonTimer = 0;

if((CAVEgetbutton(CAVE_RKEY) || CAVEBUTTON2) && (B
{

if(((ControlMode == 1) && ParameterChangel) || ((
((ControlMode == 3) && ParameterChange3))

if(AnimIndex)

{
Animindex = 0;
wait2go = 1;

precalc();

for(inti = 0; i< 50; i++)

{
ye[1] = 0;
ye[2] = 0;
ye[3] = 0;
yc[4] = 0;
ye[5] = 0;
yc[6] = 0;
ye[7]=0;
yc[8] = 0;
ye[9] = 0;
yc[10] = 0;
yc[11] = 0;
yc[12] = 0;
yc[13] = 0;
yc[14] = 0;

for(inti=1;i < (NEQ+1); i++)

{
wi[i] = 0;
wa3[i] = 0;
w4l[i] = 0;
w5[i] = 0;
wél[i] = 0;
w7[i] =0;

}

w2 =0;

w8 =0;

w9 =0;

y01=0;

y02 =0;

y03=0;

y04 =0;

u[1]=0;

u[2] = 0;

u[3]=0;

u[4]=0;

rkf45(neqn, yc, i*dts, i*dts+dts, relerr, abserr

prevtime = pfGetTime();
startime = pfGetTime();
position = 0;

bumppos = Blength/2+Gipos;
begin = 1;

precalc();

ButtonTimer = 0;

CarOut2->energy = CarOut->energy;
CarOut2->gupdate(gnodes,dts);
CarOut->reset(gnodes);

(ControlMode == 2) && ParameterChange2)

uttonTimer >= 10))

ControlMode == 2) && ParameterChange2) ||

, &iflag);
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if(CAVEBUTTON1 && (ButtonTimer >= 10))

if(NodeChoiceMode == 0)
NodeChoiceMode = 1;

else
{
NodeChoiceMode = 0;
Nodeldcs->setScale(0);
Node2dcs->setScale(0);
Node3dcs->setScale(0);
Node4dcs->setScale(0);
Node5dcs->setScale(0);
Node6dcs->setScale(0);
Node7dcs->setScale(0);
}
ButtonTimer = 0;
}
if(CAVEgetbutton(CAVE_SKEY) && (ButtonTimer >= 10) )
{
if('SceneMode)
{
headT_dcs->setTrans(10,80,0);
headT_dcs->setRot(30,0,0);
SceneMode = (SceneMode+1)%2;
else
{
headT_dcs->setTrans(0,0,0);
headT_dcs->setRot(0,0,0);
SceneMode = (SceneMode+1)%2;
ButtonTimer = 0;
}
if(CAVEgetbutton(CAVE_BKEY) && (ButtonTimer >= 10) )
{
switch(carbody)
case 1:
carbody = 2;
Chassisdcs->setScale(HCarisc);
HCardcs->setScale(HCarisc);
Wallldcs->setScale(0);
CGdcs->setScale(0);
break;
case 2:
carbody = 3;
Chassisdcs->setScale(HCarisc);
HCardcs->setScale(0);
Wallldcs->setScale(0);
CGdcs->setScale(0);
break;
case 3:
carbody = 1;
Chassisdcs->setScale(0);
HCardcs->setScale(0);
Wallldcs->setScale(Walliscz, Walliscx, Walliscy
CGdcs->setScale(1);
break;
ButtonTimer = 0;
}
if(CAVEgetbutton(CAVE_MKEY) && (ButtonTimer >= 10) )
{
if(mode)
{
mode = 0;
bumpchange = 1;
else
{
mode = 1;
bumpchange = 1;
}
ButtonTimer = 0;
}
if(CAVEgetbutton(CAVE_CKEY) && (ButtonTimer >= 20) )
{

if(CAVEgetbutton(CAVE_VKEY))
ControlMode = ((ControlMode+1)%3)+1;
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else
ControlMode = ((ControlMode)%3)+1;

if(ControlMode==2)
{

sprintf(freq1Char,"Control = LQR");
freql_string->setString(freq1Char);
freql_string->setColor(0.7, 0.3, 0.3, 1.0);

if(ControlMode==3)
{

sprintf(freq1Char,"Control = NEA");
freql_string->setString(freq1Char);
freql_string->setColor(0.3, 0.3, 0.7, 1.0);

if(ControlMode==1)
{
sprintf(freq1Char,"Control = OFF");
freql_string->setString(freq1Char);
freql_string->setColor(0.7, 0.5, 0.5, 1.0);

