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ABSTRACT

The Crew Equipment Retrieval System (CERS) is proposed for space station to
provide the capability to rescuc an EVA crewman or to retrieve equipment inadvertently
detached from the station. This research is directed to model, simulate. and analvze at-
titude control tor 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 Pontryvagin's Minimum Principle. The CER baselir.c configuration is
analvzed to accomplish some of the attitude control trade-off analvses planned for the
CER preliminary design phase. Optimal thruster size and placement are evaluated for
threc-axis stabilization. Control stability when the moment of inertia tensor changes
during target capture i1s evaluated for several worst-case scenarios. Attitude control
performance results are computed through computer simulation. Simulation of the CER
baseline configuration shows it does not provide eflective control during capture of a
worst-case S30 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 1s evaluated. Simulation of the CER proposed configuration shows it

provides eflective control during target capture for modified locations in the capture nct.
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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, theyv cannot be considered validated. Any application of these programs without
additional verification 1s at the risk of the user.
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A.

I. INTRODUCTION

THESIS OBJECTIVES

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

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

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

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

alvses are accomplished:

B.

Joh

nson Space Center Space Station Projects Office sent out a "Request for Proposal
{RI

Opuimal thruster size and placement.

Control stability when the moment of inertia tensor changes for the total svstem
during capture of a target (maximum 830 pounds).

Optumal fuel performance.

L'nd of micsion control performance.

CERS CONCEPT DESCRIPTION
1. CERS Origin and Purpose
In May 19§87 the Nuational Aeronautics and Space Administration (NASA).

P)as part of Space Station Work Package 2{Ref 2 : p. L-2-13a] The RFP (including

an added Amendment 7) defined requirements to provide the capability to rescue an in-

capacitated  EVA (external-vehicular activity) crewman and to retrieve equipment

nadvertantly detached from Space Station.

McDonnell Douglas Astronautics Company ( MDAC) responded to the RFP

with the Crew Lquipment Retrieval Svstem or “CERS”, a practical. low cost retriever

concept in Sepeember 1987.[Ref. 1: p. 1] Funding for CERS is predicted for Spring 1989

and

the conclusions and recommendations of this research will hopefully assist Johnson

Space Center and MDAC in completing some of the atutude control trade-ofl analvses

planned for the CERS preliminary design phase.

(4

2. CERS Overall Mission

The CERS includes the following components:

. A crew and equipment retriever (CER) vehicle.

A retriever support station (RSS).

A retriever berthing station (RBS).




4. Supporting Space Station capabilities.

The mujor components of the svstem are shown in Figure 1 on page 3. [Refl 1: p. 15]
The CER is remotely commanded from inside Space Station by the retriever operator
or the Station Traffic Management Syvstem depending on the mission phase.

The mission sequence of events is shown in Figure 2 on page 4 |[Ref. 1: p. 8).
The major nussion events are further subdivided into nine phases:

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

to

Mission Phase-1 (Target Departure and Acquisition)

tsd

Mission Phase-2 (CER Deplovment and Rendezvous Initiation)

4. Mission Phase-3 (Target Rendezvous Completion)

5. Mission Phase-4 (Target Capture and Station Rendezvous Initiation)
6. Mission Phase-3 (Station Rendezvous Completion)

Mission Phase-6 (Termunal CER Operations)

8. 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 3§ and a pic-
torial representation of the overall mission profile is shown in Figure 4 on page 6. {Ref.
I: pp. 3-6.17)
3. CERS Capabilities
CERS was proposed as a quick-response design and a summary of its more im-
portant capabilitics are listed as follows:[Ref. 1: p. 9]

0/

e Retrieve an S50 pound target (includes a 106 safety margin), defined as a lost
crewmember or equipment.

e Retrieve and deposit target into airlock within 120 minutes of deplovment.

e Retriever can be activated and deploved without the assistance of an LEVA
crewman.

e Retriever senses own attitude, range and range rate to target, and relavs informa-
tion to station.

e Retriever can be remotely controlled from any command and control station in the
Space Station.

