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ABSTRACT

The Crew Equipment Retrieval System (CERS) is proposed for space station to
provide the capability to rescue an EVA crewman or to retrieve equipment inadvertently
detached from the station. This research is directed to model, simulate, and analv7e at-

titude control fbr the Crew.'Equipment Retriever (CER) with and without a target during
autonomous attitude hold. Time-optimal and weighted-time-fuel optimal control laws
are derived using Pontryagin's Minimum Principle. The CER baseline configuration is
analyzed to accomplish some of the attitude control trade-off analyses planned for the
CER preliminary design phase. Optimal thruster size and placement are evaluated for
three-axis stabilization. Control stability when the moment of inertia tensor changes
during target capture is evaluated for several worst-case scenarios. Attitude control
performance results are computed through computer simulation. Simulation of the CER
baseline confiEuration shows it does not provide effective control during capture of a

worst-case S50 pound target.

A new CER configuration scheme is proposed, evaluated and compared to the
baseline configuration. Fuel optimal and end-of-mission performance for the new CER
configuration is evaluated. Simulation of the CER proposed configuration shows it
provides effective control during target capture for modified locations in the capture net.

Accesion For

NTIS CRA&I
DTIC TA8 0
U;,jnom-,ced 0
JustifiCdItOrl

By, ___B

-, 13 st'ibo~tion I

Avjjldi.bility Codes

,,'aD ,i:d I or
Disl b C1cd1

111l



THESIS DISCLAIMER

The reader is cautioned that computer programs developed in this research may not
have been exercised for all cases of interest. While every effort has been made, within

the time available, to ensure that the programs are free of computational and logic er-

rors, they cannot be considered validated. Any application of these programs without

additional verification is at the risk of the user.
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I. INTRODUCTION

A. THESIS OBJECTIVES

The overall objective of this thesis is to model, simulate, and analyze attitude control

for the Crew Equipment Retriever or "CER" with and without a target during auton-

omous attitude hold for all mission phases IRef. 1: p. 1].

Specifically, the CER baseline configuration is analyzed and the following trade an-

alyses are accomplished:

* Optimal thruster size and placement.

" Control stability when the moment of inertia tensor changes for the total system
during capture of a target (maxinum 850 pounds).

• Optimal fuel performance.

• End of mission control performance.

B. CERS CONCEPT DESCRIPTION'

1. CERS Origin and Purpose

In lav 19S7 the National Aeronautics and Space Administration (NASA).

Johnson Space Center Space Station Projects Office sent out a "Request for Proposal"

(RIEP) as part of Space Station Work Package 2.[Ref. 2 p. L-2-14a] The RFP (including
an added :\men dment 7) defined requirements to provide the capability to rescue an in-

capacitatcI EVA {external-vehicular activity) crewman and to retrieve equipment

inidvertantlv dctached from Space Station.

McDonnell Douglas Astronautics Company (MDAC) responded to the RFP

with the Crew Equipment Retrieval System or "CERS". a practical, low cost retriever

concept in September 19S7.[Ref. 1: p. i Funding for CERS is predicted for Spring l)S1)

and the conclusions and recommendations of this research will hopefully assist Johnson

Space Center and .IDAC in completing some of the attitude control trade-off analyses

planned for the CERS preliminary design phase.

2. CERS Oierall Mission

The CERS includes the following components:

1. A crew and equipment retriever (CER) vehicle.

2. A retriever support station (RSS).

3. A retrie;,er berthine station ( RS).



4. Supporting Space Station capabilities.

The major components of the system are shown in Figure 1 on page 3. [Ref. 1: p. 15]

The CER is remotely conunanded from inside Space Station by the retriever operator

or the Station Traffic .Management System depending on the mission phase.

The mission sequence of events is shown in Figure 2 on page 4 lRef. 1 •p. S].

The major mission events are further subdivided into nine phases:

1. Pre-mission Phase (Storage and Standby Mode)

2. Mission Phase-i (Target Departure and Acquisition)

3. Mission Phase-2 (CER Deployment and Rendezvous Initiation)

4. Mission Phase-3 (Target Rendezvous Completion)

5. Mission Phase-1 (Target Capture and Station Rendezvous Initiation)

0. Mission Phase-5 (Station Rendezvous Completion)

7. .Iission Phase-6 (Terminal CER Operations,

S. Mission Phase-7 (Airlock Ingress)

9. Post-Mission Phase (CER Refurbishment)

The major mission phases are shown with a time-line in Figure 3 on page 5 and a pic-

tonal representation of the overall mission profile is shown in Figure -4 on page 6. IRef.

1: pp. 5-6.1-]

3. CERS Capabilities

CERS was proposed as a quick-response design and a summary of its more im-

portant capabilities are listed as follows:[Ref' 1: p. 91

" Retrieve an S50 pound target (includes a 10o safety margin), defined as a lost
crewmemner or equipment.

" Retrieve and deposit target into airlock within 120 minutes of deployment.

" Retriever can be activated and deployed without the assistance of' an EVA
crewman.

" Retriever senses own attitude, range and range rate to target, and relays informa-
tion to station.

" Retriever can be remotely controlled from any conmand and control station in the
Space Station.

" Accomodates a worst-case target separation of 3.5 ft sec.

" Retriever senses and controls its own attitude with and without a target.

" lHas attitude hold and three-axis translation capability.



aCrw end Equipment
/Retriever Provides
,r Positive Full Enclosure

Ca.,pture

Rittrie.e Support
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Retriever Berthing
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Rapid Airlock
Ingress

Figure 1. CERS Major Components; From [Ref. 1: p. 151

4. CERS Major Systems

CERS major systems are described in detail in Ref. 1 (pp. 20-68). The Avionics

system is of particular interest as it contains hardware and software required to perform

attitude control, attitude determination and command, control and monitoring functions

(among other important functions). Attitude reference determination for CERS is well

established and detailed in Ref. I (p. 25) and will not be discussed further.

Attitude control of the Crew, Equipment Retriever (CER) is based on a simple

switchline control system that maintains the attitude within a specified deadband about

the conumanded attitude. Once the target is acquired, the control system uses a closed

loop television tracking processor along with tele-operator conunands to orient the CER

3



Station CER CER CER CER
Acquires D eployeld Acquires Rendezvous ep t o
T ar g e t F r o m S S T arg e t W ith T rge t O n T arg e tE
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Hr Dc EVA Crew = EVA Crew 
E V A C r

e
w

Move Targetoc Enters Airlock Berths CER
CER to Ras an in v~ "ISS On

Into Airlock Ln ,nRSO
Raprestudlzes Later EVA

Figure 2. Mission Sequence of Events; From (Ref. I : p. 81

as needed for the specific nission phase. The control system approach is shown in Fig-

ure 5 on page 7.

Velocity control required For the CE-R to complete rendezvous with the tarzet,

to zero relative velocity when approaching close to the target, and to rendezvous with

the Station is connanded by the Station Traffic Management System [Ref. 1: p. 281.

Discussion of the CUR velocity adjustments required to initiate and maintain iranslation

to achieve rendezvous are not included in this research.

". CER Baseline Configuration

The initial CER baseline configuration proposed to provide tile desired per-

formance characteristics during all nission phases is represented by Figure 6 on page

S. This simple box shape representation of' the CER will be used to simplify the calcu-

lations describing its attitude dynamics.

The characteristics of the baseline configuration that will be used in the analysis

of the CER attitude control performance are listed as follows: [Ref 1: p. 241

S85( 1 pounds total weight (combined weight of capture arms and nets assumed neg-
ligible for computation purposes).

I ihree-axis (six degrees of freedom) stabilized remote tele-operated free flyer.

• Uses 24 cold Nitrogen gas (N2) jet thrusters (two separate redundant systems) rated
at 1.0 Ibf.
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Figure 5. CER Attitude Command and Control; From [Ref. 1: p. 271
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The moment of inertia tensor data for the CER with no target was calculated by the

author assuming an 850 pound total system weight syrmetrically distributed about the

center of gravity (weight of the capture mechanism assumed negligible).

C. THESIS ORGANIZATION

In Chapter 11 the CER attitude dynan-ics are modeled and described by deriving

Euler's moment equations for the retriever with target and representing them using state

variables. The moment of inertia tensors for the CER with and without a target are

calculated for different worst-case target capture scenarios. Control torques sunmmed

about the shiftin~g center of gra\itv are calculated for the CER with and without a target.

Chapter III describes the attitude stabilization of the CER by deriving the time op-

timal and fuel optimal control laws that will be used in the model simulation. State

space plots of the corresponding switching curves are illustrated, and a deadband control

scheme about the origin is also implemented.

In Chapter IV the CER model is simulated for the different worst-case target cap-

ture scenarios. The CER baseline configuration simulation results are tabulated and

7
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Figure 6. CER Baseline Configuration

analyzed to yield attitude control performance. A new CER configuration is proposed

and the new model is simulated. The results are tabulated and compared to the CER

baseline configuration. Fuel optimal analysis of the proposed model concludes Chapter

I V.

Conclusions based on the simulation results are presented in Chapter V, as well as

recommendations to improve the design and operational performance of the CER.



II. ATTITUDE DYNAMICS FOR THE CER

A. ATTI[UDE PARAMETERIZATION

1. Parameterization Discussion

Several representations of the rigid body rotations about the coordinate axes for

the CER were considered, including the use of quaternions as formulated by Hamilton

in Ref. 3. The direction cosine matrix is well known as a nine parameter coordinate

transformation between the body or spacecraft axes and the selected reference frame

axes. and is considered to be the basic quantity specifying the orientation of a rigid body

in space. [Ref. 4: pp. 410-420] Parameterizing the direction cosine matrix in terms of

Eulcr Symmetric parameters incorporates the use of quaternions, requires only four pa-

rameters and does not involve Lrigonometric functions. However, the geometrical vi-

sualization of the rigid body rotations using Euler Symmetric parameters is not readily

apparent.

The author decided to use Eider angle parameterization of the CER rigid body

rotations. Euler anglecs are in terms of three rotation angles about coordinate axes, ro-

tated in a specific sequence to describe the rigid body orientation in space. They are not

computed as easily as Euler Symmetric parameters but are easy to visualize and small

angle approximations can be used.

2. Euler Angles for the CER

The CER baseline configuration shown in Figure 6 on page 8 illustrates three

orthogonal coordinate axes with origin at the CER center of gravity. Euler angle rota-

tion (0, ,). (,5) for the CER is shown in Figure 7 on page 10 and the dynamic elements

shown are defined as follows: [Ref. 4: pp. 516-5231

* 0 is the roll angle (in radians) about A'.

* b is the pitch angle (in radians) about Y.

* 6 is the yaw angle (in radians) about Z.

L L = L, + L, + L. is the angular momentum vector.

*) u= &, +w~ - (). = 0 + / ± 4 is the angular velocity vector (in radians second).



A

L= ANGULAR MOMENTUM VECTOR o +y
0) = ANGULAR VELOCITY VECTOR (Oy=dW'Vdt= f4' LyA)

L,,xA+ +ITH)LyA B
LxA LxA  Ox=d0/dt= (

A k'-O (+ROLL) CG

+X

0 (+YAW)

(Oz=d /dt= A A

LzA r +

LzAO
ALz

Figure 7. CER Euler Angle Parameterization

Note the coupling between the angular momentum vector components as shown by the

smal, vcctor groups at the end of the coordinate axes. Since the rate of change of the

angular momentum vector is equal to the sum of the applied torques, or

.[.= A . _/ (2.1)
At

then the sum of the applied torques about each axis yields

A L., LyA4[, LAi,
T L- L.A_ + LA--' (2.2)
At At At

ALV LA0 LA A
7y,= At At + At (2.3)

ALZ  L.,' .LAO

At At

10



The angular momentum vector is also defined as

L = [lII (2.5)

where w is the angular velocity vector and [I] is the moment of inertia tensor given by

I = Iyj I ::I-. / =I,

It foblow-' that the rate of change of the angular momentum vector is

L = [T]r (2.6)

Now taking the limit

AL
j---.() At

for equations (2.). (2.3). and (2.4) and also substituting equation (2.6) yields Euler's

moncnr equations

T. = Lp) - LL, + U) . (2.7

7", =I,c: - wXL Z  ejl. (2.8)

T- 1,c_ - -)V LA + 0.'(L>V (2.9)

Combining terms and expanding w- and [I] while substituting equation (2.5) into
equations (2.7). (2.S). and (2.9) yields

T. = I..x6 , , + Il.CYb6 - (>)( l>. - I) - (cozo.x)I,>. - (Wzc,.)I)l. z + (,ooz)I.(1

+ ( .(2.10)

T, = . + I.,-,. -+ I:W - (Wxu ,,(L I x, - lxx) - (U4XUO)Ix: - ( w). + (wow ,)T (2. 11)

I1



I' :(), + - y) - (0 x (t!)y(O:)Ix+( (2. 12)

Assuming small angular velocities, the terms containing angular velocity products in

equations (2.10). (2.11), and (2.12) can be dropped, leaving

T= . + . + I+I> (2.13)

T V .= l , + I .> & .+ l .: ( 1 4

=+ l::&Z (2.15)

Sunng,1z equations (2.13). (2.14). and (2.15) yields

7T= Eli- (2.16)

or

J[-I T (2.17)

Equation (2.17) gives the angular acceleration vector U for the CER in terms of its in-

verse moment of' inertia tensor values and the sum of all torques that act on it.

B. STATE VARIABLE REPRESENTATION

The angular acceleration vector components given by equation (2.17) can be used

as control accelerations about their respective coordinate axes. To effectively demon-

strate this. equation (.2.17) is modeled in state variable form as follows:

X,= 0 = =O(=w).
.= 0 . , ', N", = ,' ( = C,,).£= ~ ~ ..=d 'I[4=

The inverse moment of inertia tensor is given by

1dj[1]
l]_ =d (2.Sdct[I]
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and using onlv the matrix component subscripts

v:::y-vl - (xvz: - xZ-v) (xvvz - x-tvv)
- (v.:: -. v:x) (xx:: - x::.v) - (xxv: - xovx)[ vx; -:v-x) - (xx:.'" - .wvzx (xxvv - xvvx)

I - (2. *19)
[ .x.::j - (xxvv) - (xvvx:) + (xvvjzx) + (xvx:v) - (xzvvzx) ]

To simplify equation (2.19). the following variables are defined:

a = (v:: - z:: f= (xxv: - .C.-vx)
b = (x;:: - x:-) g = (yx:y- v:)

C = /I= (xxv - xv:x)
d= (.:.x:: - y:.r) i = (xxvvy-x.vx)~v

c = x:: -. v::x .= Denominator

The matrix representation of the state equations is given by

Fxl 0 0 0

"\ -' () () 0)
.I.( (  I I) {;7 0 () ul

3 i ) )) () I "I 7 , +

A . T>. .L -, ( " #
X. ./"

The last three state equations are meaningfuil and are iiven as

S1 T., - l T, .. (2 .2)j =j -1 . - . .

S X) -- T + T,- T, (2.21)

(6 I 7 T - + I.

Equations (2.20). (-.21). and (2.22) represent the CER angular acceleration compo-

nents for three-axis attitude control. The following sections will yield the moment of

inertia tensors and control torque values needed in the equations.