ButtonTimer = 0;

if(AnimIndex)

dcss->setTrans(yc[1]+Wallipos-yc[3]*Spread+yc[5]*
WHLDPTH*1.05);
dcss->setRot(yc[3]*180/(MY_PI),0,yc[5]*180/(MY_PI

CGdcs->setTrans(Wallipos+0.3/3.2808+yc[1],Gipos+p
CGdcs->setRot(yc[3]*180/(MY_PI),0,yc[5]*180/(MY_P
Wheelldcs->setTrans(WHLipos+y01,Spread+Gipos+posi
Wheelldcs->setRot(0,90,position*180/(MY _PI*.4389/

Wheel2dcs->setTrans(WHLipos+y02,-Spread+Gipos+pos
Wheel2dcs->setRot(0,90,position*100);//*180/(MY_P

Wheel3dcs->setTrans(WHLipos+y03,Spread+Gipos+posi
Wheel3dcs->setRot(0,-90,-position*100);//*180/(MY

Wheel4dcs->setTrans(WHLipos+y04,-Spread+Gipos+pos
Wheel4dcs->setRot(0,-90,-position*100);//*180/(MY

Springldcs->setTrans(Springipos+y01,Spread+Gipos+
Springldcs->setScale(Springisc,Springisc+springds

Spring2dcs->setTrans(Springipos+y02,-Spread+Gipos
Spring2dcs->setScale(Springisc,Springisc+springds

Spring3dcs->setTrans(Springipos+y03,Spread+Gipos+
Spring3dcs->setScale(Springisc,Springisc+springds

Spring4dcs->setTrans(Springipos+y04,-Spread+Gipos
Spring4dcs->setScale(Springisc,Springisc+springds

HCardcs->setTrans(HCaripos+yc[1],Gipos+position,0
HCardcs->setRot(90+yc[3]*180/(MY_PI),yc[5]*180/(M

Chassisdcs->setTrans(HCaripos+yc[1],Gipos+positio
Chassisdcs->setRot(90+yc[3]*180/(MY_PI),yc[5]*180

}
return PFTRAV_CONT;

}// Beam Motion
/

Sk |

static int NodeUpdate(pfTraverser *trav,void *)
if(NodeChoiceMode)
{

Nodeldcs->setTrans((Gipos+position-0.5)*0.4,30,0.
Node2dcs->setTrans((Gipos+position-0.5)*0.4,30,0.
Node3dcs->setTrans((Gipos+position-0.5)*0.4,30,0.

Node4dcs->setTrans((Spread+Gipos+position)*0.4,30
Node5dcs->setTrans((-Spread+Gipos+position)*0.4,3
Node6dcs->setTrans((Spread+Gipos+position)*0.4,30
Node7dcs->setTrans((-Spread+Gipos+position)*0.4,3
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ition, WHLDPTH+1*.3/3.28);
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position,1.2*.3/3.28-WHLDPTH);
f*(y01-x1),Springisc);

+position,0.2*.3/3.28-WHLDPTH);
f*(y02-x2),Springisc);

position, WHLDPTH-1.2*.3/3.28);
f*(y03-x3),Springisc);

+position, WHLDPTH-0.2*.3/3.28);
*(y04-x4),Springisc);

)i
Y_PI),90);

n,0);
/(MY_P1),90);

3*(Wallipos+0.5+yc[1])-5);
3*(Wallipos+0.5+yc[1])-5+1);
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CAVEGetPosition(CAVE_WAND_NAV, gposl.vec);
CAVEGetVector(CAVE_WAND_FRONT_NAV, gdirl.vec);

int test = isectTest(Nodeldcs,gpos1,gdirl,gpos2,g9
if(test)

Nodeldcs->setScale(2);

if(CAVEBUTTONS3)

{
NodeChoice = 1;

sprintf(amplChar,"Graphing X (cm)");