® Accomodates a worst-case target separation of 3.5 ft sec.
e Retriever senses and controls its own attitude with and without a target.

e [lus attitude hold and three-axis translation capability,




Crew and Equiomaent
Retriever Provides
Positive Full Enciosure
Capture

Ratriever Support
Sterion Provides
Quick Response

Station Provides
Rapid Airlock
ingress

Figure 1. CERS Major Components; From [Ref. 1: p. 15]

4. CERS Major Systems

CLRS major systems are described in detail in Ref. 1 (pp. 20-68). The Avionics
system 1s of particular interest as it contains hardware and software required to perform
atuitude control, attitude deternunation 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 commanded 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

(W83




Station CER CER CER CER
Acquires Depioyed Acquires ,_’1 Aendezvous Keeps Station
Target From RSS Target With Terget On Terget
CER CER CER
Captures j={  Rendezvous  |=p{ Kesps Station |t .Er:'t:.?,"cvén
Target With Station Close to Airlock

Hard Dock EVA Crew EVA Crew SVA CrmR

8rd Doc Enters Airlock erths CE

CER to RBS :‘:“"“';J,‘;?:‘ P ond —®  inRss On
° Repressurlzes Later EVA

Figure 2.  DMission Sequence of Events; From [Ref. 1: p. §]

as needed for the specilic mission phase. The control system approach is shown in Fig-
ure S on page 7.

Velocity control required for the CI:R to complete rendezvous with the tarzet,
to zero relative velocity when approaching close to the target, and to rendezvous with
the Station is commanded by the Station Traflic Management System [Ref. 1: p. 2§].
Discussion of the CER velocity adjustiments required to initiate and maintain rranslation
to achicve rendezvous are nor included in this research.

5. CER Baseline Configuration

J

The initial CLR bascline configuration proposed to provide the desired per-
formance characteristics during all mission phases is represented by Figure 6 on page
8. This simple box shape representation of the CER will be used to simphfy the calcu-
lations describing its attitude dvnamics.

The characteristics of the bascline conliguration that will be used in the analysis
ol the CER attitude control performance are listed as follows: [Refl. 1: p. 24]

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

¢ Three-axis (six degrees of freedom) stabilized remote tele-operated free flver.

o Uses 24 cold Nitrogen gas (.\;) jet thrusters (two separate redundant systems) rated
at 1.0 1bf.




Timee 0 min I T Time= § min
Pre-mission |~ Target Departs || Station Acquires }—§- CER CER
Phase Station Target Deployed Station-keeps
at Preburn
StandoH Position
[Phase-3 | @-—’
Time=10min 1 | — Time= 15min | |
S Y Target —p{ Coas! Phase |—p CER L—p{ CERCloses
Rendezvous Correction Station-keeps on Target
Bum Burns al Target
Initiation Rendezvous Polnt
MPhasa.2]
Tmea25min | | —_ Time= 80 min 1 | Phase-6
Target |- Station Return g Coast Phase | CER -4 CER Flown
Capture Rendezvous Burn Correction Station-keeps Back to
Initiation Burns at Station Airlock
Rendezvous Point
[Phase-7}
Time=80min | —_ Time=110min |
L9 CER Secured |- Capture Target Airlock Post-mlssion
at ABS Mechanism Removed Repressurized Phase
Opened to Alfdock

Figure 3.

Major Mission Phases (with time-line); From [Ref. 1 : p. 17]

e Attitude control accomplished by {iring thrusters in pairs to produce couples about
any of the three orthogonal axes.

e Summation of control torques (7' =r x F):

e JNoment of Inertia Tensor [/;,,] (No Target):

(+-ROLL ) T, =3 (ft-lbf)

(+-PITCH ) T, =3 (f-Ibf)

(+-YAW ) T, =4 (ft-1bD)

(]

(L1

-

-2)

(1.3)




CREW/EQUIPMENT RETRIEVAL SYSTEM

Figure 4.

Pictorial repesentation of the CERS Overall Mission Profile; From [Ref.
1: pp. 5-6]
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Figure 5. CER Attitude Command and Control; From [Ref. 1: p. 27]

o lo L 396 0 0
Lior=1| hx Ly L: | = 0 55 o} (in slug-1%) (1.4)
I:x Iz_v Izz 0 0 35

The monment of inertia tensor data for the CER with no target was calculated by the
author assuming an 8§50 pound total system weight svmmetrically distributed about the

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

C. THESIS ORGANIZATION

In Chapter Il the CER attitude dynamics are modeled and described by deriving
Luler’'s moment equations [or 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 summed
about the shifting center of gravity are calculated for the CER with and without a target.