13



C. MOMENT OF INERTIA TENSOR ANALYSIS

1. CER Without Target Moments of Inertia

The CER moment of inertia tensor (without a target), was listed in equation

(1.4) on page 7 and is repeated here

39.6 o 0]

[Ior] = 0 5 0 (slug-fl ) (2.23)
0 0 55

Notice the cross-products of inertia are zero due to the symmetrical distribution of mass

around the CER coordinate axes. The moment of inertia tensor was approximated by

the author using

7. 1_-T -- T -- T
[I] =i I' I. ,Tj(Tr(rjr 1  )I - r T) (2.24)

where Irw =_ Trace ofx. "I" is the identity matrix, and

Or
= v = dx dv d: (2.25)

where p is the density in slugsfi. [Ref. 5: pp. 2 6-240] As an example. I, is calculated
us ing

f 4f 2
(2.20,

h _mass S5) 32.2 slugs
were - vol - 36 J-13

resultine in

IX =39.6 slug-ft2  (2.27)

2. Target Noments of Inertia

The CER will be used to capture various targets with different mass and mo-

ment of inertia properties. The flexible capture net will provide a compliant capture

14



while maintaining sufficient rigidity to secure the target and maintain its center of gravity

location [Ref'. 1: p. 53].

A ptoin mass with no moment of inertia properties is used to represent targets

such as small tools or equipment. The primary target of interest, however, is an EVA

crewman which includes the combined mass of the man, his environment suit or EMU

(extra-vehicular mobility unit). and the MNIU (manned manuevering unit). [Ref. 6] For

a worst-case target capture. an EVA crewman would have the following approximate

mass and moment of inertia properties:

226 100 percentile male
2S tNit
-3' S NIY IU (full propellant)
1o,, AnciIlary equipment
12 1., safet% margia

S5s) pounds

22.21 ) 0 -

[I /' ~ ] = (U 44.78 I (slug-f') (2.28)
Ri, ciIT L 0 0 41.62

Ihe moment of inertia tensor calculated in equation (2.28) assumes the target

axes would be aligned with the CER coordinate axes during target capture. For a more

realistic analxsis. the target is rotated about its center of gravity to give a new moment

of inertia tensor which is found by using the coordinate transformation theory detailed

in Icf - pp. -01-7 ;5 . To sun-narize

T] =(2.29)

-T = T[ T]T (2.30)

where

r = cartesian vector for target
[T] = transformation matrix or direction cosine matrix

r = cartesian vector for rotated target

and rom equation, (2.24) and 2.2

15



Ell= (Tr(VI*. I - TT Vi~n (2.31)

Multiplying both sides of equation (2.31) by [] and [T]T

E TI E 1] E T f (E T(Tr(XT n T 7 -T E rT)d T (2.32)

movine the T's inside the trace and substituting from equations (2.29) and (2.30) yields

[T][I][T]T= f(Tr(,rT)I - -'-'

'1nd since

rr~K TrT = I ' 12

then

[ T][I]E T]T= Jt( I 7'1 II -

or

E[]' = [T][I][T (2.33

From equation (2.33). the original moment of inertia tensor for the target is multiplied

by the transformation matrix kdircction cosine matrix) and its transpose to yield the ro-

tated tareet's tensor. The general direction cosine matrix for a 3-1-2 Euler angle rotation

is given by

[ T3,,2((.0. )] =

cos 1 cos (, - sin 0 sin J sin 6 cos ,sin + sin0sin /cosq - cos0sin (2.3
- cos 0 sin 0 cos 0 cos 6 sin 0 (2.3-)

sin oi cos 0 + sin 0 cos tsin sin isin 0 - sin 0 cos ¢cos cos 0 cos J

where

16



3 - (Yaw) rotation by 4) about 5

I - (Rolb rotation by 0 about X'
2 - (Pitch) rotation by about ."

Using equations (2.33) and (2.34) for a 3-1-2 rotation angle sequence of

0 = 450

0= -45°

= 45

yields

[43.6 2. 4 - 1.41
[U1' = 3S.8 6.41 (2.35)

[-1.4 6.4 31.2

Out of several different combinations of rotation angles calculated. equation (2.35) re-

presents the worst-case moment of inertia tensor for a rotated primary target.

3. CER With Target Moments of Inertia

The CER with target moment of inertia tensor is calculated using the parallel-

axis theorem

[7OT] = ['cERI + ['TARGET] L [R2
2  (2.36)

where [R,] is the skcw-svniciric matrix derived from the vector 7, between the center

of gravities of' the CER (mass .11,) and the target (mass L) and is illustrated in

Figure S on page IS. [Ref, 7 ]

During target capture the total moment of inertia tensor changes accordingly.

depending on the target's moments of inertia and location in the capture net. To provide

the worst-case (largest). moment of inertia tensors for input into equations (2.20). (2.21).

and (2.22). the following cases were analyzed:

" CASE IA (X.',) - S50 pound point mass captured on X,,, net edge located at
= 9(i) + O,) + 1.5(k) from CER center of gravity.

" CASE IB (YM,) - S50 pound point mass captured on I'M, net edge located at
= 5.5S3(i) - 1.5(j) + 1.5(k) from CER center of gravity.

* CASE IC (Z...) - 850 pound point mass captured on Zm., net edge located at
, .5S31il-- (1j + 5(ki from Cf-R center of gravitv.

17



Z = (k)

L (VECTOR) r2 =A(i) + B(j) + 0(k)

[R2] 0 0-C B

C0-A
-B A 0

Figure 8. Skew -Syniietric Matrix

" CA sErL 11) (X= Z. ' - 850 pound point mass captured at Zi= 1 from net
centerM located at?' 2 = 7.097(i) + LU) + 3.014(k) from CER center of gravit.

" CASE 2 (man & ninu) - 85Q pound primary target (man & minu rotated
6 = ifr = 450) Captured at net center, located at 2 =75.5S3(i) + 00j + 1.5(k) from

CER center of gravity.

The target capture cases are illustrated in Figure 9 on page 19.

An example calculation of the total moment of inertia tensor for CASE 2 (mian

& innmu) is in order. The following values are used in equation (2.36):

1 (2 5.5r(i) + 0(j) + 1.5(k) - [R2 )

where
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Fiur 9. ) Tage CatreCseLcai

[P212 ~ ~ ~ ------ -----: ~.83 1. ~5

1A -- --- 19



-111/ 2  (26.3975)(26.3975)
M1 + 312 (26.3975) + (26.3975)

[lCER] = equation (2.23)

[TARGET] = equation (2.35)

to yield

[39.6 0 [ 43.6 2.4 -1.41 [-29.7 0 110.51
[ TTOTJ I 0 55 0 + 2.4 38.8 6.4 -L 0 -441.1 0

0 0 55 -1.4 6.4 31.2 110.5 0 -411.4

or

[ 112.9 2.4 -111.91
EITOT] 2.4 534.9 6.4

-111.9 6.4 497.6

All of the moment of inertia tensors for the CER baseline configuration during

target capture were calculated as in the previous example and are shown in Figure 10

on page 21. A quick comparison shows that the 850 pound point mass (with no ,azernal

cross-products of inertia), induces larger cross-products of inertia when captured at the

edQes of the net than does the primary target (850 pound man & mmu), when captured

in a rotated position at the center of the net. The ability to reduce the cross-products

of inertia for the CER (with target) will prove to be a critical factor for attitude control

stability.

D. CONTROL TORQUE ANALYSIS

The CER baseline configuration was listed in Section 1.5 on page 4 as having 24 cold

gas jet thrusters rated at 1.0 lbf to make up two separate redundant systems. Also listed

were the summation of control torques based on the thruster size and locations from the

CER center of gravity. The thrusters are fired in pairs to produce couples about any

of the three orthogonal axes. An example of a thruster pair firing to produce a positive

roll about t" is shown in Figure 11 on page 22. The corresponding calculations of the

control torques summed about the center of gravity are as follows:

F, = 0(i) + 00) + I(k) (2.37)
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CASE MOMENT OF INERTIA TENSOR
2

(SLUG-FT)

NO TARGET [I] = 39.6 0 0
0 55 0
0O 0 55

CASE 1A (Xmax) [I] = 69.3 0 -178.2]
0 1153.8 0

178.2 0 1124.1]

CASE 1B(Ymax) [1] = 98.9 -110.5 -110.5

-110.5 496.1 -29.7
-110.5 -29.7 496.11

CASE 1C(Zmax) [I] = -369.5 0 -368.4]
0 796.4 0

L368.4 0 503.6

CASE 1 D [I] = 172.7 -93.7 -282.3]
(X=Z,Y=I) -93.7 839.7 -39.8

-282.3 -39.8 732.9]

CASE2 [I] = 112.9 2.4 -111.9-
(MAN+MMU) 2.4 534.9 6.4

-111.9 6.4 497.6

Figure 10. CER Baseline Configuration Moment of Inertia Tensors for Target

Capture

= -2(i) + 1.5U) - 1.5(k) (2.38)

F2 = 0(i) + O(j) - 1(k) (2.39)

)2 -2(i) - 1.5(j) + 1.5(k) (2.40)
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1.0 LB-F

AA

7% = ~ xF 2.41

Susttui equai)n (ft-I7) (2.43)4) nt

Equations (2.17). (2.43). and thc moment of inertia I_, value from equation (2.23) for the

CER with no 4.argoct are used as follows to find the normalized control acceleration if no
cross-products of inertia exist:
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-1 T - 3 .07575 (ft-lb, rad (2.44)39.6 (slugft') sec"

Equation (2.44) reveals the relatively small magnitude of the control acceleration gener-
ated by the 1.0 lbf baseline thrusters acting on the CER with no target.

During target capture the moment of inertia tensor changes and the center of gravity
shifts accordingly. Since the thrusters are fired in pairs to produce couples about anY
of the orthogonal axes. the shift in center of gravity has no effect on the summation of
contr,0 torque calculations. To change the control torques, either the location of the
thrusters must change to increase or decrease the distance between the thruster pairs,
or the thruster size must be increased or decreased as desired. The ability to change the
control torqueS (and Subsequently the control accelerations). will prove to be beneficial
to the attitude control stability of the CER with and without a target.
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I11. ATTITUDE STABILIZATION

The CER will provide an autonomous attitude hold capability at all times and will

also respond to conunanded rotations as required for the mission. Since the CER will

operate in close proximity to the Space Station and must be precisely oriented during

target capture. a minimum-time control response is desired to maintain strict attitude

control during all mission phases. However, maintaining strict attitude control while

coasting between orbits is not critical, especially without a target, and a minimum-fuel

control response could be used. The following sections will derive the optimal control

la's to obtain a minimum-time and a n'inimum-fuel control response. The optimal

control laws will be used in combination to define switching curves for a weighted-time-

fuel optimal control response that can be used to support a specific CER mission phase.

A. TIME OPTIMAL CONTROL LAW

The objective of minimum-time control is to transfer a system from an arbitrarx in-

itial state to a specified final state as quickly as possible. The optimal control system to

achicve a minimum-time response is normaLy referred to as a baing-bang system. where

the ontimal control switches between its maximum and minimum magnitudes. [Ref' S:

p. 25

-he control acceleration for each axis will be calculated, as in equation (2.44). for

the CER. Each acceleration ((w,) will be used to drive its respective angular position and

velocity from arbitrary initial conditions to final states of zero. An example problem

formulated by Kirk in Ref. S : pp. 249-254, of deriving the optimal control law and cor-

responding switching curves can be used for the CER system to find the optimal control

to accomplish this in minimum-time. To summarize the derivation to follow, the

underlying optimal control principles must first be presented.

The optimal control (u'). is defined as the control acceleration that minimizes the
designated performance function J,,,. The minimum time performance function is:

t,Ja, = f dt = tj - to  (3.1)
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where it is assumed that the final time is free (not specified), and the final state is fixed
(specified at zero). These boundary conditions are used to help specify the necessary

conditions for optimal control.

The necessary conditions consist of a set of 2n, first-order differential equations re-
ferred to as the state and costare equations, and a set of algebraic relations that must
be satisfied during the control interval. The costate p*(t), is described using lagrange

multipliers and the state x'(t), is from the state variable representation of the system.

The solution of the state and costate equations contain 2n constants of integration that
are evaluated by using (2n + 1) equations since the final time i is not specified [Ref. 8:

p. 200]. It will be convenient to use the function ,f, called the Hamiltonian, defined as

+T), g(x(),u(),) + p()a(x(t) u(t) t)] (3.2)

The two variables in equation (3.2) not yet described are g, which is the integrand of the
performance function, and a. which represents the state equations. The necessary con-

ditions, for all t e [Wt.t,], are [Ref. S : p. ISS]

x (1) ( ().u (1).p (t),t) (3.3)

(3.4

'() = (.x ()' u ().) (i),r) (3.5)

O- = (x (t).u (t)p'(t).t) (3.5)

and

_ '.,. (t-~:- .:+ xV'(*tf).u*(tf),p*(1f),tf) + (X_.A. 1f ,. 0 (36[P -+ (x (tf),tf) 0f= 0 (3.6)

Since the final time (if) is arbitrary and the final state is fixed at zero, then 6x, 0 and

equation (3.6) yields

?h * (3.7)

(x*(q)'1(ts)'P (tf)'t) + (rfl,I-

In addition to the necessary conditions discussed above, an optimal control must

satisfy PontrvaginIs mini num principle which states that -n optimal control must mini-

mize the Ilamiltonian. [Ref. 8: pp. 227-234] The minimum principle is appropriate to use
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when the admissible controls are constrained by certain maximum values (in this case the

thrusters are limited by their maximum force settings).

Applying Pontryagin's minimum principle modifies equation (3.5) to yield

t)(t ),t (x().u(tp(t,) (for all admissible u(t)) (3.S)

where u'(t) is a control that causes *(x*(i),u(t),p'(t),t) to assume its absolute minimum.

To find the optimal control law and corresponding switching curves for minimum-

time control about one axis of the CER, the system is defined by the state equations

. = u( ) (39)

which will be transferred from initial conditions to final states at the origin in

minimum-time by the optimal control constrained by

.w I) < i(l ) (3.10)

where u,(i) is the control acceleration previously calculated in equation (2.44). and uji)

is delinci as an admissible control. The system is assumed to be completely controllable

and normal (no singular intervals exist). The applicable necessary conditions to be used

are From equations (3.3). (3.4), (3.5), (3.), and (3.7). The performance function to be

used is from equation (3.1).

The Haniltonian for the CER system is

LY- x(t ).u tj.p(t )J = 1 + p,(t)x,(t) + P 2(t)ua(t) (3.1 I

and the minimum principle produces

+ p!(t )--2 (t) + p2(1)11(r)< 1 + pI()X 2 (t) + p 2 (t)Ua(t) (3.12)

or

P2(t)u (t) < P2(t)la(t) (3.13)

or from equations (3.13) and (3.10) the optimal control must be

u (t= uj), for p2(i) >0 (3.14)
+ t (t), for p(t) < 0
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Using the Hamiltonian in the necessary condition, equation (3.4). yields the costate

equations

S0(3.15)C.V!

(3.16)

The costate equation solutions are found by integrating both sides of equations (3.15)

and (3.16) to yield

p! () = (3.17)

Pt) = - c1! -c2  (3.1S)

Equation (3.18) indicates ihat tp(t). and therefore from equation (3.14). u'(1) can change

signs at most o?: time.

Segments of the optimal trajectories can be found by integrating the state equations

detined in equation (3.9), and after a few manipulations the result is

*vq 1)

. = - + c (u= + ujtl) (3.19)210,.( ) -

X- 2 c (u = - u(t)) (3.20)

Equations (3.19) and (3.20) each define a family of parabolas and are shown on a state

space plot in Figure 12 on page 28 with the arrows indicating direction as time increases.