CarOut->Ylabel(amplChar);
CarOut2->Ylabel(amplChar);
CarOut->scale = 0.3;
CarOut2->scale = 0.3;

}

else

Nodeldcs->setScale(1);

test = isectTest(Node2dcs,gpos1,gdirl,gpos2,gdir2
if(test)

Node2dcs->setScale(2);
if(CAVEBUTTONS3)
{
NodeChoice = 2;
sprintf(amplChar,"Graphing Theta (rad)");
CarOut->Ylabel(amplChar);
CarOut2->Ylabel(amplChar);
CarOut->scale = 5;
CarOut2->scale = 5;

}

else

Node2dcs->setScale(1);

test = isectTest(Node3dcs,gpos1,gdirl,gpos2,gdir2
if(test)

Node3dcs->setScale(2);
if(CAVEBUTTONS3)
{
NodeChoice = 3;
sprintf(amplChar,"Graphing Phi (radians)");
CarOut->Ylabel(amplChar);
CarOut2->Ylabel(amplChar);
CarOut->scale = 5;
CarOut2->scale = 5;

}

else

Node3dcs->setScale(1);

test = isectTest(Node4dcs,gpos1,gdirl,gpos2,gdir2
if(test)

Node4dcs->setScale(2);
if(CAVEBUTTONS3)
{
NodeChoice = 4;
sprintf(amplChar,"Graphing x1 (cm)");
CarOut->Ylabel(amplChar);
CarOut2->Ylabel(amplChar);
CarOut->scale = 0.2;
CarOut2->scale = 0.2;

}
else
Node4dcs->setScale(1);
test = isectTest(Node5dcs,gpos1,gdirl,gpos2,gdir2

if(test)

Node5dcs->setScale(2);
if(CAVEBUTTONS3)
{
NodeChoice = 5;
sprintf(amplChar,"Graphing x2 (cm)");
CarOut->Ylabel(amplChar);
CarOut2->Ylabel(amplChar);
CarOut->scale = 0.2;
CarQOut2->scale = 0.2;

else
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Node5dcs->setScale(1);
test = isectTest(Node6dcs,gpos1,gdirl,gpos2,gdir2 );
if(test)

Node6dcs->setScale(2);
if(CAVEBUTTON3)

{

NodeChoice = 6;
sprintf(amplChar,"Graphing x3 (cm)");
CarOut->Ylabel(amplChar);
CarOut2->Ylabel(amplChar);

CarQut->scale = 0.2;

CarOut2->scale = 0.2;

}
}
else
Node6dcs->setScale(1);
test = isectTest(Node7dcs,gpos1,gdirl,gpos2,gdir2 );
if(test)
Node7dcs->setScale(2);
if(CAVEBUTTONS3)
{
NodeChoice = 7;
sprintf(amplChar,"Graphing x4 (cm)");
CarOut->Ylabel(amplChar);
CarOut2->Ylabel(amplChar);
CarOut->scale = 0.2;
CarOut2->scale = 0.2;
Nodeldcs->setScale(0);
Node2dcs->setScale(0);
Node3dcs->setScale(0);
Node4dcs->setScale(0);
Node5dcs->setScale(0);
Node6dcs->setScale(0);
Node7dcs->setScale(0);
NodeChoiceMode = 0;
precalc();
}
}
else
Node7dcs->setScale(1);
if(CAVEBUTTONR)
{
}
}
return PFTRAV_CONT;
}
int isectTest(pfNode *node,pfVec3 pos,pfVec3 dir,pf Vec3 *retPoint,pfVec3 *retNorm)
{
pfSegSet segset;
pfHit **hits[32];

segset.activeMask = 1;

segset.isectMask = Oxffffffff;

segset.discFunc = NULL;

segset.bound = NULL;

segset.mode = PFTRAV_IS_GSET | PFTRAV_IS_NORM | PF TRAV_IS_CULL_BACK;
segset.segs[0].pos = pos;

segset.segs[0].dir = dir;

segset.segs[0].length = 100.0f;

if (node->isect(&segset, hits))
{

pfVec3 pnt, norm;

pfMatrix xmat;