Chapter 11 describes the attitude stabilization of the CER by deriving the time op-
timal and fuel optimal cont;ol 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 modcl is simulated for the diflerent worst-case target cap-

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




+PITCH

7' DIAMETER NET

Figure 6. CER Baseline Configuration

analyzed to vicld 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
IV,

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

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

[




I1. ATTITUDE DYNAMICS FOR THE CER

A. ATTITUDE 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 marrix is well known as a nine parameter coordinate
transformation between the body or spacecraft axes and the selected reference frame
axes. and 1s considered to be the basic quantity specifving the orientation of a rigid body
in space. {Ref. 4: pp. 410-420] Parameterizing the direction cosine matrix in terms of
Euley Symmerric parameters incorporates the use of quaternions, requires only four pa-
rameters and does not involve irigonometric functions. However, the geometrical vi-
sualization of the rigid body rotations using Euler Symmetric parameters is not readily
apparent.

The author decided to use Euler angle parameterization of the CER rigid body
rotations. Euler angles 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 easilv 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 gravitv. Euler angle rota-
tion (6,1, ¢) for the CER i1s shown in Figure 7 on page 10 and the dynamic elements

shown are defined as follows: {Ref. 4: pp. 516-523]
® @ is the roll angle (in radians) about X.
® i is the pitch angle (in radians) about Y.
® ¢ is the vaw angle (in radians) about Z

e L =L, +L + L, isthe angular momentum vector.

* O=ow,+w +w =60+ + ¢ is the angular velocity vector (in radians second).
x I3 < < -




A

L= ANGULAR MOMENTUM VECTOR . +Y ALy
® = ANGULAR VELOCITY VECTOR ~ @Wy=dV/dt=¥ f: LyA®
M LyA®©

LxAV . (+PITCH)

I LxA®  x-dg/dt= 0
ALx —( 9ca

A -0 (+ROLL)

+X

Al

Wz=dé$ /dt= ¢ A

LzAVY ?l
LzA©

ALz

Figure 7. CER Euler Angle Parameterization

Note the coupling between the angular momentum vector components as shown by the
smait veetor groups at the end of the coordinate axes. Since the ratc of change of the

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

_ AL _ 7 .
> r= L1 2.1)

then the sum of the applied torques about each axis vields

T AL,  LAd LAY 5 5

S VIR VR (2:2)

AL LA LA

Iy = A A T A (2.3)
AL, LA L.AO

1o Ak L&V 5 (2.4)

A1 Ar Ar




The angular momentum vector is also defined as

L=[I1o

ﬁ
t9
N

N

where © is the angular velocity vector and [ /7 is the moment of inertia tensor given by

]vcr IX.\' I.r:
I = 1»: I;.y I,v: (Ilj:Iﬁ)
Le I I

[t follows that the rate of change of the angular momentum vector is

L=[T]0 (2.6)

Now taking the limut

lim 7 -
g2k o
-0 Al

for equations (2.2). (2.3), and (2.4) and also substituting equation (2.6) vields Euler’s

moment equations

T,=1.0— w.ly+ eyl (2.7)
I, = Ic_3 — 0L, +w.l, (2.8)
I+ lo—ol, +wdl, (2.9)

Combining terms and expanding w and [/] while substituting equation (2.5) into

equations (2.7), (2.8), and (2.9) vields

T.r = [,xx(';).r + Ixy(*:)y + Ix:(:*): - (c)‘.w),)( I_v_v - Iz:) - (wzwx)[xy - ((“)zw:)]yz + (wyw.‘:)lx:

2.1C
+ (0,00 (2.10)

I=l.o+ Lo+ 0. —(ww ;= 1) - (00)]: — (0wl + (00T, Can

el




=10+ 100+ Lo, — (0,0 = 1,) = (0o)], ~ (0,0)];+ (o),

713
+ {00, (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

To=L, o+ Lo, + 1.0, (2.13)
Io=I1 o+ [0+ .0 (2.14)
T,=1.0o+ 1.0, + 1.0, (2.15)

Summarizing equations (2.13), (2.14), and (2.15) vields

Nr=r1n (2.16)
or
S=[17) T (2.17)

Equation (2.17) gives the angular acceleration vector @ 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:

IY] = 6 “-.I = 6 l.\;l = 6 ( = (:')x)
1\'2 = lj/ ‘X‘-..’. = li/ 4.‘.'2 = ';(/ ( = C:)).)