[Ref. 8: pp. 252-253] By setting c, and c6 equal to zero in equations (3.19) and (3.20), to

satisfy the final time condition on the state, the state space plot shows one continuous

curve through the origin as shown in Figure 13 on page 29.

Since one switching, can occur at most, the optimal control found in equation (3.14)

can be one of the following:



(X10

Figure 12. Trajectories for U + Uc and U =-Uc; From [Ref. 8 p. 2521

Form 1) + uj(r), t e [ro,' or0

( Formi2 u,(t), tc [ta' ,t or (.1
(Form 3)) ± uji), i E [t~l and - zi,(t), t e [ti,r ) or

(Formi 4) - u~(i). t e [!o,il) and + u,(i), t c- ['in''

Direct miinimi zation or the pcrformance function yields the optimal controls for diffierent

initial1 conditions

*Form I -- Initial states lic on segment A 0 with u*(t)= u

*Forin 2 -- Initial states lie on segment B 0 With U'(1)= U
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xx 1(f

Figure 13. Trajectories for U=(+-)Uc through the origin; From [Ref. 8: p. 253]

F-orm 3 -- Initial states Iving below both segments A --0 0 and B - 0 will have
W(i) = +u, untilB -B 0 is reached, then u(t) = -u, thereafter.

l:ormi 4 -- Initial states lying above both segments A --0 0 and B -* 0 will have
(t) = -u, until .t 0 is reachcd, then W(t) = +u, thereafter.

Optimal trajectories for several initial state values are shown in Figure 14 on page 30.

The continuous curve represents the locus of points where control switches from

+ - u,([) to - + 11,(t) and is known as a switching curve. The equation describing the

curve also delines the optimal control law for minimum-time control and is given by

X -(11) (3.22)

To simplify the use of equation (3.22), a switching function s(x(t)) is defined

s~x~t) XI~)., 2(I) 1.X2(1)

S(x(t)) =u x(t) + (3.23)

and implies that for

* s(xMt)) > 0 x(t) lies above A-O-.

* slx(t)) < 0 x(t) lies below A-Oi-.

* 5(x(t)) = 0 x(t) lies on A-O-13.
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X2(I)

B

Figure 14. Optimal Trajectories for Different Initial State Values; From [Ref. 8:

p. 253J

The switching function is used in the simulation program discussed in the next chapter.

B. WEIGHTED-TIM E-FUEL OPTIMAL CONTROL LAW

The CER may have an opportunity to relax its control response time while coasting

between orbits, consequently conserving fuel. Minimum-fuel control response, however.

is not desired since the final time t, is not specified and the system would virtually take

an infinxite amount of time to reach the desired final state at the origin. Using a

weigtcd-timec-fuel perforniance function would allow the CER to use a minimum-time

control response or to conserve fi~iel while maintaining a satisfactory time response as

required for the mission phase.

The same method that described the mlinimum-time control law will be used to find

the optimal control law and corresponding switching curves for a weighted-time-fuel

control response. The state equations for the CER! defined in equation (3.9) will be used

and the control is again constrained as in equation (3.10). The final time t, is not spec-

ified and the system is to be transferred to a final state x(t1) = 0 while minimfizing the

following performance function:
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J(11) = i I + 1 IU,(, ],t (3.24)

Note that for A = 0, equation (3.24) becomes the minimum-time performance function

as in equation (3.1). For) = oo. equation (3.24) becomes a minimum-fuel performance

function corresponding to an infinite time to reach the final state.

Beginning the derivation. the Hlamiltonian is

t .- I Ua(t) I + p(rWx 2(t) + p2(t)ua(t) (3.25)

The costate equations are

) = (U (3.26)

P,= -() ,) (3.27)

and equations (3.26) and (3.27) have solutions of

.'(') = c, 
(1.2s)

P() = - ct + C, (3.29)

Pontrvain's ninimum principle yields

A IUL() + p (z)zi t) _ AIa(I) -pz(z)uo(!) (3.30)

or

2+i')iu() _< Iu,(1) (+p (t)) (3.31)

From equations (3.30) and (3.10) the optimal control must be

+ u,(t) for p,(t) < - .

0 for -). <p2 1)<).

u (t) - uji) for 0. < p2(t) (3.32

undetermined, but _> 0 for p2(i) = - A

undctermined. but _ 0 for p;(1) = + A
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Equations (3.2S) and (3.29) for the costate solutions show that p;(t) can hange sign

at most once, so the optimal control must be one of the following:

0
+ uJ(0
- u(t)

(0, + u'(t))

u*(t) = (0, - u(t)) (3.33)(+ u,([),o))(-uc(t),0)

(+ u(t)o. - u'(1))
( - u (t).o, + u (t))

The control intervals that end with u*(t) 0 cannot be optimal since the final condition

cannot be achieved without the application of a control. Therefore

+ uJ()

,[ (0. + u())
(0- uI(t))

( + u()., - U))
- u(z).0. + u'(1))

and for the controls

u*(t) = (0.- uJt)) (3.35)( + uJ(1).o,- UO)

the trajectories resulting must terminate at the origin with an interval of u'(t) = - u(t)

control, therefore, the terminal segments of these trajectories all lie on curve B -+ 0 as

shown in Figure 14 on page 30. When u,(t) = 0, the state equations become

.i (') = X2(t) (3.36)

x 2(t) = 0 (3.37)

which implies
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x2(t) = C3  (3.3S)

x1(1) = C3t + C4  (3.39)

Time i.creases and x,(t) increases or decreases depending on if x2(t) is greater than or less

than zero when control switches to u,(t) = 0, and the trajectories are shown in

Figure 15 on page 34.

The trajectories for u'(t) (+ - )uc(t) are the same as shown before in Figure 13 on

page 29. The two types of trajectories are combined in Figure 16 on page 35. Noting

the labels in Figure 16 on page 35, the optimal control laws are derived as follows:

t, = time optimal control switches from + I to 0 (somewhere on C-K)

i, = time optimal control switches from 0 to -1 (somewhere on K-O)

On segment K-O

(12)t) (3.40)

and integrating

(i1 t) = x2(t) (3.41)

yields

X (1,) = X, (ti) + x (t1i)l - ti(3.42)

Equations (3.29) and (3.32) indicate

P2(t1) = - cI 1 + c2 = - A (3.43)

P2(t2) = - cIt 2 + C2 = + A (3.44)

Because

p2(tl) = - A and

P (2) = + ;

the necessary condition stated in equation (3.5) requires that for times t t, and t = t2:
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x,(I) -it(h

a x, (I)

Figure 15. Trajectories for Uc= 0; From [Ref. 8 p. 2801

o = I + pi(x2(1) + p2 ,(t) (3.45)

Substituting equations (3.28) and (3.43) into equation (3.45) for time t, yields

0 = 1I + 1"(Ii) +cIX2 () + (- .)Ua(ti) (3.46)

Substituting equations .) and (3.44) into equation (3.45) for time t2 yields

0 = 1 + ) 114,a(t2) I + cIx 2(12) + ( + ))Uo(1 2) (3.47)

Substituting u'(t) = 0 into equations (3.46) for t = t, and equation (3.47) for t = t2 yields

-I = cjx2(t1 ) (3.48)

-1 = clx 2 (t2) (3.49)

Now solve equations (3.40) through (3.49) for x(t ,) . Equations (3.48) and (3.49) imply

.,(ti) = X;(12) (3.50)

Subtracting equation (3.44) fiom equation (3.43) results in
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x1 (t)

B

Figure 16. Combined Trajectories for U(t) = 0 and U(t) = (+ -)Uc; From [Ref. 8:

p. 2811

[t -~ 2)I c (3.51)

Substituting for c, from equation (3.,48) into equation (3.51)

[2 - t I ]= 2/.x( 1 ) (3.52)

Substitutc [: t1] from equation (3.52) into equation (3.42) to yield

- (z2) = x1 (t1) + 22x 2 (i) (3.53)

Equation (3.40) also defines .x( 2), so equating it with equation (3.53) yields

Figure (t2 16"obndTaetrisfr2t n ~) +-U;Fo Rf

)E-(2) + 2)x 2 (t1) (3.54)

Substituting for x(t 2) from equation (3.51) into equation (3.54)
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* 2

- 2 (t) .. *t) 2x

Combining terms and solving for x,(t,) in equation (3.55) yields the equations making up

the optimal control law for a weighted-time-fuel control response

1 + 4 .uc(t 1) *2

X(ti)- 2uc(il) x 2 (t) (3.56)

I +4;uc(t') *2
x, (t") = + 2uJi') x2 (ti') (3.57)

and equation (3.40) for minimum-time control completes the optimal control law set of

equations.

The trajectories corresponding to the optimal control law define the switching curves

for weight, i-time-fuel optimal performance and are shown for various ?. values and ini-

tial conditions in Figure 17 on page 37. The weighted-time-fuel optimal trajectories

shown in Figure 17 on page 37 also illustrate the bang-dead zone-bang characteristic of

this type of control.

Using the switching function again, equations (3.56) and (3.57) can be r,presented
by

s(x(r)) - x, (t) - 2 ) x (,)I X (t[)I (3.5S)
2uJ1i) 2 2

The switching functions derived in this chapter will be used to implement the optimal

control law into the simulation program discussed in the next chapter.

C. DEADBAND CONTROL ABOUT THE ORIGIN

A control deadband about the origin is needed in addition to the weighted-time-fuel

optimal control law and corresponding switching curves to implement attitude control

for the CER. The deadband allows for the CER attitude to be maintained within a limit

cycle bounded by a displacement of +/ - 1.25' and a a rate of +/ - 0.05'sec. In addition

to the limit cycle deadband, an inner deadband bounded by a displacement of

+/- 0.01' and a rate of +/- 0.02',ec is installed around the origin. When the attitude

controller drives the system to within this inner, or zero deadband, the simulation or

actual logic software shuts off the control acceleration. Without deadbands about the
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Figure 18. Deadband Control around the Origin.

The simudation step-size has a major effect on setting te boundary limits for the in-

ner or zero deadband around the origin. If the step-size is larger than the boundaries,

it completely steps over the zero deadband and chatters back and lbrth, cycling across

the deadband without shutting off. For actual operation of the CER, the simulation

step-size could be thought of as the ninimum impulse specification of the jet thruster.

If the minimum impulse time (corresponding to the step-size) is greater than the zero

or iner deadband limits, then the controller will not be able to shut down the thruster

before the system is already back out of the dead zone. The rate boundary limits are

more critical due to the switching curves used. The minimum-time curves approach the

origin parabolically and the rate changes faster than the displacement as the system is

driven along the switching curve.

D. DISCUSSION OF CONTROL ACCELERATIONS.

The normalized control accelerations to be used for each axis are generated by the

applied torques for each axis acting on the principal moments of inertia for each axis

and are lis~cd as follows:
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aux() = C" = I - T =T X (3.59)

ucY(t) = 6y= I-yy] T = Ty (3.60)
J

u'(t) = cb, = [ IZZ] T = 4 T, (3.61)

The normalized control accelerations are also components of the total amount of

acceleration acting on all three axes, which includes the cross-coupling effects between

axes due to the cross-products of inertia. The sum of the accelerations acting on each

of the axes are listed in equations (2.20), (2.21), and (2.22), and are listed below with the

control accelerations displayed in bold face:

aT b c -

T --b T, +- (3.62)

-- T + Ty TZ  (3.63)

*h i
-3 = T - T-- +TT (3.64)

The bold face control accelerations above are the only components used in the optimal

control laws derived in this chapter. Using only the acceleration components generated

by the principal moments of inertia to drive the respective states (angular position and

velocity), of each axis to zero, decouples each axis attitude control from the other axes.

It will be shown in the next chapter that, if the sum of the acceleration components (for

each axis) generated by the cross-products of inertia is greater than the control acceler-

ation component for that axis, then the final state of zero is never reached.

39



IV. SIMULATION AND RESULTS

A. SIMULATION PROGRAM

Attitude control performance for the CER baseline configuration is computed
through computer simulation of a model describing the CER in terms of its equations

of motion, total moment of inertia tensor, summation of applied torques, selected initial

conditions, and optimal-fuel weighting factors. The equations of motion used in the

simulation are represented by equation (2.17), which is presented in component form by

equations (3.62.), (3.63), and (3.64). The inverse moment of inertia tensor values in-

cluded in these equations were calculated by substituting the moment of inertia compo-

nents for each target capture case listed in Figure 9 on page 19 into equation (2.19). The

baseinc configuration control torques included in the equations are listed in Section 1.5

on pagc 4.

1. Simulation Block Model

The simulation program was written using the TUTSIM computer simulation

language to accomplish a dynamic simulation of the block model shown ,I Figure 19

on page 41 [Ref. 9: pp. 1.1-1.3]. Not, that the angular acceleration components are

integrated twice in succession to yield angular velocity and angular position for each

axis. The switching curves and the deadbands about the origin described in Chapter

three are used to determine the control acceleration required to drive the system to the

desired final state of zero for each axis. The angular velocity and position yielded by the

integrators define the location of the system on the state-space plot for each axis as

previously shown in Figure 17 on page 37. The control acceleration components ap-

plied to drive the system to zero help define the switching curves and are listed bold face

in equations (3.62), (3.63), and (3.64). The acceleration components (for each axis)

generated by the cross-products of inertia act as disturbance accelerations driving the

system. They are input through the integrators and subsequently affect the systems lo-

cation on the state space plots. From Figure 19 on page 41 it is easy to see that if the

sum of the acceleration components for an axis generated by the cross-products of in-

ertia is greater than the control acceleration for that axis, then the final state of zero

may not be reached. The simulation runs displaying unstable control are expected to

have control accelerations less than the cross-product generated acceleration term sums.
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Figure 19. Simulation Block Model of the CER

2. Simuilition Inputs

The simulation program is listed in "AP'PENDIX A. TUTSIM SIN*'IU-
LATION P)ROGR-AM" on page 58 and requires the fol1lowing inputs to dynamically

simulate three-axis attitude control for the CER:

'I hree control torques (fi-IbV):
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YT -*(Block 73)

Ty (Block 249)

7T.- (Block 450>

Nine inverse moment of inertia values [I]-' (ft-lbf:

7- (Block 70)

b (Block 240)
J

7" (Block 439)

* (Block 6S)J

m4 (Block 239)J
f

~- (Block 443)

- 4 - (Block 71)
a

7-4 (Block 243),1

-4 (Block 44)

* Three lambda values O- = 0 for innimum-time):

A-, --+(Block 15)
/ - (Block 213)
A: (Block 413)

" Initial conditions for each axis of angular position in radians and angular velocity

in radians second:

Roll position -4 (Block 1)
Roll velocity - (Block 2)
Pitch position -- (Block 201)
Pitch velocity - (Block 200)
Yaw position - (Block 401)
Yaw velocity -- (Block 400)

A detailed description of the different types of blocks used in the simulation program can

be found in Ref. 9: pp. 6.1-6.83.

3. Simulation Cases

The CER baseline configuration was simulated without a target and with a tar-

get captured in different net locations as shown previously in Figure 9 on page 19. The
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radiatt equivalents for the initial conditions of 2' angular position and 0.2' sec angular

velocity are assigned to each axis for all the simulation runs for comparison to allow for

easy visualization of the dyna-c movement. The initial conditions correspond to the

system state values after being offset from the desired reference frame by some disturb-

ance impulse. The angular velocities were assumed to be small and the angular velocity

products were dropped from equations (2.13), (2.14), and (2.15). The simulation model

is now only applicable to manuevers using small angular velocities. The model is ideal

for autonomous attitude-hold simulation since only small position and velocity initial

condition offsets a: c used. The model is not applicable to simulation of commanded

rotations (slewing) for minimum-time control of the CER other than making small angle

position adjustments since the corresponding maximum angular velocities attained dur-

ing the manuevers are too large. A weighted-time-fuel optimal control could be used for

slewing manuevers since the maximum angular velocities attained would be minimized

bv the deadzone characteristic of the control. This results in a slower time response to

drive the states to zero. A more detailed discussion will follow later in this chapter.