(*hits[0])->query(PFQHIT_POINT, pnt.vec);
(*hits[0])->query(PFQHIT_XFORM, (float*)xma t.mat);

pnt.xformPt(pnt, xmat);
*retPoint = pnt;

(*hits[0])->query(PFQHIT_NORM, norm.vec);
norm.xformVec(norm, xmat);

*retNorm = norm;
return 1;

return 0;

/**********k*k*k***k* SCI’eenTeXt Fkkdkkkkkkkkkkkk ***/
void ScreenText(void)
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font = pfdLoadFont_typel("Helvetica-Bold", PFDFONT _FILLED);
pfMatrix freql_matrix;

pfMatrix ampl_matrix;

pfMatrix WHub_matrix;

pfMatrix stiffl_matrix;

pfMatrix damp_matrix;

pfMatrix mode_matrix;

pfMatrix psh_matrix;

pfMatrix wait_matrix;

freql_matrix.makeTrans(-4.0, 4.0, 6.4);
freql_matrix.preScale(0.2, 0.2, 0.2, freql_matrix) ;
freql_scs = new pfSCS(freql_matrix);

ampl_matrix.makeTrans(-4.0, 4.0, 6.2);
ampl_matrix.preScale(0.2, 0.2, 0.2, ampl_matrix);
ampl_scs = new pfSCS(ampl_matrix);

WHub_matrix.makeTrans(-4.0, 4.0, 7.0);
WHub_matrix.preScale(0.2, 0.2, 0.2, WHub_matrix);
WHub_scs = new pfSCS(WHub_matrix);

stiffl_matrix.makeTrans(-4.0, 4.0, 6.8);
stiffl_matrix.preScale(0.2, 0.2, 0.2, stiffl_matri X);
stiffl_scs = new pfSCS(stiff1_matrix);

damp_matrix.makeTrans(-4.0, 4.0, 6.6);
damp_matrix.preScale(0.2, 0.2, 0.2, damp_matrix);
damp_scs = new pfSCS(damp_matrix);

psh_matrix.makeTrans(-4.0, 4.0, 6.2);
psh_matrix.preScale(0.2, 0.2, 0.2, psh_matrix);
psh_scs = new pfSCS(psh_matrix);

l !

freql_string = new pfString;
ampl_string = new pfString;
WHub_string = new pfString;
stiffl_string = new pfString;
damp_string = new pfString;
psh_string = new pfString;

/ /

freql_string->setFont(font);
freql_string->setMode(PFSTR_JUSTIFY, PFSTR_LEFT);
freql_string->setColor(0.7, 0.5, 0.5, 1.0);

ampl_string->setFont(font);
ampl_string->setMode(PFSTR_JUSTIFY, PFSTR_LEFT);
ampl_string->setColor(0.7, 0.5, 0.5, 1.0);

WHub_string->setFont(font);
WHub_string->setMode(PFSTR_JUSTIFY, PFSTR_LEFT);
WHub_string->setColor(0.7, 0.5, 0.5, 1.0);

stiff1_string->setFont(font);
stiffl_string->setMode(PFSTR_JUSTIFY, PFSTR_LEFT);
stiff1_string->setColor(0.7, 0.5, 0.5, 1.0);

damp_string->setFont(font);
damp_string->setMode(PFSTR_JUSTIFY, PFSTR_LEFT);
damp_string->setColor(0.7, 0.5, 0.5, 1.0);

psh_string->setFont(font);
psh_string->setMode(PFSTR_JUSTIFY, PFSTR_LEFT);
psh_string->setColor(0.7, 0.5, 0.5, 1.0);

/ /
sprintf(freq1Char,"Control = OFF");
freql_string->setString(freq1Char);

sprintf(amplChar,"Graphing X (cm)");
ampl_string->setString(amplChar);

sprintf(WHubChar,"Mass=%1.1f kg",MASS);
WHub_string->setString(WHubChar);

sprintf(stifflChar,"Siffness=%21.1f N/m" k1);
stiff1_string->setString(stiffLChar);

sprintf(dampChar,"Damping=%1.1f Ns/m",b1);
damp_string->setString(dampChar);

sprintf(pshChar,"Phase Shift=%1.2f rad", psh1l);
psh_string->setString(pshChar);