=0 N=¢ L=¢(=0w,)
The inverse moment of inertia tensor is given by

adj[ 7]

-1 _
L= det[ 7]

(2.18)




and using only the matrix component subscripts

(ARl Pedeg B —(zz —xzzy) (ans — xn)
— {win —aozx) (xxoo - xoov) — (X3 — x23x)
(s =anzx) = (xoenr — xzx) (o — xanx)

(117 = . 2.19
] [ (xxanzz) — (xxazzy) — (auaees) + (oyzox) + (xopxsy) — (xassx) ] ( )
To simplify equation (2.19), the following variables are defined:
a= (I —3Imy) f=(xx3z — xzyx)
b= (xyzz—xzzy) g = (v —yvxs)
C=ans — ) it = (xxzy — xyox)
d=(wiz—yIow) [= (xx —xanw)
€ = {XXII = NIIX) 7= Denominator
The matrix representation of the state equations is given by
M r 0 0 0
b - S IRY 0O 0 0
3 { 1 Ny . -
‘\. ! ” \\) 1 (l u ‘\‘ ” “ U
o001 \,‘ a  _p L T,
X _ o000 L i T
i 00 06000 A —d e —=f !
0O 00 000 - - - — I.
i. . 4, J J J
- 000000 , ,
~\<‘ L - ‘: £ —/l L
p 3 — =
L ) L . J J J
The last three state equations are meaningful and are given as
/o a . L ~ A
(v — ) .§;=—. f‘.——.']\.-é-—. - (2.2
-/l - ~/ . ~‘, -
/ !
(=) li==ST +5T,-=T, (2.21)
S J
g . [ o
Oo=1N==T,——T1.+—1. (2.22)
J J o7

Equations (2.20), (Z.21), and (2.22) represent the CER angular acceleration compo-
nents for threc-axis attitude control. The following sections will vield the moment of

inertia tensors and control torgue values needed in the equations.
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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

396 0 0
(hotd =1 0 355 0| (slug-f1?) (2.23)
0 0 35

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 bv

the author using

L/l= Z-V:H |T| 1?1 — ?;ET) = Z.V,-(Tr(;;;:-r)l _ -r:;;r) (2.24)

where Trix) = Trace of x, "7 is the identitv matrix, and

[
to
‘n
=

Z.\I,:J“ (p dx dy dz (2.

where p 1s the density in slugs fi', [Ref. 30 pp. 236-240] As an example, /,, is calculated

using

s opes (¢ .
1”'—‘( [ ‘ G+ 20 dx dyv d:

Jopsvogs
- (2.20)
h mass 830 322 slugs
whnere p= = -
: 3 -~
vol RI4) _fl

resulting in

I =39.6 slug-fi®

_——
rJ
Lo
~)

2. Target Moments of Inertia
The CER will be used to capture various targets with diflferent mass and mo-

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

14




while mamtaining suflicient rigidity to secure the target and maintain its center of gravity
location [Rel 1: p. 33].

A point 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 MMU (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:

—~

» 100 percentile male
SOENMU

S ONINU (full propeliant)
» Ancillary equipment

AP SV B
I )

‘.

—

I
]

to

1.3 safety margin

S20 pounds

27.21 0 0 .
Clpgrvery ] = | 0 4478 0 4 (slug:fi) (2.28)
TARGET 0 0 41.62

The moment of inertia tensor calculated 1n equation (2.28) assumes the target
axes would be aligned with the CER coordinate axes during target capture. For a more
realistic analvsis, the target 1s rotated about its center of gravity to give 4 new moment
of inertia tensor which is found by using the coordinate transformation theoryv detailed

in Ref. < (pp. 701-7651 To summarize
= [T]7 (2.29)
yr=7rry’ (2.30)
where

y = cartesian vector for target
[ T] = transformation matrix or direction cosine matrix
¥ ' = cartesian vector for rotated target

and from cquations (224 and (2.25)




[/]= [ (Te(rr ) = 77 Ndm (2.31)

v

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

[TICC7Y = [P GEEIICTY ~ LTI T (2.32)

moving the T's inside the trace and substituting from equations (2.29) and (2.30) vields

CTICICTY = (TG = 77 Ty

nd since

ey =1
then

[730/3071" = J(I 171171 =% D
or

/)y =Ccricncr’

—_
t 2
2
(VP

['rom equation (2.33), the original moment of inertia tensor for the target is multiplied
bv the transformation matrix (direction cosine matrix) and its transpose to vield the ro-
tated target’s tensor. The general direction cosine matrix for a 3-1-2 Euler angle rotation

Is given by

[T3:(6.0.)] =
cosycosg —sinfsiniysingd  cossing +sinfsiny cos¢  —cosdsiny
—cos @ sin ¢ cos 0 cos ¢ sin @
sin Y cos 8 +sin@ cosy sing  siny sing —sinfcosy cos¢p  cosfcosy

(2.34)

where




3 — (Yaw) rotation by ¢ about £
1 — (Roll) rotation by 8 about x'
2 — (Pitch) rotation by § about 3~