To determine control stability for the selected target capture cases. only

mininmum-time simulations were initially run. The optimal-fuel weighting factor lambda

(, for each axis was accordingly assigned a zero value.

B. BASELINE CONFIGURATION SIMULATION RESULTS

The angular position and velocity for each axis were driven to zero from the selected

;ntial conditions using minimum-time control. Of main interest is the maximum ovcr-

s ,,o attained by the states while being driven to zero and the time it took to initially

arrive near zero.

The CE R baseline configuration using 1.0 lbf thrusters was simulated for all target-

capture cases and the results are shown in Figure 20 on page 44 along with the moment

of inertia tensors corresponding to each case. The left-handed arrows indicate the axes

where the desired final state of zero was never reached and the unstable overshoots are

indicated bv the infinity (ci) symbols. The five case axis combinations experiencing

unstable control are from the 850 pound point mass target capture cases. The absolute

value of the control acceleration component for each axis experiencing unstable control

is less than the absolute value of the sum of the acceleration components generated from

thwe cross-products of inertia.
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MAX OVERSHOOT
CASE MXV/SHc MOMENT OF INERTIA

FROM I.C. = 2 /0.2 TENSOR
& TIME TO ZERO (sec)

NOTARGET R 2.1 / 2.9 / 1.5 [1] = 9.6 0 0"
P 2.1 / 2.3 / 1.5 0 55 0
Y 2.1 /2.9/ 1.5 0 0 55

CASE1A (Xmax) R 2.1 / 2.5 / 1.4 P] = 69.3 0 -178.2
P 2.2 / 0.6 / 8.3 0 1153.8 0
Y 00o 178.2 0 1124.1

CASE 1B(Ymax) R 2.0 /2.1 /1.9 []= 9. 105-1.

p oo -110.5 496.1 -29.7
-110.5 -29.7 496.1

CASE1C(Zmax) R 2.5 / 0.5 / 15.6 [II 369.5 0 -368.4]
P 2.2/ 0.7/ 6.6 0 796.4 0
Y 2.1 / 1.2 / 3.8 L368.4 0 503.6

CASE1D R 2.0/2.0/2.2 -
(X=Z,Y=I1) [I] = 172.7 -93.7 -282.3

p oo- 3 7 839.7 -39.8]y o 1282.3-39.8 732.9

CASE2 R 2.0 / 1.9 / 2.2 [I] = 112.9 2.4 -111.9
(MAN+MMU) P 2.1 / 0.9 / 4.9 2.4 534.9 6.4

Y 2.1 / 0.8/ 6.6 -111.9 6.4 497.6]

Figure 20. Baseline Configuration Simulation Results

I he "No Target" case and "Case IA" angular acceleration components were hand-

calculated using cquations (3.62). (3.63). and (3.64) to gain further insight into the sim-

ulation. The control accelcration 1 1nitude is shown bold face as follows:

' No larget:
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a b cI-: TX - T Z

6 = (.02526)(3) - (0)(3) + (0)(4)
=.07578 + (0) (stable)

= T f

= (.01818)(3) - (0)(3) - (0)(4)

= .05454 - (0) (stable)
=T, + T h Tv

S-Y
= (.01818)(4) + (0)(3) - (0)(3)

= .07272 + (0 (sz0ible)

* Case IA:

a =L b T. C

0 = (.02437)(3) - (0)(3) + (.00386)(4)

= .07311 + .01545 (stable)

e f0 --IT, - d- T -T.

= (.00087)(3) - (0)(3) - (0)(4)

= .0026 - (0) (stable)
' i gZ hc 1
d=__T'- T + -7-T,

= (.0015)(4) 4- (.00386)(3) - (0)(3)
= .006 + (.0 115S) (unstable)

Similar calculations for the rest of the cases were completed by the author and for every

case of unstable control, the absolute value of the control acceleration magnitude was

less than the absolute value of the sum of the acceleration components generated from

the cross-products of inertia.

The maximum overshoot values displayed in Figure 20 on page 44 were taken from

the simulation runs in state space plot form for each of the axes of every case. The times

to initially arrive to zero were taken off the simulation runs of the angular positions

versus time plots for every case. The simulation plots are found in "APPENDIX

B. SIMULATION PLOTS" on page 62 and the angular positions and velocities are

displayed in radians and radians second respectively. Note that some of the simulations

were allowed to run long enough to show the limit cycle resulting from the inner and

outer deadband regions.
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The author tried various combinations of torque summation values for the three
axes in an attempt to reduce the number of unstable cases without changing the CER

structure or thruster location. The best combination found after many iterations was

Z-T, = 34 (ft-lbf) (4.1)

-T = 100 (ft-lb) (4.2)

ZT,= 100 (ft-lbf) (4.3)

which yielded unstable control about four case,'axis combinations as shown in

Figur,: 21 on page 47. The simulation plots are not displayed in Appendix B to avoid

confusion.

C. PROPOSED CONFIGURATION AND SIMULATION RESULTS

1. Proposed Configuration

The cross-products of inertia must be reduced and the summation of control

torques about the axes inay have to be increased to achieve stable control about all axes

of every target capture case. The target capture mechanism can be raised up to center

on the ' axis to reduce the cross-products of inertia. This enables the target to be cap-

tured closer to the CER center of gravity, resulting in a reduction of the magnitude of

the vector r2 and the corresponding skew-synunetric matrix as shown previously in Fig-

tire 8 on page 18. Equation (2.36) shows that a reduction in the skew-synimetric matrix

reduces the total moment of inertia tensor. The following thruster sizes are proposed to

be used at the original baseline locations since the torque combination from equations

(4.1), (4.2), and (4.3) reduced the number of unstable control axes for the baseline con-

figuration:

r-, = l1l.3 lbf (4.4)

F = 33.33 lbf (4.5)

F, = 25 lbf (4.6)
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MAX OVERSHOOTCASE 0 o/O0c MOMENT OF INERTIA

FROM I.C. = 2/0.2 TENSOR
& TIME TO ZERO (sec)

NO TARGET R 2.0 / 9.9 / 0.3 [I] = 39.6 0 0
P 2.0 / 14.3 / 0.3 0 55 0
Y 2.0/ 14.3/0.3 _0 0 55

CASEIA (Xmax) R 2.0 / 8.0 / 0.5 [1] = -69.3 0 -178.2]

P 2.0 / 2.6 / 1.2 0 1153.8 0
Y 2.1 / 2.0 / 2.1 -178.2 0 1124.1

CASE1B(Ymax) R oo] = 98.9 -110.5 -110.5

P 2.0 / 2.3 / 2.0 [110.5 496.1 -29.7
Y 2.0 / 2.3 / 2.0 -110.5 -29.7 496.1_1

CASE1 C(Zmax) R oo 4-- [I] = [369.5 0 1
P 2.0/3.9/ 1.0 0 796.4 0

Y 2.0 / 8.0 / 0.45 3 6 8 .4  0 503.6

CASE11D R oo -(X=Z,Y=l) [I] = F172.7 -93.7 -282.3
p (= 3 .7 839.7 -39.8

Y 2.0/3.8/ 1.1 -- 39.8 732.9

CASE2 R 2.0 /4.8 /0.8 [I] = 112.9 2.4 -111.9]
(MAN+MMU) P 2.0 / 4.7 / 0.8 2.4 534.9 6.4

Y 2.0/ 4.9 /0.8 -111.9 6.4 497.6

Figure 21. Baseline Configuration Simulation Results With Tx= 34, Ty= Tz= 100

(ft-lbf)

The CER proposed configuration is illustrated in Figure 22 on page 48, and

shows an example of a thruster pair firing to produce a positive roll about X. Note the

capture mechanism is now attached so as to be centered on X.
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EXAMPLE OF THRUSTER 11.3 LB-F
LOCATION FOR +ROLL

A A

4 v

11.3 LB-F
A
+Z

Figure 22. CER Proposed Configuration

2. Proposed C, -figuration Analysis and Simulation Results

The methods described in Chapter Two for computing the moment of inertia

tensors for the selected target capture cases were used to generate the tensors for the

proposed configuration. The CER proposed configuration was simulated for all target

capture cases and the results are shown in Figure 23 on page 49 along with the moment

of inertia tensors corresponding to each case. The left-handed arrow indicates unstable

control about the " axis for Case 1C target capture. All the other target capture cases

have stable control with satisfactory maximum overshoot values.

Case IC is the 850 pound point mass captured at the bottom of the capture net.

The target was brought closer :o the center of the net until the simulation produced

stable control. Satisfactory stable control occurred with the target located + 2 feet from

the net center in the Z direction. and is represented by Case 1C.1 in Figure 23 on page

49.
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MAX OVERSHOOT
CASE M OESsec MOMENT OF INERTIAFROM I.C. = 2 /0.2 TENSOR

& TIME TO ZERO (sec)

NO TARGET R 2.0 / 9.9 / 0.3 [I] =9.6 0 ]
P 2.0 /14.3 / 0.4 0 55 0
Y 2.0 /14.3 / 0.4 L 0 55

CASE1A (Xmax) R 2.0 / 9.9 / 0.4 [I]= 9.6 0 0
P 2.0 /2.9/ 1.2 0 1124
Y 2.0/2.9/1.2 [ {0 124

CASE1B(Ymax) R 2.0 / 6.4 I 0.6
P 2.0 / 5.1 I 0.77 [I] = -69.3 -110.5 0
Y 2.0 / 9.5 / 0.77 10.5 466.4 0

[0 0 496

CASEIC R oo = = -201.3 0 -257.9]
(Zmax=3.5) P 2.0 / 4.4 / 0.9 0 628.1 0

Y 2.0 /7.8 /0.5 -_57.9 0 466.41

CASE1D R 2.0/2.6/ 1.7
(X=Z,Y=I) P 2.1 / 1.2 / 3.8 = -83 -93.7 -141.8

Y 2.1 /1.4 / 3.5 -93.7 750 -19.9

-141.8 -19.9 732.9j

CASE2 R 2.0 / 2.9 / 0.8 [] = 110.4 2.4 -1.4

(MAN+MMU) P 2.0 / 4.7 / 0.8 2.4 549.9 6.4
Y 2.0 / 4.7 / 0.8 L -1.4 6.4 539._1

CASE1C.1 R 2.0 / 3.4 / 1.2 [I =- 92.4 0 -147.4]

(Zmax=2') P 2.0 / 4.8 / 0.8 0 519.2 0
Y 2.0 / 5.6 / 0.7 -147.4 0 466.4

Figure 23. CER Proposed Configuration Simulation Results

All of the moment of inertia tensors in Figure 23 on page 49 have smaller

componcnt magnitudes than the baseline conliguration tensors shown in Figure 20 on

pagc 44. 'lhe time response to initially drive the system to zero is satislactory. The

simulation plots for the proposed configuration are shown in Appendix B.
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3. Proposed Configuration With Baseline 1 hrusters

1he proposed configuration was simulated using 1.0 lbf thrusters in the original

baseline locations to mininize changes to the baseline configuration. The simulation

results are shown in Figure 24 on page 51 and the left-handed arrows indicate unstable

control about 2 axes of Case ID and I axis of Case 113. The simulation plots are not

included in Appendix B to avoid confusion.

D. FUEL OPTIMAL ANALYSIS FOR IIlE PROPOSED CONFIGURATION

T-he proposed configuration was simulated using the weighted-time-fuel optimal

switching curves with a weighting factor ). = 100 for each axis. The No Target case was

simulated and the simulation plots can be seen in Appendix B. The simulation plots for

a positive roll about the i axis for ininimuni-time and weighted-time-fuel optimal con-

trol are compared in Figure 25 on page 52. The deadzone on the optimal control plot

inininizes the maximum angular velocity value attained. The time response to initially

diive the system to zero is increased when compared to nfinimum-time control.

Ilhe simulation plots of position versus time for minimum-time and optimal control

with ). = 100 give the time to complete one limit cycle and the thruster "on times" for

one linit cycle as follows:

* l ime to complete one linit cycle starting f'roni origin lbr A 0 (ninimum-time):

Roll --1 90 sec
Pitch 58 sec
Yaw -- 58 sec

0 Time to complete one limit cycle starting l'rom origin for A = 00 (optimal-fuel):

Roll - 140 sec
Pitch 110 sec
Yaw - 110 sec

S"On times" for one linit cycle with A = 0:

Roll -+ 3 sec
P1itch 2 sec
Yaw - 2 sec

* "On times" for one linit cycle with A = 100:

Roll - I sec
P1itch - 0.4 sec
Yaw - 0.4 sec

hle number of cycles completed during 30 minutes (1800 seconds) of operation is:

* For =0:
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MAX OVERSHOOT
CASE 0 0/sec MOMENT OF INERTIA

FROM I.C. = 2/0.2 TENSOR
& TIME TO ZERO (sec)

NOTARGET R 2.1 / 2.9 / 1.5 [I] 9.6 0
P 2.1 /2.3/1.5 0 55 0
Y 2.1 / 2.9/ 1.5 0 0 55

CASE1A (Xmax) R 2.0 / 2.9 / 1.3 [I] 9.6 0 0
P 2.2 / 0.5 / 8.0 0 1124 0
Y 2.1 /0.7/6.7 0 0 1124

CASE1B(Ymax) R 2.0 / 2.7 / 1.5
[I] 69.3 -110.5 0]

P o 0 4 -10.5 466.4 0

Y 2.1 /1.0/ 4.3 -0 496

CASE1C R 2.1 /1.7 / 2.7 [] 201.3 0 -257.97

(Zmax=3.5') P 2.2 / 0.8 / 5.5 0 628.1
Y 2.3/0.6/11 -257.9 0 466.4

CASE1D R 2.0 / 2.5 / 1.6 F(X=Z,Y=I) p o [I]= 83 -93.7 -1418
(XZ1-93.7 750 -19.9

-1 41.8 -19.9 732.9

CASE2 R 2.0 / 1.9 /2.3 [1] 10.4 2.4 -1.4
(MAN+MMU) P 2.1 / 0.9 / 5.0 2.4 549.9 6.4

Y 2.1 / 1.0/4.3 L -1.4 6.4 539.21

Figure 24. Proposed Configuration Simulation Results Using 1.0 lif Thrusters

1800 sec
Roll -- sec - 20 cyclcs90sccycle

Pitch and Yaw ",v- scc10 )cc - 31 cycles5S sec, cy cle

, For ,. = 100:
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Vi:IHrUT x2 INITIAL CONDITION HO TARGET ROLL PROPOSED

8.1745888 ' ' '

0.1396800

0.1047008

0.0G90000

8.834900

0.0000

-0.0349000

-0.0690080

-0.1047000

-0.1396000

-0.1745000 L ,L
-O.OO72601HrUT xl INITIAL CONDITION 0.0072608

Y1:INfV'T xZ INITIAL CONDITION NO TRGT ROLL PROPOSED OPT. (L=100)

0.0072608 ' S

8.0G90000

O.dS23 ,n

0.0349840

6.0174528

0.0000 -

-0.0174528

-0.0349040

-0.0523568

-8.069000

-0.0072600
-0.O07260iPUT x1 INITIAL CONDITION 8.0072608

Figure 25. Comparison of Mininumn-Time and Optimal Fuel (Lambda= 100) Roll

Axis Control for "No Target"

1 80 secRoll " - 12.9 cycles140 seecyNcleI
1 800 sec

Pitch and Yaw - 1 = 16.4 cycles
110 sec: ccle

Total "on time" for one thruster is found by multiplying the number of cycles by the on

time per cycle to yield
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* For Z = 0:

Roll --+ 60 sec
Pitch and Yaw 62 sec

* For ). = 100:

Roll -+ 12.9 sec
Pitch and Yaw -- 6.6 sec

Two thrusters fire per axis or six thrusters total fire as needed for three-axis control.