/ /
freql_text = new pfText;
freql_text->addString(freq1_string);
freql_scs->addChild(freql_text);

ampl_text = new pfText;
ampl_text->addString(ampl_string);
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WHub_text = new pfText;
WHub_text->addString(WHub_string);
WHub_scs->addChild(WHub_text);

stiff1_text = new pfText;
stiff1_text->addString(stiff1_string);
stiffl_scs->addChild(stiff1_text);

damp_text = new pfText;
damp_text->addString(damp_string);
damp_scs->addChild(damp_text);

psh_text = new pfText;

YIScreenText

/***k******k*k*k***k****CAR CONTROL**************** ***k*****/
/I matrix inversioon

/I the resultis putin Y

void MatrixInversion(float **A, int order, float ** YX

/I get the determinant of a
float det = 1.0/CalcDeterminant(A,order);

/I memory allocation
float *temp = new float[(order-1)*(order-1)];
float **minor = new float*[order-1];
for(int i=0;i<order-1;i++)
minor(i] = temp+(i*(order-1));

for(int j=0;j<order;j++)

for(int i=0;i<order;i++)
{
/I get the co-factor (matrix) of A(j,i)
GetMinor(A,minor,j,i,order);
Y[i][j] = det*CalcDeterminant(minor,ord er-1);
if( (i+)%2 == 1)
YO0 = - Y0

Il release memory
delete [] minor[0];
/I for(int i=0;i<order-1;i++)
" delete [] minorfi];
delete [] minor;

/I calculate the cofactor of element (row,col)
int GetMinor( float **src, float **dest, int row, i nt col, int order){
/l'indicate which col and row is being copied t o dest
int colCount=0,rowCount=0;

for(inti=0; i< order; i++)
if(i !=row)

colCount = 0;

for(int j = 0; j < order; j++)

{
/I when j is not the element
if(j!=col)

dest[rowCount][colCount] = src[ i
colCount++;
}
}
rowCount++;
}
}

return 1;

/I Calculate the determinant recursively.
float CalcDeterminant( float **mat, int order){

/' order must be >= 0
/I stop the recursion when matrix is a single elem ent
if(order==1)
return mat[0][0];

/I the determinant value
float det = 0;

/I allocate the cofactor matrix
float **minor;
minor = new float*[order-1];
for(inti = 0; i < order-1;i++)
minor[i] = new float[order-1];

for(i = 0; i < order; i++)

{
/I get minor of element (0,i)
GetMinor(mat, minor, O, i, order);
/I the recusion is here!
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det += pow( -1.0, i ) * mat[0][i] * CalcDetermina

}

/I release memory
for(i=0;i<order-1;i++)
delete [] minorfi];

delete [] minor;

return det;
}
void eye(float ** theEye, int size){

for(inti = 0; i<size; i++)
theEyeli][i] = 1;

void zero(float ** theMat, int rsize, int csize){

for(inti = 0; i<rsize; i++){
for(int j = 0; j<csize; j++){
theMat[i][j] = 0.0;
}

}
void printMat( float ** theMat, int rsize, int csiz

for(inti = 0; i<rsize; i++){
for(int j = 0; j<csize; j++){
printf("%f\t",theMat[i][j]);

i)rimf("\n\n");
{)rintf("\n\n\n");
}
void initMatrices(void)

Q = new float*[14];
for(int i=0;i<14;i++)
Q[i] = new float[14];

R = new float*[4];
for(i=0;i<4;i++)
R[i] = new float[4];

P = new float*[14];
for(i=0;i<14;i++)
P[i] = new float[14];

A = new float*[14];
for(i=0;i<14; i++)
Ali] = new float[14];

Ad = new float*[14];
for(i=0;i<14; i++)
Ad[i] = new float[14];

B = new float*[14];
for(i=0;i<14; i++)
B[i] = new float[4];

Bd = new float*[14];
for(i=0;i<14; i++)
Bd[i] = new float[4];

S = new float*[14];
for(i=0;i<14; i++)
S[i] = new float[14];

TM1 = new float*[14];
for(i=0;i<14; i++)
TM1[i] = new float[14];