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

o

¢ =43
0 =45°
v =35
vields
43.6 24 -14
[/77=] 234 388 64 (2.33)

-1.4 64 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

M, M. .
. Ulrord = Ucerd + Urargerd = 330 [R,T (2.30)
My + My

where [R.] is the skew-syrunctric marrix derived from the vector r, between the center
of gravities of the CER (mass }/,) and the target {(mass 1) and is illustrated in
Figure § on page 1S. [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 analvzed:

A

) - 830 pound point mass captured on A&

max

e CASE 1A (¥

max

r,=9() + 0(j) + 1.5(k) from CER center of gravity.

net edge located at

A
v

e CASE IB ()"m,,) - 850 pound point mass captured on Y,
ry = 5.383(i) + 1.5(j) + 1.5(k) from CER center of gravity.

net edge located at

o CASE 1C (Z,,,) - 830 pound point mass captured on Z,, nct edge located at
ry= 3.583(4) + 0y + Sth) from CER center of gravity.




> >
i
<>
i

[

) M1

M2

— (VECTOR) r2 = A(i) + B(j) + C(k)

—

L .[R2]=] 0 -C B
C 0 -A

L:B A O_

Figure 8. Skew-Symmetric Matrix

) - §30 pound point mass captured at X' = Z.} = 1 from net

o CASEID({=ZY=1
= 7.097(i) + 1(j) + 3.014(k) from CLER center of gravity.

center, located at r,

¢ CASE 2 (man & nunu) - 850 pound primary target (man & nunu rotated
¢ =8 =y = 43°) captured at net center, located at r, = 5.583(:) + 0() + 1.5(k) from
CER center of gravity.

The target capture cases are illustrated in Figure 9 on page 19.
An example calculation ol the total moment of inertia tensor for CASE 2 (man

& mmu) is in order. The following values are used in equation (2.30):
¥y = 5.583(i) + 0() + 1.5(k) = [R,]

where




850 LB POINT MASS
TARGET CAPTURE

Y=(D

850 LB PRIMARY TARGET
(MAN + MMU) CAPTURE

A
X = (i)

Figure Y. Target Capture Case Locations

[R,] = [

0
1.5
0
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MM, 26.39
AYAEYA (26.3975) + (26.3975)

= 13.19875 (slugs)

[Icggr] = equation (2.23)
Clr4rgerd = equation (2.35)

to vield

396 0 O 43.6 24 -14 -29.7 0 110.5
(Tror] = 0 35 0 |+ 24 388 64 |- 0 —441.1 0
0 0 -1.4 6.4 31.2 110.5 0 —-411.4

or

1129 24 —111.9]

[lrord=| 24 35319 64
~111.9 64 4976

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 8§50 pound point mass (with no iuernal
cross-products of inertia), induces larger cross-products of inertia when captured at the
edges of the net than does the primary target (8§50 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 Ibf 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 ¥ is shown in Figure 11 on page 22. The corresponding calculations of the

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

Fy = 0() + 0) + 1(k) (2.37)




CASE MOMENT OF INERTIA TENSOR

2
(SLUG-FT *)
NO TARGET =386 0 o
0 5 0
0O 0 55

CASE1A (Xmax)| j=[693 o0 -1782

0 11538 0
-1782 0 1124.1

CASE 1B(Ymax) | [ =[" 98.9 -1105 -1105

-110.5 496.1 -29.7
[-110.5  -29.7 496.1

CASE 1C(Zmax) | Il =[369.5 0 -368.4

0 794 0
-3684 0  503.6

CASE 1D ] ={172.7 -93.7 -282.3
(X=2,Y=1) -93.7 839.7 -39.8
| -282.3 -39.8 732.9
CASE 2 (1 =] 1129 2.4 -111.9
(MAN+MMU) 2.4 5349 6.4
-111.9 6.4 497.6

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

Capture
7= =20i) + 1.5() — 1.5(k)
Fy = 0(i) + 0G) = 1(4)

= =20i) = 1.5() + 1.5(k)

(2.38)

(2.39)

(2.40)




Figure 11. CER Baseline Thruster Configuration for (+)ROLL

Substituting equations (2.37) thru (2.40) into

—_
-

Ti=r7x I (2.41)
and summung the torques

Zr= Ty + Ty = (1.5(i) + 2(j) + 0(k)) + (1.5() — 2()) + 0(k)) (2.42)

or

> 1= 3(0) (f-1on) (2.43)
Equations (2.17), (2.43). and the moment of inertia /,, value from equation (2.23) for the

CLR with no target are used as follows to {ind the normalized control acceleration if no

cross-products of inertia exist:
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3

__ 7575 —dbD__ rad (2.44)
0 (slug-f1")  sec”

"»

Gy = [1.'(.(]_1 Ty ==3

(%)
O

Equation (2.44) reveals the relatively small magnitude of the control acceleration gener-
ated by the 1.0 Ibf 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
control torque calcularions. 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 atutude control stabilitv of the CER with and without a target.