The thruster flow rate is chosen for analysis to be 0.5 pounds/second of nitrogen (iN,).

Fuel-optimal analysis for the proposed configuration is summarized in Figure 26 on

page 54.

E. END-OF-MISSION ANALYSIS FOR THE PROPOSED CONFIGURATION

The CER mass will decrease by approximately 150 pounds at the end of its mission

when the total nitrogen propellant is used up. The CER mass is reduced to 700 pounds

and when a worst-case S50 pound target is captured the center of gravity is closer to the

target than at the beginning of the mission. The shift in the center of gravity does not

effect the summation of torques about the axes since the thrusters are fired in pairs. The

decrease in the CER mass (11,) reduces the total moment of inertia tensors for all target

capture cases as shown in equation (2.36). The moment of inertia tensor for the CER

without a target at the end of the mission is reduced to:

2.6 0 0

0 45

and the reduction improves minimum-time control. The reduction of the moment of

inertia tensors improves the minimum-time control for all target capture cases as shown

in Figure 27 on page 55.
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FUEL OPTIMAL ANALYSIS LAMBDA = 0 LAMBDA = 100
FOR PROPOSED CONFIG. (MIN TIME) (OPT. FUEL)
OF CER WITHOUT TARGET

TOTAL "ON" TIME DURING 368 SECONDS 52 SECONDS
30 MINUTES OPERATION
WITH 6 THRUSTERS

TOTAL N2 USED DURING 18.4 LBS 2.6 LBS
30 MINUTES OPERATION

"TIME TO ZERO"FROM I.C.: R R
20/ 0.20/SEC P 0.3 SECONDS P 3 SECONDS

Y Y

Figure 26. Fuel Optimal Analysis for Proposed Configuration

54



MAX OVE RSHOOT
CASE (END OF M O/se MOMENT OF INERTIAMISSION) FROM I.C. = 2 /0.2 TENSOR

& TIME TO ZERO (sec)
CASElA (Xmax) R 2.0 / 9.9 / 0.4 [1] = 9.6 0 0 -

P 2.0/3.4/ 1.1 0 1124 0
Y 2.0/3.4/ 1.1 0 0 1124

CASE1B(Ymax) R 2.0 / 6.7 / 0.8 [I] = 69.3 -110.5 0]
P 2.0 / 5.1 / 0.8 -110.5 466.4 0
Y 2.0 /5.0 / 0.8 L 0 0 496

CASE1C.1 R 2.0 / 3.7 / 1.1 [1] 2.4 0 -147.4
(Zmax=2') P 2.0 / 5.0 / 0.5 0 1.2 0 -4

Y 2.05.9/0.40 
519.2

Y 20 /5. / .4-147.4 0 466.4

CASEID R 2.0 / 2.9 / 1.5 [I= 83 -93.7 -141.8
(X=Z,Y=I) P 2.0 / 2.1 / 2.1 -93.7 750 -19.9

Y 2.0 /2.2 / 2.0 _141.8 -19.9 732.9

CASE2 R 2.0 / 6.9 / 0.5 110.4 2.4 -1.4-
(MAN+MMU) P 2.1 / 5.0 / 0.7 I 12 549.9 6.4

Y 2.1 /5.0 / 0.7 _1. 6.4 539.2

Figure 27. End-of-Mission Simulation Results for the Proposed Configuratioln



V. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The CER baseline configuration of 1.0 lbf thrusters and capture mechanism at-

tached at the bottom of the CER did not provide effective control during capture of a

worst-case S50 pound target. Changing the zhruster size and location to increase the

sunmation of torques about the axes did not provide effective control during target

capture. The unstable control cases wecre shown to be caused by the acceleration com-

ponents generated from the cross-products of inertia.

The CER proposed configuration with increased summation of torques about the

axes and capture mechanism attached along the X axis provides an effective control

during all cases of target capture except for Case IC (+ - roll). The unstable control

became stable when the target distance from the center of the net was reduced from 3.5

feet to 2 feet on the Z axis. Control stability was dramatically improved by moving the

capture mechanism closer to the CER center of gravity resulting in a reduction of the

cross-products of inertia for target capture operation.

Weihghted-time-fuel optimal control with ,;. = 100 reduced propellant use by 85% for

the selected example but increased the time response to drive the system to zero by a

factor oi it). The maximum angular velocity values attained are minimized by the dead

zone of the optimal control. Weighted-time-fuel optimal control could be used during

coasting periods between orbits when a minimum-time response is not required or for

slow commanded rotations (slewing) since the angular velocities are minimized.

Control performance is improved at the end of the mission due to the decrease in

mass of the CER. The center of gravity shift, as the mass of the CER is reduced, does

not effect the summation of control torques about the axes for the CER with target.

B. RECO.MENDATIONS

The capture mechanism should be attached along the X axis to reduce the distance

between the CER center of gravity and the target center of gravity. The cross-products

of inertia will be reduced and control stability will b c imr.prod.'!.

The baseline thruster conficuration should be changed to provide control torques

as follows if the CER model used is similar to the model presented in this research:
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34 ft-lbf

= 100 ft-lbf

T, = 100 ft-lbf

The baseline thruster location could be used to facilitate storage of the CER and to

ninimize changes in the baseline configuration if the thruster size is increased to

F, = 11.3 lbf
F., = 33.3 lbf

F, = 25 lbf

Weiehted-time-fuel optimal control could be used during coasting periods, between

orbits or for slow or small comnmanded rotations, when a minimum-time response is not

required. Operation of the CER with target may require immediate minimum-time re-

sponse and probably should not use weighted-time-fuel optimal control.

The proposed attitude control scheme is simple and effective but is sensitive to tar-

get capture location in the capture net. Ensuring the target is captured as close as pos-

sible to the CER center of gravity will reduce the cross-products of inertia and improve

the design and operational attitude control performance.

The control laws used to implement simulation of' the CER model are in terms of

the control accelerations generated from the principal moments of inertia and of the

angular position and velocity for each of the axes. A more complicated control law could

be used in terms of the control accelerations, angular positions. and angular velocities

for the three axes in combination. A switching surface or volume corresponding to the

control law would be less sensitive to the cross-product of inertia effects as opposed to

the simple switching curves used in these analhses.

The research presented should assist the CER preliminary design phase team in

completing some of the attitude control trade-off analyses. Ultimately, this will result

in a more practical and safe crew and equipment retriever for space station.
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APPENDIX A. TUTSIM SIMULATION PROGRAM

The TUTSIM simulation program will simulate three-axis stabilization for a model

described in terms of the sum of the torques applied and the system moment of inertia

tensor including non-zero cross-product terms. The program is shown in Figure 28 on

page 59. and continued in Figure 29 on page 60. and Figure 30 on page 61. The first

199 block numbers are reserved for the Roll axis, blocks 200 through 399 are for the

Pitch axis. and blocks 400 through 599 are for the Yaw axis. The interconnecting inverse

moment of inertia terms are interspersed throughout the program. The inputs to the

simulation program are listed in Section IV.2 on page 41. The simulation is sensitive to

the step-size used since the inner or zero deadband boundries are small. A step-size of

.0)l worked nicely most of the time. If the simulation chatters at the origin. reduce the

step-size. The specific example to follow is for the CER baseline configuration with no

target.



PROFESSIONAL VERSION OF TUTSIM

Model File: cerbsnt

Date: 2 / 28 / 1989
Time: 13 : 45

Timing: 0.0400000 ,DELTA ; l0.OOOEtO3 ,Ri.,CE

PlotBlocks and Scales:

Format:
BlockNo, Plot-MINimum, Plot-MAXimum; Comment

lorz: 1 -5.0000 5.0000 ; INPUT xl INITIA, CONDITION

YI: 2 -5.0000 5.0000 ; INPUT x2 INITIAL CONDITION

Y2:
Y3:
0V.-

0.0350000 INT 2 ;INPUT xl INITIAL CONDITION
0.0035000 2 INT 67 ;INPUT x2 INITIAL CONDITION

3 SUM 1 10 ;xl+(O.5/Ucx)x2[x2

0.0000 4 REL 8 -8 -8 ;sign(xl)

0.5000000 5 CON
1.0000 6 CON
0.0000 7 CON

8 MUL 70 73 ;(a/J)Tx-Ucx
10 MUL 2 11 66 :(0.5/Ucx)x?1x2J

11 ABS 2 ;Ix2)

12 SUM 1 13 ;xl+((1+4LUcx)/(2Ucx))x2[x2]

13 MUL 2 11. 22 :((1+4LUcx)/(2Ucx))x2[x2]

4.0000 14 CON

0.0000 15 CON ;INPUT lambda,-L),(optimal wtng)

16 MUL 14 15 8 ;4LUcx

17 SUM 6 16 ;114LUcx

2.0000 18 CON
19 MUL 18 8 ;2Ucx

20 IFE 44 47 21 ;begin dead zone

21 IFE 43 7 -47 ;leave dead zone

22 DIV 17 19 ;(1+4LUcx)/(2Ucx)

37 INV 38 true if outside zero rect.

38 AND 48 41 ;inside zero rect.

350.000E-06 39 CON ;INPUT zero rect. velocity (x2)

40 ABS I ;[xlI

41 SUM 39 -11 ;0.001-[x2]

42 IFE 38 7 46 ;inside zero rect.?

43 MUL 4 3 ;(xl+(0.5/Ucx)x2(x2J)sign(x)

44 MIlL 4 12 ;(Block #12)sign(xl)

45 MUL 1 2 ;xl*x2

46 IFE 45 .4 20 ;set U for Ist&3rd quad

0.0000 47 REL 8 -8 -8 ;sign(x2)
2

48 SUM 49 -40 ;0.01-jxll

115.OUOE-06 49 CON ;INPUT zero rect. position (xl)

56 ORR 59 61 ;outside outer rect.?

57 INV 56 ;true if inside outer rect.

0.0218000 58 CON ;INPUT outer rect. position

59 SUM -58 40 ;jxl-1.25

872.OOOE-06 60 CON ;INPUT outer rect. velocity

61 SUM -60 11 ;[x21-.01

Figiure 28. TU SII Silmulation l'Togfrai (First Page)



62 IFE 38 7 42 ;U-0 if inside zero rect.
1.0000 63 SRS 37 57 ;I.D. and loop thru regions

64 AND 63 37 ;compare loop aiid location
65 IFE 64 62 7 ;U-O until outside
66 DIV 5 8 ;0.5/Ucx
67 SUM 65 241 440 ;sum of control inputs

0.0000 68 CON ;INPUT d/J
69 HUL -68 73 :(-d/J)Tx

0.0252640 70 CON ;INPUT a/j
0.0000 71 CON ;INPUT g/j

72 MUL 71 73 ;(g/J)Tx
3.0000 73 CON ;INPUT Tx
0.0035000 200 INT 242 ;INPUT y2 INITIAL CONDITION
0.0350000 201 INT 200 ;INPUT yl INITIAL CONDITION

202 SUM 201 207 ;yI+(0.5/Ucy)y2(y21
0.0000 203 REL 204 -204 -204 ;sign(yl)

201
204 MUL 239 249 ;(e/J)Ty-Ucy

0.5000000 205 CON
206 DIV 205 204 ;0.5/Ucy
207 NUL 200 208 206 ;(0.5/Ucy)y2[yZJ
208 ABS 200 ;[y

2
]

0.0000 209 CON
0.0000 210 REL 204 -204 -204 ;slgn(y2)

200
211 IFE 212 209 -210 ;leave deadzone
212 HUL 203 202 ;(yl+(0.5/Ucy)y2[y2J)sIgn(yl)

0.0000 213 CON ;INPUT lambda-L,(opt. fuel wtng)
214 MUL 200 208 248 ;((144LUcy)/(2Ucy))y2[y2]
215 SUM 201 214 ;yl+((1+4LUcy)/(2Lcy))y2[y2]
216 MUL 203 215 -(Block #

2 1
5)sigii(yl)

227 IFE 216 210 211 ;begin deadzone
218 MUL 201 200 ;yl*y2
219 IFE 218 -203 217 ;set Uy for lst&3rd quadrants
220 IFE 222 209 219 ;inside zero rectangle?
221 IFE 222 209 220 ;Uy-O if inside zero rectangle
222 AND 225 223 :inside zero rectangle?
223 SUM 224 -208 ;O.OO-(y2

350.000E-06 224 CON ;INPUT zero rect. velocity (y2)
225 SUM 226 -227 ;0.OI-(yl]

175.OOOE-06 226 CON ;INPUT zero rect. position (yl)
227 ABS 201 ;[ylj

0.0218000 228 CON INPUT outer rectangle position
872.OOOE-06 229 CON ;INPUT outer rectangle velocity

230 SUM -228 227 ;Iyl-1.
25

231 SUM -229 208 ;[y2l-.Ol
232 ORR 230 231 ;outside outer rectangle?
233 INV 232 *true if inside outer rectangle
234 INV 222 ;true if outside zero rectangle

1.0000 235 SRS 234 233 ;Identify and loop thru regions
236 AND 235 234 ;compare loop and location
237 IFE 236 221 209 ;Uy-O until outside

0.0181843 239 CON ;INPUT (e/j)
0.0000 240 CON :INIUT (b/j)

241 MUL -240 249 ;(-b/J)Ty
242 SUM 69 237 444 ;sum of control torques

0.0000 243 CON ;INPUT (h/j)
244 MUL -243 249 ;(-./J)Ty
245 MUL 14 213 204 ;4LUcy
246 SUM 6 245 ;1+4LUcy

Figure 29. TUTSIEN Simulation Program (Second Page)
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247 MUL 18 204 ;2Ucy
248 DIV 246 247 ;(144LUcy)/(2Ucy)

3.0000 249 CON ;INPUT Ty
0.0035000 400 INT 445 ;INPUT z2 INITIAL CONDITION
0.0350000 401 1NT 400 ;INPUT z1 INITIAL CONDITION

402 SUM 401 407 ;zl+(0.5/Ucz)z2[z2j
0.0000 403 REL 404 -404 -404 ;sign(zl)

401

404 MUL 441 450 ;(i/J)Tz-Ucz
0.5000000 405 CON

406 DIV 405 404 ;O.5/Ucz
407 MUL 400 408 406 ;(0.5/Ucz)z2lz2
408 ABS 400 ;[z2J

0.0000 409 CON
0.0000 410 REL 404 -404 -404 ;sign(z2)

400

411 IFE 412 409 -410 ;leave deadzone
412 MUL 403 402 ;(zl+(0.5/Ucz)z2[z2])sign(zl)

0.0000 413 CON ;INPUT lambda-L,(opt. fuel wtng)
414 MUL 400 408 449 ;((l44LUcz)/(2Ucz))z2[z2)

415 SUM 401 414 ;zl+((144LUcz)/(2Ucz))z2[z2J
416 MUL 403 415 ;(Block #415)sign(zl)
417 IFE 416 410 411 ;begin deadzone
418 MUL 401 400 ;zl*z2
419 IFE 418 -403 417 ;set Uz for lst&3rd quadrants
420 IFE 422 409 419 ;inside zero rectangle?
421 IFE 422 409 420 ;Uz-O if inside zero rectangle
422 AND 425 423 ;inside zero rectangle?