TM2 = new float*[14];
for(i=0;i<14; i++)
TM2[i] = new float[14];

TM3 = new float*[14];
for(i=0;i<14; i++)
TM3Ji] = new float[14];

InvMat = new float*[4];
for(i=0;i<4; i++)
InvMat[i] = new float[4];

Kgain = new float*[4];
for(i=0;i<4; i++)
Kgain[i] = new float[14];
NEAgain = new float*[4];
for(i=0;i<4; i++)
NEAgain[i] = new float[14];

e)
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FAKEgain = new float*[4];
for(i=0;i<4; i++)
FAKEgain[i] = new float[14];

v1 = new float*[1];
for(i=0;i<1; i++)
v1[i] = new float[14];

v2 = new float*[1];
for(i=0;i<1; i++)
v2[i] = new float[14];

void delMatrices(void)

for(int i=0;i<14;i++)
delete [] Q[i];
delete [] Q;

for(i=0;i<4;i++)
delete [] R[i];
delete [ R;

for(i=0;i<14;i++)
delete ] PJi];
delete [] P;

for(i=0;i<14; i++)
delete [] A[i];
delete [] A;

for(i=0;i<14; i++)
delete [] Ad[i];
delete [] Ad;

for(i=0;i<14; i++)
delete [] Bi];
delete [] B;

for(i=0;i<14; i++)
delete [] Bd[i];
delete [] Bd;

for(i=0;i<14; i++)
delete [] S[i];
delete [| S;

for(i=0;i<14; i++)
delete [] TM1[i];
delete [] TM1;

for(i=0;i<14; i++)
delete [] TM2[i];
delete [ TM2;

for(i=0;i<14; i++)
delete [] TM3Ji];
delete [ TM3;

for(i=0;i<4; i++)
delete [] InvMat[i];
delete [] InvMat[;

for(i=0;i<4; i++)
delete [] Kgainl[i];
delete [] Kgain;

for(i=0;i<4; i++)
delete [] NEAgain[i];
delete [ NEAgain;

for(i=0;i<4; i++)
delete [] FAKEgain[i];
delete [| FAKEgain;

for(i=0;i<1; i++)
delete [] v1[i];
delete [] v1;

for(i=0;i<1; i++)
delete [] v2[i];
delete [] v2;

}
void fillA(void)
{
intaindex=0 ;

int lcounter = 6;
float divisor;

for(inti=1; i < 14; i= i+2)
{
switch(i)

122



{
case 1:
divisor = MASS;
break;
case 3:
divisor = J1;
break;
case 5:
divisor = J2;
break;
case 7:
divisor = m1;
break;
case 9:
divisor = m2;
break;
case 11:
divisor = m3;
break;
case 13:
divisor = m4;
break;
default:
divisor = 1;

if(i <6)
for(intj = 0; j < 14; j++)

Ali][j] = a[aindex]/divisor;
aindex++;

}

else
for(intj=0;j<6;j++)
{

Ali][i] = a[aindex]/divisor;
aindex++;

Ali][lcounter] = a[aindex]/divisor;
Ali][lcounter+1] = a[aindex+1]/divisor;
aindex = aindex+2;

Icounter = Icounter+2;

for(i = 0; i <14;i=i+2)
Alili+1] = 1;

void fillB(void){

for(inti= 0; i < 4; i++)
B[1][i] = 1/MASS;

B[3][0] = -11/J1;
B[3][1] = 12/31;
B[3][2] = -11/J1;
B[3][3] = 12/31;
B[5][0] = -13/J2;
B[5][1] = -13/J2;
B[5][2] = 14/32;
B[5][3] = 14/132;
B[7][0] = -1/m1;
B[9][1] = -1/m2;
B[11][2] = -1/m3;
B[13][3] = -1/m4;

}
void MM(float ** matA, float ** matB, float ** Ans , int first, int mid, int last){