III. ATTITUDE STABILIZATION

The CER will provide an autonomous attitude hold capability at all times and will
also respond to commanded rotations as required for the mission. Since the CER will
operate In closc proximity to the Space Station and must be precisely oriented during
target capture, a minusnum-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
[aws to obtain a minimum-time and a minimum-fuel control response. The optimal

control laws will be used in combination to define switching curves for a weighred-tine-

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

A. TIME OPTIMAL CONTROL LAW

The objecuve of minimum-time control is o transfer a svstem from an arbitrary in-
itial state to a specified final state as quickly as possible. The optimal control svstem to
achieve a nunimume-time response is normal.y referred to as a bang-bang svstem. where
the optimal control switches between its maximum and minimum magnitudes. [Rel. §:
p. 239]

The control acceleration for each axis will be calculated. as in equation (2.44), for
the CER. Each acceleration (@) 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. 8 : 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
underlyving optimal control principles must first be presented.

The optimal control («'). 1s defined as the control acceleration that minimizes the

designated performance function J,,. The minimum time performance function is:

le
Jm:f di=1—1 (3.1)
I




where 1t is assumed that the final time 1s free (not specified), and the final state is fixed
(specified at zero). These boundary conditions are used to help specifyv the necessary
conditions for optimal control.

The necessary conditions consist of a set of 2n, first-order differential equations re-
ferred to as the srare and costare equations, and a set of algebraic relations that must
be satisfied during the control interval. The costate p'(r), is described using lagrange
multipliers and the state x°(f), 1s 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 7, is not specified [Ref. 8:
p. 200]. It will be convenient to use the function #, called the Hamiltonian, defined as

~~~
(939}
(3%
N

A (©(0).aD).p)(0).0) = g(x(0)u(0).) + p (1)L alx(2)u(2).2)]

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

ditions, for all 7€ [ #.1/], are [Ref. §: p. 18]

£ =S (a0 00 (3.3
Pl =~ (0w 0" 0) (3.9

(::}f( ‘: * * - -
0= = (x (1) (1).p (2).0) (3.5)

and

* ch

‘-; x * . . = * L3 " PR

[ -;—f (x (1) = p (t;)]ro.rﬁ [Ji‘ (e (1) (i (1ty) + 2= (tf),r,-)]orf= 0 (39

Since the final time (7)) is arbitrary and the final state is fixed at zero, then éx,=0 and
equation (3.6) vields

A ()0 40 + S (g = 0 (3.7)

In addition to the necessary conditions discussed above, an optimal control must
satsfy Pontrvagin's minimuwm principle which states that #n optimal control must mini-

nuze the Hamiltonian. [Ref. 8: pp. 227-234] The minimum principle is appropriate to use

(2]
[o]]




when the admissible controls are constrained by certain maximum values (in this case the

thrusters are limited by their maximum force settings).

Applving Pontrvagin’s minimum principle modifies equation (3.5) to vield
(% (D (0).p (0).0) < H (X (Dadn).p (1)) (for all admissible u(1)) (3.8)

where «'(7) is a control that causes 5 (x'(z),u(2),p’(£),1) 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 svstem is defined by the state equations

x, (1) = x5(1)

X1 = ulr) (3.9)

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

minimum-time by the opumal control constrained by

liin] < o) (3.10)

where u(7) 1s the control acceleration previously calculated in equation (2.44), and (1)
1s defincd as an admissible control. The svstem is assumed to be completely controllable
and normal (no singular 1atervals exist). The applicable necessary conditions to be used
are from equations (3.3). (3.4), (3.5), (3.8), and (3.7). The performance function to be
used is from equation (3.1).

The Hanultonian for the CER svstem 1s
HOx(au()pln) =1+ p(n)x (1) + py(fuglt) (3.11)

and the minimum principle produces

L+ priatd) + pay(0n (1) < 1+ py (0, (1) + pa(0)ug(t) (3.12)
or
Py (DU (1) < pa(Dug(0) (3.13)

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