423 SUM 424 -408 ;0.001-[z2)
350.OOOE-06 424 CON ;INPUT zero rect. velocity (z2)

425 SUM 426 -427 ;0.0l-lzll
175.OOOE-06 426 CON ;INPUT zero rect. position (zl)

427 ABS 401
0.0218000 428 CON ;INPUT outer rectangle position

872.OOOE-06 429 CON ;INPUT outer rect. velocity

430 SUM -428 427 ;[zl]-1.25
431 SUM -429 408 ;[z2J-.O1
432 ORR 430 431 ;outside outer rectangle?
433 INV 432 ;true if inside outer rectangle
434 INV 422 ;true if outside zero rectangle

1.0000 435 SRS 434 433 ;Identify and loop thru regions
436 AND 435 434 ;compare loop and location
437 IFE 436 421 409 ;Uz-0 until outside

0.0000 439 CON ;INPUT (c/j)
440 MUL 439 450 ;(c/J)Tz

0.0181843 441 CON ;INPUT (i/j)
0.0000 443 CON ;INPUT (f/j)

444 6iuL -443 450 ;(-f/J)Tz

445 SUM 72 244 437 ;sum of control torques
446 MUL 14 413 404 ;4LUcz

447 MUL 18 404 ;2Ucz
448 SUM 6 446 ;144LUcz
449 DIV 448 447 ;(144LUcz)/(2Ucz)

4 0000 450 CON ;INPUT Tz

Figure 30. ruITSINI Simulation Progran (Third Page)



APPENDIX B. SIMULATION PLOTS

R I "'. 1,) " iot -It I imu. P InL-AX Imu,.; Com.mnrl
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Ilorz: 2o -0.0870000 B0.08U70000 ;Irur yi INITIAl. CONllTIO

YI: 200 -0.0870000 0.0810000 ; INiU'U y2 INITIAl. CONDITION
'U:

Y3:
¥U,:

YI:INPUT 9Z INITIlL CONDITION CASEIC PITCH IIlA.LINE

0.807006

0.696066

0.05ZZBOO

0.0430060

0.0174000

8.e000 0

-0.0174008

-0.0310000

-it. OS7ZZ000

-0 .0696000

-0 .0017003 _-- _---- _ __ - .. t T O~

-fl.07001IH'UT 91 I I T IAL CONDITION 0.01171IIlI0

RIockJo, rIot-miNimum, lot-MAXImn; i :,Commetit

Ilorz 401 -0.0870000 0.0870000 ; irIru zi INITIAL CONI)ITION

YI 4,00 -0.0870000 0.0870000 ; It'IIr z2 INITIAL COt~li'ION
Y2:
Y3:
'.4:

VI:IllI'IIT zZ INITIAL CONDITION CASEIC YAJ IASELINE

O.11070000 r

0. 069GO00

0.6522008

0.0340000

0.0174000

-0.0174000

-9.0340000

-0 .Of 1700

-,,.0,,7660 L. .. . .. ,. IL o i-- - --- io ' -- -
-e.00780OI0rUT zi INITIAL CONDITION B.H11100

Figure 38. Baseline Case IC
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BlockNo. rlot-mINmimm, riot-MAXImum; Comment
Ilorz: 1 -0.0870000 0.0870000 INPUT xl INITIAl. CONDITION

YI: 2 -0.0870000 0.0870000 lIPUT x2 INITIAL CONDITION
Y2:
Y3:
y4:

YI:IHI'lT xZ INITIAL CONDITION CASEID 1OL.. BASELINE
0. 0070000

0.0696000

8 .8 Z2B8

0.0340000

8.0174008

0.0000

-0.017400B

-0.0340000

-0.0S22000

-0.0696008

-0.0078008 _
-8.8070001NPUT xl INITIAL CONDITION 8.0070011

BlockNo, Plot-MINimum, Plot-MAXImum; Comment
Ilorz: 0 0.0000 , 3.0000 Time

YI: I -0.0870000 0.0870000 ; INIUT xI INITIAl. CONI)ITIOI
Y2: '01 -0.0870000 43.136700M 1141'11T yl INIT1A). COHDITION
Y3: 401 -0.0870000 0.0870000 ; INPUT zi INITIAL CONDITION

N',:

VI:IlIfUT x3 INITIAL CONDITION CAS ID BASELINE l'OSITIOM ws TIME
0.8070000

8.8696000

0.B522008

0.8340008

0.8174000

0.0008

-8.0174008

-0.8340008

-fl.8696008

-0.0070000 I__
8.0008 Time 3.0009

Figure 39. Baseline Case ID
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BlockNo. Plot-HINimum, Plot-MAXimnm; Cominent
1Iorz: 201 -0.0870000 0.0870000 ;I0t1'l yl INITIAL COtIt)ITION

Yl: 200 -0.0870000 0.0870000 ; INUT y2 INITIAl. CONDITION
Y2:
Y3:
Y4 :

YI:IHI'IJT jZ INITIAL CONDITION CASEID PITCII BASELINE
0.0078008

0.0696008

0.052200

0.0340000

0.0174800

0.0000

-8.017480C

-0.0340006

-0.0522006

-0.696088

-0 .8070086 _L.L I ,L___________________

-0.8O70001MI'UT yl INITIAL COHDITION 0.8070000

BlockNo, Plot-NINimum, Plot-rIAXinuin; Comment

Ilorz: 401 -0.0870000 , 0.0870000 INPUT zl INITIAL COII)ITION

YI: 400 -0.0870000 0.0870000 INPUT z2 INITIAl. COII)ITION
Y2:
Y3:
y14:

YI:IHI'IIT zZ INITIAL CONDITION CASEID YAU 1ASEI, NE

0.0070008

B.OG960

O.0S2200

0.0340000

0.0174000

0.0000

-8.0174008

-0.031000

-0.0522000

-0.069GOO

-0.0070000 , , i J
-0.007001NI'UT zI INITIAL CONDITION 0.0117011190

Fivurle 40. Baseline Case ID
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Blocktlo, Piot-tlNimum, riot-MAXimum; (omnociit
Ilorz: () 0.0000 10.0000 TI,nr

YI: i . -0.0870000 0.0870000 ;III'UT xl INITIAL. (ONDITION
Y2: 201 , -0.0870000 0.0810000 ; IIPUT yl INITIAl. COI)ITION
Y3: 401 , -0.0870000 0.0870000 ; INPUT zi INITIAl. COilDITIONl

Yi:iNrUT xl INITIAL CONDITION CASEZ BASELINE POSITION us TIME

0.0070008

O.O696008

8.8522808

e.0340008

0.0174088

8.8000-

-0.0174000

-!].0340009

-0.0522008

-8 .g69800

-,0070000
11.aOoR Time 10.80011

R IocVNo, PIlot-MiNimum Plot- MAX Iint n; Coinmpiot
lor7: I -0.0870000 0.0870000 ; INPUT xl INITIAL. COJ)I'll()NI

Y[: 1 -0.0870000 0.0870000 It!l'UT x2 INITIAL CONI)ITION
YI:

'f:

Vl:ltll'llT xZ INITIAL CONDITION CASE2 POLL DASELINE

0.0070000 '

0.0GgG000

O fl22000

0. H31I11100

-n.13174F00

n.0.lro

-1. !fl(,! Or

0.0IJF1000f --- - _ _ = .. . L L . _____-- J - . .

-l0.0I]?iOflIlrUt xl INITIAL CONDITION O.[1i70"Ilfl

2 ic:,it 41. [Islim, ( a, 2



BIockN,, iot -NINI itim. P1r- -MAX!:mur.. Commctnt
Ilorz: 201 -0.0870000 0.0870000 ;IiI'IlT yI INITIAl. COtII)IrlON

YI: 200 -0.0870000 0.O87CG, ,im-Iu y2 INITIAl. (oNII'rIoN
Y2:
Y3:

YI:INIIIT 9Z INITIAL CONDITION CASEZ PITCII DtAErI.INE
0.0070000

1.0269600

8.8340008

0.017406B

8.0000 1.

-0.0174000

-8 .034U080

-0,0522000

-0.06968

-00870008
-8.007uOOeINUT y11 INITIAL CONDITION 0.0070000

BlockNo, Plot-miNimum, Piot-AXImum; Comment
Ilorz: 401 -0.0870000 , 0.0870000 INI'UT zl INITIAL CONI)I'ION

YI: 400 -0.0870000 , 0.0870000 INI'UT z2 INITIAL CONDITION
Y2:

Y3:

'if:

YI:INIrIIT .Z INITIAL CONDITION CASEZ YAWU BASELINE
0.0"70008

0.069600

8.05Z2000

8.0340008

8 .8174008

8.0008 1

-0.0174000

-11.'14P0000

-8. fl22000

-0.0696008

-0.0(170000 --.LJ.. --. I

-@.007001NP'UT xl INITIAL CONDITION 0.0!1700100

Figure 42. Baseline Case 2



BlockNo, Iot-MINitmum. Plot-MAXI iunm; Comment
Ilorz: 0 , 0.0000 60.0000 1, 1 mt

YI: 1 -0.0872600 , 0.0872600 INPU1T xl INITIAl. CONI)ITION
Y2: 201 -0.0872600 , 0.0872600 INPUT yl INITIAl. CONI)ITION
Y3: 401 -0.0872600 , 0.0872600 INPUT zl INITIAL. CONI)ITION
Y4:

YZ:ItIIIT 91 INITIAL CONDITION NO 7TG1 rnporosOD PosiTION " TIME

8 .0072606 .. '

0.069000

8.852)568

0.8349040

8.8174520

0.000H1

-60174520

-0.H)49010

-0.05235,6

-8.8690008

-8.0072600

6.0000 Timn 1.10

BlockNo, lot-miNimum, Plot -HAXI inin; Comment
llor7' 1 -0.0872600 0.0872600 INirUT xi INITIAl. CONlIlloN

YI: 2 -0.1715000 0.1745000 INPUT x2 INITIAL CONIITION
Y2:

YI:INIIiT x2 INITIAL CONDITION NO TAnGET IPOI.L I'1O'OSr.D
0.1745008'

8.1396080

0.1847000

" .06,9808

8.0349000

0.800001

-6.8)4900

-0.0169000"

-6.1047808

-6.1396088

-8. 1745088 K -- _ _ _ _ __ _ _ _
-0.007260ItiUT xl INITIAL CONDITION 8.1U,72611"

Figure 43. Proposed No Target



BlockNo. Ilot-MINimUm. rlot-HAX htntm; Comment
Ilorz 201 -0.0872600 0.0872600 iNpiir yl INITIAl. (;ON)ITIONJ

Yi: 200 -0.2600000 0.2600000 INI'UT y2 INITIAL CONI)ITION
Y2:

Y3:
Y4:

Yl:IMVUT %jZ INITIAL CONDITION NO TARGET PII OI PR|OPOSED

0.2GO000

0.150000

0.1010880

0.0520000

8.0000

-0.200000

-".1"U0000

-O.U7ZGOIHI'UT yI INITIAL CONDITION e.fIU7GU

BlockNo rlot -mI imum, riot-MAXimum: Comment
llorZ: 401 -0.0872600 0.0872600 INPUT zl INITIAL. COI)rlITIOtI
YI: 400 -0.2600000 0.2600000 INIUT z2 INITIAl, CONDIMiON
Y2:

Y3:
Y4 :

Yl:Itti'IT zZ INITIAL CONDITION 10 TWE UT Pu riol'OnrD

O.ZO00090

0.21000080
O.I.SGOO0O

9.1040008

0.000 IL

-0.1040089

-0.2800000

-0.2600008 --- J
-0.07260111PUT zl INITIAL CONDITION 0.00726111

Figure 44. Proposed No Target



B IocVNo, Ilot -M N Nim, Plot -1IAX I lutm; Coininvit
lf(,rz () 0.0000 *90.0000 1'1lo

V!: 1 -0.0872600 * 0.087260U ; 101111 xi INITIAl. ('0141[11I0N
Y2: 201 -0.0872600 , 0.0872600 INIII' yl 10NIIl. CO0l1lWrION
Y3: 4101 *-0.0872600 , 0.0872600 ;iNru'r .1 iNFFIAL. C001TI0N

VI:INPIIT xi INITIAL CONDITION NO0 TRGT rioi OIT(I. 11111) I'O.,v-TlflF

8.01.72600r----T 1

B.H174520

"."MM11 I

-0.0174528

-0.0349U0

-0."523S68

-0.0690008u

-11.11172608 __

0.0000 Time 90.001111

R ioc ittit, ['ot-MINimurv, r I oL-MAXItwin; Commecnt
117 -0.0872600 0.0872600 INVPl' xt INHtAl1. COND11ITI

YI: ? -0.0872600 0.0912600 INPuT x2 INITIAL. COmi-ion

Y11

Vi:1fIIIIT x2 IN IT IAL COND IT ION NO TOCGT Roll. VRIOl'0MID OPT. M=.~1011)
41.0072608 T ----- V ___ _

8.0691.000

0.0523568

0.0149018

01.0171520

0.00001

-0.0171520

- 1I.0149840

-0.052:3568

-0.0690000

- M.0172600

-O."0726D1N1IIT xI IN1ITIAL1 CONDITION 0.111l.UGIMt

Figure~t 45. Proposed Optilai ( L= 100It) No Target



Ri tck(+ tit. (,tt -i IN i nim riot -MAX I in-in; (i'imnt~lit

1vZ: 20) 1 -0.0812600 0.10812600 ; 10101 yi IfJII1IAI. (:(,1il011
Y1: 200) -0.0872600 0.0872600 INruTr y2 INITIAL, CONDIiIAOU
Y2:
Y3:
Y4f:

YI:IHilIJT yZ INlITIAlL COHDITIO14 NO TflCT riti ritoi'onr orT.(I.IfiU)
8.0072680

60690008

D.US23568

0.0)4980

0.8174528

8.8008

-0.0171520

-01.0349(140

-8.0523568

-8.0690800

-0.8(J726f0 -_ -------

-8.072611WUT yl INITIAL. CONDITION e.H1172GIIoo

BIlocl (In, Plot -IImu, riot -NAXInimum; Comme it

11017 4.01 -0.0872600 * 0.0872600 ;INPU'IT zl INITIAL, r-ONDIrIOr
'f 40 -0.0872600 0.0872600 ; 10101 z2 INIHIAl w(301iotIN

Y3:

VI:INI'IT zZ "'
1

1AL CONDITION NO TRGCT YAU OOsdD OPT.( 111
0. 00172688oII

8. 0690000

0.053908

0.8174528

0.00)08

-0.80174528

-11.03199813

8.069000806

-0.11U7260" L...~ - .. ~ . J L

-0.80BZG01iNUT zi INITIAL CONDITION SM1)1726110

[iF ile 46. Propjose~d Opt imal ( L 100) No Tage



8 Locidlo, VIot 41IIlmmin, P In -MAX iiwun; Commelit
7: () 0.0000 3.0000 1,l11?.(

YI : -0.0870000 * 0.0870000 INPiUT x1 INITIAL. c001rIf()J
Y2: 201 -0.03700)00 * 0.08)0000 INP'UT yl INITIAL. C0001T100
Y 3: 401 -0.0870000 0.0870000 10111'1 zl INITIAL. C011illTI(ON

Y2:IIIIT !jI lIlIAL CONDOITION CASEIA riloros.D POSITION u TIME
0.80170000 r

0.0&%080@

"0522080

0 .0340000

8.11174000

0.0009

-0.8174800

-0.0340000

-0.11522800

-H.007HOOO

0.8000 Time 3.11000

Blockl., r 10t -lM I Nmumi, rlot -AU momir; Cominerit
Ilrz : 1 -0.08 70000 0.08 70000 1 i'iii, xi iNI r IAl. CUffl1 ll

YI : 2 -0. 1750000 0.175001) 101111 x2 INITIAL. CONIIIUl
Y2:
Y3:

YI:INr(IT xZ INITIAL CONDITION CASIAf R0OLL I'I10I'0',I:D
8.17SO888

0.105088

0. 1758000

O.070008

0. 035600

-0.1000001

-0.8158800U

-emumoe0itIvJT xi IfITIAL COMIDITION 0.8070000(

Ii(tiic 47. Prouj.)sed Case I A



B I orl, to li ot-N I N tm~fi, r lot -MAX Ilintun; Cominvit
Ilorz : 20 1 -0.08 70000 0.0810000 ;I NI'II y I INI TIAM. GOtIION

YI: 200 -0.1750000 0.1750000 ltl'Ul' y2 INITIAL. CONDIIiON
Y2:
Y3:
Y4:

YI:fiWIJT yj2 INITIAL CONDITION CASEIl FITCHI rnIoi'o!;E

0.175008

8.1400008

0.0700008

O .0350000

0 .011008

-8 .115080

-8.0700008

-8. 105008

-0.14800080

-0.1751000 .. L__L~. _ _. J .