/lcout << "size of matA" << sizeof matA/sizeof mat A[0] << " anything behind me?" << endl;
zero(Ans, first, last);
for(inti=0;i<first ;i++){
for(intj = 0;j < last ; j++){
for(int k = 0; k < mid ; k++){
Ans[i][j] = Ans[i][j] + (matA[i][K]* matB[K][j] )i
}

void add(float ** matA, float ** matB, float ** Ans , int rsize, int csize){
llzero(Ans, rsize, csize);
for(inti=0;i<rsize ; i++){
for(intj = 0; j < csize ; j++){
Ansli][j] = matA[i][j] + matBi][j];
}
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void scalarM(float scalar, float ** mat, float ** A
for(inti = 0; i <rsize ; i++){
for(intj = 0; j < csize ; j++){
Ansli][j] = scalar*mat[i][j];
}

}
void sub(float ** matA, float ** matB, float ** Ans
for(inti=0;i<rsize ; i++){
for(intj = 0; j < csize ; j++){
Ans[i][j] = matA[i][j] - matBI[i][j];

void transpose(float ** mat, float ** Ans ,int rsiz
zero(Ans, rsize, csize);
for(int i = 0; i<csize; i++)
for(intj = 0; j < rsize; j++)
Ans[]][i] = mat[il[i];

e, int csize){

float calculateE(float * param, float * yr01, float
float ul, u2, u3, u4;
float yp[15];
float yncalc[15] = {0,0,0,0,0,0,0,0,0,0,0,0,0,0,0} ;
yncalc[1] = 0.01;
float sum = 0;
float tempvec1[15];
float tempvec2[15];
float Qcomponent;
float Rcomponent;
float uvec[5] = {0,0, 0, O, O};
dtn = 0.000001;

for(long k = 0; k < neareps; k++)

inl = kt*yrO1[k]}/m1;
in2 = kt*yr02[k])/m2;
in3 = kt*yr03[k])/m3;
in4 = kt*yr04[k])/m4;

ul=-(param[1]*pow(yncalc[1]-I1*yncalc[3]-I3*yncal
yncalc[7],3)+param[2]*(yncalc[2]+|1*yncalc[4]-I3*yn calc[6])
+param[3]*pow(yncalc[7]-in1,3)+param[4]*yncalc[8

u3=-(param[1]*pow(yncalc[1]-I1*yncalc[3]+I3*yncal
I11*yncalc[4]-13*yncalc[6])
+param[3]*pow(yncalc[11]-in2,3)+param[4]*yncalc|

u2=-(param[5]*pow(yncalc[1]+I2*yncalc[3]+l4*yncal
yncalc[9],3)+param[6]*(yncalc[2]+I2*yncalc[4]+14*yn calc[6])
+param([7]*pow(yncalc[9]-in3,3)+param[8]*yncalc[1

u4=-(param[5]*pow(yncalc[1]-I2*yncalc[3]+l4*yncal
12*yncalc[4]+l4*yncalc[6])
+param[7]*pow(yncalc[13]-in4,3)+param[8]*yncalc[

yp[1] = yncalc[2];

yp[2] = (a[0]*yncalc[1] + a[1]*yncalc[2] + a[2]*y
a[5]*yncalc[6]

+ a[6]*yncalc[7] + a[7]*yncalc[8] + a[8]*yncalc[9
a[11]*yncalc[12] \

+ a[12]*yncalc[13] + a[13]*yncalc[14] + (ul + u2

yp[3] = yncalc[4];
yp[4] = (a[14]*yncalc[1] + a[15]*yncalc[2] + a[16
+ a[19]*yncalc[6] + a[20]*yncalc[7] + a[21]*yncal

a[24]*yncalc[11]
+ a[25]*yncalc[12] + a[26]*yncalc[13] + a[27]*ync
yp[5] = yncalc(6];
yp[6] = (a[28]*yncalc[1] + a[29]*yncalc[2] + a[30
+ a[33]*yncalc[6] + a[34]*yncalc[7] + a[35]*yncal
a[38]*yncalc[11]

+ a[39]*yncalc[12] + a[40]*yncalc[13] + a[41]*ync
yp[7] = yncalc(8];
yp[8] = (a[42]*yncalc[1] + a[43]*yncalc[2] + a[44
+ a[47]*yncalc[6] + a[48]*yncalc[7] + a[49]*ynca
yp[9] = yncalc[10];
yp[10] = (a[50]*yncalc[1] + a[51]*yncalc[2] + a[5
+a[ss]'yncalc(6] + a[Sel'yncalc(9] + a[57]'ynca

yp[11] = yncalc[12];
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ns, int rsize, int csize){