. —u/fr), for p;(l) >0
u ()= - .
+u,lr), for ps(2) <0
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Using the Hamiltonian in the necessarv condition, equation (3.4). vields the costate

equations
* cH N ge
pll)=——=—=0 (3.15)
e ‘\:y{f x
P ==5—=-p (3.16)

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

and (3.16) to vield
0 =c (2.17)
P =— i+ ¢ (3.18)

Equation (3.18) indicates iliat pi(r). and thereforce from equation (3.13). «'(1) can change
signs at most o2 time.
Segments of the optimal trajectories can be found by integrating the state equations

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

.\':2(1) ‘ . -
x (= S + 05 (u=+uf1) (3.19)
asll ( ) 3.20)

. —_ <4 = — Ay
xi(n 2 e (u ult (3.20]

Equations (3.19) and (3.20) each define a family of parabolas and are shown on a state
space plotin Figure 12 on page 28 with the arrows indicating direction as time increases.
[Ref. 8: pp. 252-253] By setting ¢, and ¢, 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 (ollowing:

to
]




x4(0)

,0
(43
x(n

NN

%\

(a)

e ,

xy(1)

////

— x,(1)

(b)

Figure 12.  Trajectories for U= + Uc and U=-Uc; From [Ref. 8 : p. 252]

(Form 1)
(Form 2)
(Form 3)

(Form 4)

11.(1) =

+ u (1),
- uc([)r
+ u((l)a

- uc(l)v

le [ro,r'], or

re [fo,t'], or

re ) and —u (1), te [I,,I-), or

te[40)and +ull), te [11,1')

(3.21)

Direct nunimization of the performance function yields the optimal controls for different

mital conditions

¢ Form | -- Initial states lic on segment A — O with «'(t) = 4u

¢ ['orm 2 -- Inual states lic on segment B — O with u'(1) = —u, .

c *

c




x4(1)

I

=/

- x, (1)

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

e Jorm 3 -- Initial states lving beclow both scgments 4 — O and B — O will have

w' (1) = +u until B — O is reached, then w'(r) = —u, thereafter.
e [orm 4 -- Initial states Iving above both segments 4 - O and B— O will have
wi(t) = —u, untl A4 — O is reached, then «'(1) = +u, therecafter.
Opuimal 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
+ —ul7) to — + (1) and is known as a swirching curve. The equation describing the

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

EXGIRAGL

() = — 22
xi (0 20dl) (3.22)
To simplify the use of equation (3.22), a switching function s(x(t)) is defined
x (0 (1)
sIx(t)) = (1) + 2] (3.23)

2u 1)

and imphies that for
*  5(X(t)) >0 x(¢) lies above A-O-B.
o s(x(t) <0 x(r) lics below A-O-B.

o s(x(t))=0 x{1) lies on A-O-B.
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X;(f)

\ &
+
N4

ut =+ 0

x|(')

u®=+1
& u* =1
¥}

Figure 14. Optimal Trajectories for Different Initial State Values; From [Ref. 8 :
p- 253}

The switching function 1s used in the simulation program discussed in the next chapter.

B. WEIGHTED-TIME-FUEL OPTIMAL CONTROL LAW

The CER may have an opportunity to relax its control response time while coasting
between orbits, consequently conserving {ucl. Minimum-fuel control response, however,
1s not desired since the final time 1, is not specified and the system would virtually take
an infinite amount of time to rcach the desired final state at the origin. Using a
weighted-time-fuel performance function would allow the CER to use a minimum-time
control response or to conserve fucl while maintaining a satisfactory time response as
required for the mission phase.

The same method that described the minimum-time control law will be used to (ind
the optimal control law and corresponding switching curves for a weighted-time-fuel
control response. The state equations for the CER delined in equation (3.9) will be used
and the control is again constrained as in equation (3.10). The final time ¢ is not spec-
ilicd and the system is to be translerred to a final state x(z) = 0 while minimizing the

following performance function:
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(V%)

Jiw) = J[l + 4 ua(r)l ]d[ (3.24)
o

Note that for 2~ =0, equation (3.24) becomes the minimum-time performance function
as in equation (3.1). For / = co. equation (3.24) becomes a minimum-fuel performance
. function corresponding to an infinite time to reach the final state.

Beginning the derivation, the Hamiltonian is