-0 .8U7000111M1OT yj1 IN IT IAL CONDITIO lol .111711111111

Blocio, n'ot-mNirnum, I'lot-iAXInir; Coimment
41r: 101 -0.0870000 0.0870000 ;INVOIT zi INITIAL (:0111)F1110t0

YI< 4,100 -0.1750000 0.1750000 INPUT z2 INITIAL. CONDI'tION
Y2:
Y3:

VI:IIIT Z2 INITIAL CONDITION CASFIA YAU I'1101'0!',:.

0.1750000

1.1400000

8.1050000

0.035009

8.0000

-0.0700000

-8. 17510900 LL ----- I- L L___

-8.OII70001NPUT m1 INITIAL CONDITION H.01171110

EIrI l ',4. I'Iopised Case I A
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Illock~o, P'lot -HINimum, I'lot-HAXimkiin; Coimnloit

llorz U 0.0000 , 2.0000 ; Iic..
Y1: I -0.0870000 0.087000 iltllr xl INIIIAl. (;0111) lflJ
Y2: 201 -0.0870000 0.0870000 INPUT yl INITIAl. CONIlION
Y3 1/U -0.0870000 0.0870000 INI'UJ1 zl INITIAL. C(ONDIITIN

VI:I"I'IJT xl INITIAL CONDITION CASEII PrIOrOS FD PORITION vs TIME
B .0070000 ' ' ' '

8.8034308

8.019200

83.034000

0.0174800

-0.069600a

-0.0170008

8.8000 Time 2.0110

III oc lo, ] lot - Ni Nintm, Plot- MAX I nion; Cominr.oot
Ilor7: 1 . -0.0870000 0.0870000 ; I MutT xl INITIAL. COiDITIOni

YI: 2 , -0.1750000 0.1750000 ; INIUT x2 INITIAL CONDITION
Y7"

Y3:
Y/- :

VI:INI'IJT xZ INITIAL CONDITION CASEIB ROl. ItOlI'O!,I:D
8. 175I000

0.1400000

0. Il50000

0.0700000

0.035000
0. 0000 1

~0. B)!0F00

-8.0700000

-(i.1tmn000

-0.140000

-n. 17SO010 -- _ _.. . • I . II

-0. 070011 .UT xt INITIAL CONDITION .0o7111111

Fi-lire 49, Proposed Case I B

mj I



Blockvio, riot-mINmtim, rlot-H1AXimum; Comment

llorz: 201 -0.0870000 0.0870000 INPUT yl INITIAI. CONIll'ON
YI: 200 -0.1750000 0.1750000 INPUT y2 INIIIAL GUONDION
Y2:
Y3:

WO :

YI:INPUT 92 INITIAL CONDITION CASEIn rIT('II_ rn0l'oED

0.1750000

0. 1400000

0.1059900

0.8700000

8.0350088

0.0000 1

-0.0350000

-e.8700006

-8.1050800

-0.1400088

-0.1750000 11 - I. L7.L00I L

-0.80700flINIUT yl INITIAL CONDITION 0.01171101)(

BlockNo. riot-MINimin, ri]lot -MAX I mn; Comme'nt

Ilorz: ,01 -0.0870000 0.0870000 INPUT zl INITIAL. (:(Nlhl)ltl0
YI: 400 -0.0870000 0.0870000 INI'UT z2 INITIAL, COIIDIION
Y2:
YJ:

VI:IHI'11T zZ INITIAL CONDITION CASEID ¥AU I'lIO0['.ED

0 .00711000, , , , v

0.0696008

0. 11522000

0.034(0000

.0174008

6.0000

-0.0174000

-8.8340000

-0.0522800

-8.0696000

-0.8078008 __ __ - I _____...

-8.807000INPUT zl INITIAL CONDITION R.00700110

Figtre 50. Proposed Case 1B

II.; W



3Loct:mo PLot -mNimum. r Lot -14hXimu; Comnmncit

Ilo r.Z: O 0.0000 3.0000 T ime

YI : 1 -0.0870000 0.0870000 ; I11rT xl INITIAl. COlDIlllUIN

Y2: 201 -0.0870000 0.0870000 INPUT y] INITIAL. CONDITIONI

Y3: 401 -0.0810000 0.0870000 INUT zi INITIAL, CONlDITION
Y/-,

VI:iINIi'IT xt INITIAL CONDITION CASEIC PROI'OS D rOSITiOII us TIME
0.0070000

a. oc(,oo0 /

0.0522800

B.0340000

0.0174000

0.0001

-0.0174008

-0 .031U000

-0.05ZZ2000

-0.0070000 L--...*
0.0000 Time 3.0000

liocI'No, Piot -HINIm,.n, Plol-MAXimun: (;olnrlt
ilorz: 1 -0 0870000 0.0870000 INPrT xl INITIAl. C(IrUIlVl

YI: 2 -0.0870uoo 0.087000 ; INUT x2 INITIAl. C(NDI'll(tN

Y2:

Y3:
Y/,:

VI: II'IIT x2 IMITInL CONDITION CASEIC tI.t. rOl'O:;ED
H.0070000

0. 0696"19

0.OS20008

0.0340000

0.8174800

0.0000

-0,0174000

-8.8310008

- .0522008

-0. O0696W8

-0. 0070C0118 IL-L. I - -.. _____---__ ____

-0.000001N1IJT xt II T IAL CONDITION 0.011711111111

Filture 51. Proposed Case I C



B IockNo P] ot -MINunum. riot -MAX Imun; Conmment
IIot 201) -0.0810000 0. OR 7000 IIJF yI INI'IAl. (ONO1DIfl''

Yl: 200 -0.0870000 0.0870000 ;INUT y2 INITIAL COUI)ITION
Y2:
Y]:
Y/.:

Yi:IfwUT yZ INITIAL CONDITION CASEIC rITCII rI1'Osf.D

0.81.70000

0.0696000

0.0 sZZ80

0.0340000

0.0174000

0.00101

-0.1174000

-0.0340000

-0.0!;2z0 -

-0 .0695000

-0.8070000 LLI ... LLLJ__ _ _

-0.30070001Ni'UT y INITIAL CONDITION 8.0070000

Siockilo, Plot-MiNImum, Plot -MAX ilim im; Cmmenit
Ilorz: 40 1 -0.0870000 0.0870000 INPUT zi INITIAl. COlD)ITION

YI: 400 -0.1750000 0.1750000 INPUT z2 INITIAl, CONDITION

Y2:
"Y3

VI:IrUjT zZ INITIAL CONDITION CnSEIC Yu I'ROr0sED

0. 140008

8.800000
0. R7)5000

0.1000 1O

-0.0350000

-0.070000

-0. 1058000B

-0.1400000

-0n. 17';oo o ---000' ' .. --
-0.n0700INHPUT zi INITIAL CONDITION l.O07P00

rIIule 52. Iioposd Case IC



R Ioc PNo, PlIot -M INiwai. rPtot -MAX Iimui; Commenmt
Ilm'I7 0 0.0000 2-0000) 1' fmr

VI: 1 -0.0870000 0.087000 IiIIT' xi INrrIAl. C;Olmll ON
Y2: 201 -0.0870000 0.0870000 IN~tiv yI INITIAL. COND)ITIOIN
Y3: 401 .- 0.0870000 0.0870000 1Nrur zi iNITIAl COIIUIrioN
V1.:

Yl:uirmII xl INITIAL CONDITION CtISEIC.I ritoI'osE) IO:ITION vs TIME
0.0070000

0 .0696J000

0.0110000

0 .0174000

-0.017)0

-0.0174000"

-0.0696000-

-0.00710030
8.0000 Time, 2.0100

Illocktlo, riot- -NI Nimm, Plot -MAX Imom; omt
Ilr: 1 ,-0.0870000 , 0.0870000 101111' xi INITIAL CONDIION

VI: 2 .- 0.0870000 0.0870000 ;INFUT x2 INvTIAL CONDITION
Y2:

V
1
.:

Yl:IOIIIfT x2 INITIAL CONDITION ___CASEIC.1 POLL 1 1100OSE)

0.06,96008

0.0522000

0.0110000

0.0171000

0.0010

-0.010009

-0.8310000 -

-0 .0696K000

-0.0tI700~fINr1JT xl INITIAL CONDITION 0.O071110

I1111 I 3c Pr-oposed Cahse IC. I



B Locitlo, I'lot- l NI ,n'in, Piot -flAX h.eimn; (omne t
Iorz: 201 -0.0870000 0.0870000 ImNI'lI yi INITIAL. COIlI)IT(101
YI: 200 -0.0870000 0.0870000 tllu'Ur y2 INITIAl. CO111lTION
Y2:
Y3:
Y4:

YI:IHPIIT 9 Z INITIAL CONDITION CASEIC.1 PITC1i PRlOPOSED

8.007000 ' '

0. 0696000

0.031006

0.01340000

0.01700

-0.1301301

-0.0340000

-0.0522008

-0. (1696000

-10.8070000 t t _ J. . . _ __

-@.8U73 r1N'UT 1l1 INITIAL CONDITION 01370)I11

BlI oklo, I'.lt-HNimum,, Flot-lfAXitnmn; (:onmtlt
Ilr7 /0] -0.0870000 0.0970000 101T 71 I1li4'AI. C(NIlrIu

YI: 10) -0.1750000 0.1750000 rNU' z2 INITIAl. Coril)lll0t

Y2:

Y3:
Y4:

IY:Ifll'lJT 7.2 INITIAL CONDITION CASEIC.1 YO I'ROI'O:2rD

0.1750000

0.1400000

6.1050008

0."700000

n .01350008

-8.3501308

-R.1050000

-171A10098
-0. 14000000

-0.813700IN1UT zl INITIAL CONDITION 0.00700110)1113

1iUlme 54. )ioposed (ase 1(-'.1



BlIock tin. r'iot -mititmun. rlot-NAXImuin; Comnil.'it

1101z: () , 0.0000 10.0001 Time
II -0.0870000 0.0870000 ;INPUJT xl INITIA. COUDIITION

Y2: 201 -0.0870000 * 0.0870000 INPU'LT yI INITIAL CON~iITioN
Y3: '.01 *-0.0870000 0.0870000 ;INrur 7.1 INITIAL COrnwIotO

Y1:If1IT xl I'IITIAL CONDITION CASFAD rnoi'o!SED POSITI0N u TIME
8.0070088

o .0696000

0.00008

-0.0174000

-0.80008 -

-0.8E.ZZ000

-0 .0696000

8.8000 Time 1 P'

IllockNo, I'l lot -M IN IInkm Plot - MAX Imuen; Cominvilgt
1I, -0.0870000 * 0.0870000 ;Iiti'vur xi IN IT IAL COON IH ON

YI: 2 -0.0870000 0.0870000 iNruTr x2 INITIAL. CONIITION
Y2
Y3:
'V.:

Vl:IIIPL1T x? INITIAL CONDITION CASFID 1101.t. rnoroncp
0.0070000

0.0696000

80.0522008

H.0)14(100

0.0171000)

8.0000

-8.1 174006

-0,0341000

-0.07,ZZOOB

-0.(969608

-8.0070088 ------

-0.07001N1'uT xt INITIAL. CONDITION 800701)DO

rifgiire '. Proposed Case ID

6



fllockNo, riot-miNiism, r Iot -MAX I mum; Corm.,nt
Ilory.: 201 -0.0810000 0.0870000 1IPUT yl INITIAL. CONDIITIO)N

YI: 200 -0.0870000 0.0870000 INPUJT y2 INITIAL. CONDITION

Y2:

Yl:INI'IIT yZ INITIAL CONDITION CASFID rITC1I III101'0!.D
0.01370088

0.86968008

O.es22808

0.BJ40000

8.01749.00

-0.0174000

-0.8)40000

-0. 0!3ZZoo

-8.0696000

-8.0070001imrUT 91 INITIAL CONDITIOI S.e078008

BlockNo, rIot -H IN Imum,. Plot-NAXimuin; Commnt
Ilorz: 401 ,-0.0870000 * 0.0870000 IrlT zi INITIAL. COllDlli i10

YI: 400) -0.0870000 * 0.0870000 INPIUT z2 INITIAL COND)ITION

'i3:

VI:IHI'IIT z2 INITIAL CONDITION CASEID YAW I'1i'noro:D
8.0070000

8.0696000

0 .0IS2Z00

0.8340008

0.0171000

8000I

-0.8174000

-8.01000

-8 .6522000

-8.8696000

-8.8070000 a

-0.80011'UT zi INITIAL CONDITION 8.8070000

[igile 56. Proposed Case ID)
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IS Iock fit, . l c) L - I I intin, riot MAXIornitn; ContwinfL
(1o: 0.0000 , 2.0000 T ime

yi I -0.0810000 , 0.()810000 Itl'NI' xl 1111 IA AI. CONDI11I1014
Y2: 201 -0,0870000, 0.0870000 iN1'iJ yi INITIAL. COIIIIITI0N
Y3: 4.01 -0.0870000 0.0870000 INP'UT zi INITIAL. CONTOl1N

Yj:NI'tIT xt INITIAL CONDITION CAS.Z rnorSro10'.ITION TIMlE
0.007010 '

0 .069600

0.0522000

0. 03-11100

0.0174000

0.09130

-0.0174000

- 0.0 "JlnOO

-0 .06,3100

-13.01J701399*

0.01310( Time 2.011011

13oklo, l'lot-lfinigm, ri *lAXliin; (rrninont
llorz : 1 -0.0870000 0.0870000 INVOl xl IN IT IAi, COND1ITIONJ

VI: 2 -0. 1750000 * 0. 1750000 I Ni'Otj x2 INI TIAL CONII ON
Y2:

VI:lt1[4k0T xZ KNIT It'L CONDITION cnsE2 1)01.. ioron;r:o
0.1750000

0. 1400000

0.105000

0.070008

0.63SUOUB

08.03000

-0.0710000

-0.10%0000

-0.140100

-03.17S00 L j___ -- Ln aL

-B.B070001N1'UT xl INITIAtL CONDITION ."70I

Figurie ;7. Proposed Case 2



BIockNo I lot -M INI imum r Lot -MAX I mum; Commnt
Ilor?: 201 -0.0870000 0.0870000 ; INJUr yl INITIAl. COfl)'rON

YI: 200 -0.0870000 0.0870000 i ru-or y2 INITIAl. (:O1I)1ION
Y2:
Y3:
Y4:

Y:lllr'IT yZ INITIAL CONDITION CASEZ PIII l'OOI'O;r:D

0.0070000

0.0696800

0.O522089

0.0340000

0.0174080

S.0081

-0.0174000

-n .030000

-a.mszzR0ot

-O.Of.Jr,000
-6.0070008 .___ ___ __. _________

-B.OUO7100INI'UT 91 INITIAL CONDITION .1170930"

BlockNo I'lot- NLNimum, riot-MAXimum; Comment
1o101': /01 -0.0870000 0.0870000 INIIUT zi INITIAl. COmr)I'iON

YI: IOO -0.0810000 o.0870000 IrnUr 72 INITIAl. c(OlrON
Y2:
Y3:

VI:IHI'IIT zZ INITIAL CONDITION CAS2 yAW PRIOOSID

e.00701309

0. ̂ 96006

0.05100fff

0.031(000

8.0174000

-0.0174000

-0 .I34000

-0.05220008

-O. obZ OB

-0.07060..L..J...L , .L L .'