, int rsize, int csize){

*yr02, float * yr03, float * yr04){

c[5]-
D
c[5]-yncalc[11],3)+param[2]*(yncalc[2]-
12]);
c[5]-
ol);
c[5]-yncalc[13],3)+param[6]*(yncalc[2]-

14]);

ncalc[3] + a[3]*yncalc[4] + a[4]*yncalc[5] +
]+ a[9]*yncalc[10] + a[10]*yncalc[11] +

+ u3 + u4)/MASS);

J*yncalc[3] + a[17]*yncalc[4] + a[18]*yncalc[5]
c[8] + a[22]*yncalc[9] + a[23]*yncalc[10] +
alc[14] +(- 11*ul + [2*u2 - 11*u3 + 12*u4)/J1);
J*yncalc[3] + a[31]*yncalc[4] + a[32]*yncalc[5]
c[8] + a[36]*yncalc[9] + a[37]*yncalc[10] +
alc[14] +(- 13*ul - 13*u2 + 14*u3 + 14*u4)/J2);

J*yncalc[3] + a[45]*yncalc[4] + a[46]*yncalc[5]
Ic[8] + in1 + ul/m1);

2]*yncalc[3] + a[53]*yncalc[4] + a[54]*yncalc[5]
Ic[10] + in2 + u2/m2);



return sum,

yp[12] = (a[58]*yncalc[1] + a[59]*yncalc[2] + a[6
+ a[63]*yncalc[6] + a[64]*yncalc[11] + a[65]*ync

yp[13] = yncalc[14];
yp[14] = (a[66]*yncalc[1] + a[67]*yncalc[2] + a[6
+ a[71]*yncalc[6] + a[72]*yncalc[13] + a[73]*ync

yncalc[1] = yncalc[1]+yp[1]*dtn;
yncalc[2] = yncalc[2]+yp[2]*dtn;

yncalc[3] = yncalc[3]+yp[3]*dtn;
yncalc[4] = yncalc[4]+yp[4]*dtn;

yncalc[5] = yncalc[5]+yp[5]*dtn;
yncalc[6] = yncalc[6]+yp[6]*dtn;

yncalc[7] = yncalc[7]+yp[7]*dtn;
yncalc[8] = yncalc[8]+yp[8]*dtn;

yncalc[9] = yncalc[9]+yp[9]*dtn;
yncalc[10] = yncalc[10]+yp[10]*dtn;

yncalc[11] = yncalc[11]+yp[11]*dtn;
yncalc[12] = yncalc[12]+yp[12]*dtn;

yncalc[13] = yncalc[13]+yp[13]*dtn;
yncalc[14] = yncalc[14]+yp[14]*dtn;

ytemp1[k] = yncalc[1];

for(inti=0; i <14; i++)

{
tempvecl[i] = 0;
tempvec2[i] = 0;

}

Qcomponent = 0;
Rcomponent = 0;
uvec[l]=ul;
uvec[2]= u2;
uvec[3]=u3;
uvec[4]= u4;

for(i = 0; i <14; i++)
for(intj = 0; j < 14; j++)

0J*yncalc[3] + a[61]*yncalc[4] + a[62]*yncalc[5]
alc[12] + in3 + u3/m3);

8]*yncalc[3] + a[69]*yncalc[4] + a[70]*yncalc[5]
alc[14] + in4 + u4/m4);

tempvecl[i] = tempvecl[i]+yncalc[j+1]*Q[j][i];

for(i = 0; i <14; i++)

Qcomponent = Qcomponent + tempvecl[i]*yncalc[i+1

for(i = 0; i <4; i++)
for(intj = 0;j < 4; j++)

tempvec2[i] = tempvec2[i]+uvec[j+1]*R[j][i];

for(i = 0; i <4; i++)

Rcomponent = Rcomponent + tempvec2[i]*uvec[i+1];

sum = sum + Qcomponent + Rcomponent;
if(isnan(sum))//sum != sum)
{

printf("NaN Error%f\t%f\n",yncalc[1],sum);
return eub;
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