-6.00708BINI'UT zI INITIAL CONDITION .00?011130

Figure 58. Proposed Case 2
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B I oc kNo. riot-miNimum. riot -MAX inuin; Comment1
I lo k,: 0 0.0000 * 3.0000 1 line

Yl: 1 -0.0870000 0.0870000 INPUT x1 iNIT*IAl. C0111ITI0N
Y2: 201 -0.0870000 * 0.0870000 INPUT yI INITIAL. CONITI~ON
Y3: 4.01 -0.0870000 0.0870000 INPUT zl INITIAL CONDIITION
Y4:

V1:IHI'UT x1 IMITIflL CONDITION CfASElf EmD rioIos.D 1703 TIMlE

0.0070000

06968000

o .0522000

8.8310000

0.0174008

0.0071

-0.0174000

-8.0340008

-805Z2800

-0.0696(008

0.000 0700 3000

BlockNo. Plot-MINimum, Plo t- HAX J.mumi Comment
llorz 1 -0.0870000 0.0870000 INPUIT x1 INITIAL. COND)ITION

YI: 2 -0.1750000 0.1750000 INVUT x2 INITIAL COND)ITION

Y3:

vi:imrUIT xZ INITIAL CONDITION CASFIA END RlOLL rflor0oFD
0.1750800

0.1400000

0. 1050008

0.0700000

0.0350000

0 .0000 I

-0.0358008

-0.0700000

-0. 1050000

L-8097000inI'uT xt INITIAL CONDITION 0.0070008

[i,,ure 59. Piroposed Case 1 A End of mission



BlockNo. Piot-iNlimum, Plot-NAXImum; Comment

Ilorz: 201 -0.0810000 0.0870000 ;INrUT yI INITIAL COuDITION

YI: 200 -0.0870000 0.0870000 INPUT y2 INITIAL CONDITIONI

Y2:
Y3:
Y4:

YI:ImrUT yZ INITIAL CONDITION CASEIA END PTi rnorOSED

0.0070008

0 .069(,09"

0.0S22000

0.0340000

0.0174000

8.0000 i

-0.0174000

-0.0310000

-0.0522080

-6.069600

-0.0070000
-0.OO7O801HPUT yl INITIAL CONDITION 0.0070000

Blockflo, Plot-mINmtu, rlot-NAXimum; Comment

lorz: 40I -0.0870000 0.0870000 INPUT zI INITIAL CONI)ITION

YI: 400 -0.0870000 0.0870000 INrUT z2 INITIAL CONDITION

Y2:
Y:
Y'U:

Yl:IPrUT zz INITIAL CONDITION CAsPIn END Yvw rnorosE
0.0070000

B.BS2208O

0.0340008

0.0174008

8.0000 ii

-8.9174808

-0.0340000

-0.8522088

-0.0696008

-0.0070100 . t, t i

-O.00700i1ONUT z1 INITIAL CONDITION 0.0070000

Figure 60. Proposed Case 1IA End of MIission
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BlockNo, Plot-MINimum, lot-MAXimum; Comment
I1orz: 0 0.0000 3.0000 Time

YI: I -0.0870000 0.0870000 INPUT xl INITIAL CONDITION
Y2: 201 -0.0870000 0.0870000 INPUT yl INITIAl. CONDl)ITION

Y3: 401 -0.0870000 0.0870000 ; INPUT zi INITIAL CONDITION

Y4:

YI:ImrUT xl INITIAL CONDITION CASEID END PROPOSED roS us TIME

0.0070008 '

0.0592000

0.0310099

80174000

0.0000

-8,0174800

-0.034000

-0.0Z2000

-8.8696000

-8.0070888
0.0000 Time 3.0000

BlockNo, Plot-mINimum, Plot-MAXimum; Comment
Iorz: 1 -0.0870000 0.0870000 INPUT x1 INITIAL CONDITION

'I: 2 -0.1750000 0.1750000 ; INPUT x2 INITIAL CONDITION
Y2:
Y3:
Y4:

YI:IrtjIT x2 INITIAL CONDITION CASEID END ROLL PROPOSED

0.17S0000

0.1400000

0.1050000

0.0700008

0.0358000

0.0080 1

-0.8350080

-0.0700000

-0.148000

-0.17S008 __ ___ _ __ _ _ _ _

-0.007001NPUT xl INITIAL CONDITION 0.0070000

Figure 61. Proposed Case 1B End of Mission

92



bIckNo, Pot-MINimum, Plot-MAXImum; Comment
Ilorz: 201 -0.0870000 0.0870000 iNPuT yl INITIAL CONDITION

Yl: 200 -0.0870000 0.0870000 INPUT y2 INITIAL CONDITION
Y2:
Y3:
Y4 :,;

VI:IwrUT y2 INITIAL CONDITION CASEID END PITCI rROPOSED
8.0070000

8.069O08

0.0522000

0.0340000

6.0174000

6.80068

-6.0174000

-0.0340008

-8.0522000

-8.0696008

-6.0070088 t I

-O.007001mrUT yL INITIAL CONDITION 0.0076000

BlockNo, Plot-MINimum. Plot-IIACImum; Comment
Ilorz: 401 , -0.0870000 , 0.0870000 INPUT zl INITIAl. CONDITION

Yl: 400 , -0.0870000 , 0.0870000 INPUT z2 INITIAL CONDITION
Y2:
Y3:
Y4:

YI:iNPIJT zZ INITIAL CONDITION CASFIB END YAU rlOrOSED
0.8070000

0.0696080

6.0522800

8.0340006

0.617808

-8.8174080

-8 0340008

-0.822800

-6 .86960O

-. 8907680iHrUT zl INITIAL CONDITION 0.0070006

Figure 62. Proposed Case IB End of Mission
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BiocI4no, riot-miNimum, riot-MAXImum; Comnet
haorz: 0 0.0000 3.0000 Time.

YI: 1 -0.0870000 0.0870000 ;INPUT X1 INITIAL. COPNDITION
Y2: 201 -0.0870000 0.0870000 invirT yi INITIAL. CONDIITION
Y3: 401 -0,0870000 0.0870000 ;INPUTr zi INITIAL. CONDITION

yI:ltirUT xt INITIAL CONDITION CASElC.1 END rnoronco ros TIME

8.06968

8.8172880

8.83080

-8.0174880

-8.0340088

-0.052261J0

-8.0G9608

0,008 Tineg 3.008

BlockNo, Plot-MINimutf, Plot-MAXimui; Comment
lhorz: 1 -0.0870000 , 0.0870000 INPUT xl INITIAL COVDITION

YI: 2 .- 0.0870000 , 0.0870000 INrUT x2 INITIAL COND)ITION
Y2:
Y3:
Y4:

m1iNPIIT xZ INITIAL CONDITION CASEIC.1 END ROLL I'IOOSED

8.0S2208

0.01UBBB8

0.0000

-0.0174000

-8.8340008

-8.80780 ---

-e.en0801NI'U xI INITIAL CONDITION 0.8078008

Figutre 63. Proposed Case 1C.] [lnd of MSison
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BlockNo. Plot-INimum. Ilot-AXIMum; Commenit

Ilorz: 201 -0.0870000 0.0870000 ;NI'UT yl INITIAL C0tl1ITION

YI: 200 -0.0870000 0.0870000 ;INrUT y2 INITIAL CONDITION
Y2:

Y3:
Y4:

VI:II'IJT yZ INITIAL CONDITION CASEIC.1 END PITOI rPOI'OSED
8.0078080

o .069GO0

8.C522808

6.6340008

0.0174008

0.017000

-8.8174008

-8.8340000

-0.6S22008

-8.0696000

-8.8070001rUT yl INITIAL CONDITION 8.0070000

BlockNo, not-mINimum, Plot-MAXimmn; Cornmlent
Ilorz: 401 -0.0870000 0.0870000 INPUT zI INITIAl. CONDITION

YI: 100 -0.1750000 0.1750000 INPUT z2 INITIAL CONDITION
Y2:

Y3:
Y
1
.:

VI:INfPUT z2 INITIAL CONDITION CASEIC.1 END YAU rnorosED
0.1750000 ' - r-

0.1400008

0.1050000

0.0700000

B."350008O

0.0350000

-8.0000 --0.0350000

-8.870088

-8. 181,8680

-0.1400000

-8.O070001mrUT zi INITIAL CONDITION 0.007000

Figure 64. Proposed Case IC.I End of Mission
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BlockNo, Plot-MINimum, Plot-HAXimum; Comment

Ilorz: 0 0.0000 3.0000 TIme
YI: I -0.0870000 0.0870000 ; I1I11T xl INITI AL CONI)ITION

Y2: 201 -0.0870000 0.0870000 INPUT yl INITIAL CONIDITIOII
Y3: 401 -0.0870000 0.0870000 INIUT zi INITIAL CONDITION

YI:INPIIT xl IMITIflL CONDITION CASEID END PnOPOnED rOS s TIME

8.0070000, , , , , ,

8.8079808 B

8.0622008

0.0310000

0.0174000

0.8000

-0.0174000

-0.0340000

-0.8636000

-n.n(70000 L ..w.. oJ I

8.O000 Tiae 3.0000

BlockNo, Flot-lllNimum, Plot-MAXImuin; Comment
I1I , -0.0870000 0.0870000 INI'tI" xI INITIAl, CO II)Ifll'OU

YI: 2 -0.0870000 0.0870000 i NIU x2 INITIAL CC'IIITION
Y2I
Y3

Y/.,

VI:INPIIT xZ INITIAL CONDITION CASEID END POLL rnoroED
0.10070000

0.0696008

8.0522000

0.0310008

8.0171000

8.0000 - I

-8.8174088

-8.0Jl0000

-8 .05 2208

-0.06960080

-8.700InolmUT xl INITIAL CONDITION 8.8U70000

Figlure 65. Piloposed (a e ID End of Mlission



RtockNo, Plot-MIllimum, F Iot-HAXimum; Comment

HIorz: 201 -0.0870000 0.0870000 INIUT yl INITIAl. CONDITION
YI: 200 -0.0870000 0.0870000 INPUT y2 INITIAL CONDITION
Y2:
Y3:
yGl:

v1:ImrUT 92 INITInL CONDITION CIASEID END rITav PnOrosED

0.007800

8. 0696008

8.8sZz008

0.8340000

8.8174000

0.0000 1

-0.0174800

- .0340000

-85.OZZOOO

-0.0870000 _ -

-U.O78001NFUT yt INITIAL CONDITION 8.8078000

BlockNo, riot-HItlnimim, riot-HAXImumn; Comment
Ilorz: 401 -0.0870000 0.0870000 INPUT z1 INITIAl, COUI)ITION

Yl: 400 -0.0870000 0. O7000D 11'UT z2 INITIAl. CONDITION
Y2:

Y3:

V1:Il11PlT Z INITIAL CONDITION CASEID END YAU rnorosrn

8.0070006

8O.OG(,00

U.0696000

8. 8sZZ009

0.0310000

0.017409

.008 1

-0.0174008

-0.0340000

-0.0S2000

-8."596009

-0.007000 1I UT z INITIAL CONDITIO 6.0078008

Fig-ure 66. Proposed Case ID End of Mlission
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BlocktJio riot-NiNimum, rlot-HAXmuia; Comment
flor,: 0 0.0000 3.0000 Time

YI: I -0.0870000 0.0870000 ; In'vr xl INITIAl. CONDITION
Y2: 201 -0.0870000 0.0870000 INIPIT yl INITIAl. CONDITION
YI: .01 -0.0870000 0.0870000 I11 VUrF z I INITIAL CONDITION
Y.:

VI:INrUT xl INITIAL CONDITION CAlSEZ END rnoroSED rOS u TIME
8.807000'

8.869600

6.0SZZ60D

0,.0140000

0.8174000

0.000

-8.0174000

-0.0340000

-0.85Z2000

-8.0696000

-0.00170000 _ ___.......
8.0000 Time 3.8000

SlockNo. rlot-MINimtm, rlot- lAX inum; Comment
Ifor7: 1 -0.0870000 0.0870000 INPUT xl INITIA, CONDITION

YI: 2 -0.1750000 0.1750000 INPUT x2 INITIAL CONDITION

Y" :

Yt:ItPIIT xZ INITIAL CONDITION CASEZ END ROLL rnorosED
H.17Sn000

8.140000

8. 1850080

8.0700008

8.8350800

8. 80086-8.03580008

-8.8700000

-8.1400000

-8ftl.lHOOINPUT xI INITIAL CONDITION 8.8070008

Firlr-e 67. Prollposd Csc 2 End of Miission



BlockNo, Pilot-iNilmum, Plot-NAXimum; Comment
Ilor?.: 201 -0.0870000 0.0870000 ;INrur yI INITIAL. CONDITION
YI: 200 -0.0870000 0.0870000 ; INPUT y2 INITIAL CONDITION
Y2:
Y3:
Y4:

YI:iNFUI Z MIT iflAL CONDITION CASEZ END rtici rnorosED
0.0070008

0.0696000

8.8SZ2808

0.0340800

8.8174008

-B."080BO

-0.8174008

-8.0340000

-8.0=08

-0.0696000

-0.0070008 _ . L .
-0.007001N1'UT 91 INITIAL CONDITION 0.0076000

BlockNo, Plot-mINimum, Piot-HAXimtim; Comment
Ilorz: 401 -0.0870000 , 0.0870000 INPUT zi INITIAL CONDITION

YI: 400 -0.08)0000 0.0870000 ; INI'UF z2 INITIAL COHI)ITION

Y2:
Y3:
y4:

VI:INItUT zz INITIAL CONDITION CASEZ END YAW POIOSED
0.0070n68

0.069008

0.0S22009

8.0310000

8.0174000

8.0008

-0.0174000

-. 03410000

-0.869000

-0.0070608 J L__

-0.007000iNrUT zi INITIAL CONDITION 8.0070006

Figure 68. Proposed Case 2 End of Mission
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