A 0ptn) = 1+ 2 L) | + pi(0xa(0) + pyt)iug(0) (3.25)
The costate equations are

P =0 (3.26)

‘pl(}) = (-;:Q)

Pontrvagin’s minimum principle vields

2] u‘u)f + p:(z)u'(_l) </ ua(l)l + p;(‘l)ua([) (3.30)
or
o+ paon i (] < Ll + pao) (3.31)

a4

From equations (3.30) and (3.10) the optimal control must be
[ . , ]
u (1) for p-(y < — 7

0for —i<pylr)<i

©I
L.
t

u (1) = | = uln) for 4 < p(1) (3.
undetermined, but >0 for p;(l) =—/

undetermined, but €0 for py (1) =+ 4

31




Equations (3.28) and (3.29) for the costate solutions show that p;(r) can .hange sign
at most once, so the optimal control must be one of the following:

0
+ u (1)

= u/1)
(0, + (1)
u @ty = 0, —uD) (3.33)
(+ u(1),0)

(= u(n).0)

(+ u(0).0. — u (1)
( - u:([)‘os + uc(t))

The control intervals that end with u'(z) = 0 cannot be optimal since the final condition

cannot be achieved without the application of a control. Therefore
[+ 1 (0)

- uc([)

. (0. 4+ u ()

(O‘ - uc(l))

{ + 1,(1).0, = u (1))
(= u (1.0, + u1))

and for the controls
- uc(l)

u () = | (0.—ufn) (3.35)
( + uc([)~0! - uc(l))

the trajectories resulting must terminate at the origin with an interval of «'(f) = — u/(1)
control, therefore, the terminal segments of these trajectories all lie on curve B— O as

shown in Figure 14 on page 30. When «(7) = 0, the state equations become
x,(1) = x,(1) (3.36)
Xy(1)=0 (3.37)

which implies
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x(0) = ¢ (3.38)
x (1) =5t + ¢4 (3.39)

Time iacreases and x,(r) increases or decreases depending on if x,(7) is greater than or less
than zero when control switches to «{f)=0, and the trajectories are shown In
Figure 135 on page 34.

The trajectories for u'(f) = (+ — )u(r) 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:

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

On segment K-O

. x:z(lq)

X, () =— _27177)— (3.40)
and Integrating

X0 = x,(1) (3.41)
vields

(L) = xi (1) + x5 = 1] (3.42)
Equations (5.29) and (3.32) indicate

pl)=—al+a=—i (3.43)

pb)=—an+6=1+/ (3.44)

Because

py(t;)=— 4 and

pi(t) =+

the necessary condition stated in equation (3.5) requires that for times t =1, and 1 = 1.
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INGEENY]

x (1)

Figure 15. Trajectories for Uc=0; From [Ref. 8: p. 280]

0=1+ ()] + pi(Dx(1) + Py (D0) (3.45)
Substituting equations (3.28) and (3.43) into equation (3.45) {or time ¢, vields

0 =1+ il +ex5(6) + (= Dulry) (3.46)
Substituting cquations (3.28) and (3.44) into equation (3.45) for time £, viclds

0= 1+ (1) + ;x5 (1) + (+ A)ieg(ty) (3.47)
Substituting «’(f) = 0 into equations (3.46) for r = 1, and equation (3.47) for t = ¢, yields

—1=cx,(1)) (3.48)

—1=c,x,(1) (3.49)
Now solve equations (3.40) through (3.49) for x;(1,) . Equations (3.48) and (3.49) imply

x3(1) = x3(1y) (3.50)

Subtracting equation (3.44) from cquation (3.43) results in
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Xl(l)

B
u=-l
K
Hp--o— !
b / u=0 .
(T \
0
u=+l1
c o

x(n

Figure 16.
p- 281]

Lr,—nl=- E/:
Substituting for ¢; from equation (3.48) into equation (3.51)
[o—0]=2/x5()
Substitute [, — 1, ] from equation (3.52) into equation (3.42) to vield
xi(6) = x, (1) + 223, 7(1)
Equation (3.40) also defines x;(1,), so equating it with equation (3.53) vields

*)
X, (5)

2u1))

= xj(1) + 242,2()

Substituting for x;(,) [rom equation (3.51) into equation (3.54)
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(3.51)

(3.52)

(3.53)

(3.54)




7.
X271y

* . %) _
gy =)+ 24x0°() (1.5%)

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

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

* 1+ 3su ([ ) *

x(n)= - T(Tc)_l‘xz (1) (3.56)
. L+ 4iu(r)) « |

x(n)=+ BT (1) (3.57)

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

The trajecrories corresponding to the optimal control law define the switching curves
for weight.u-time-fuel optimal performance and are shown for various 4 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 tvpe of control.

Using the switching function again, equations (3.56) and (3.537) can be r:presented
by

1+ (t) TSIy 158
e Sl (3.59)

s(x(n)) = x;(1) —
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
cvcle bounded by a displacement of +/ — 1.25" and a a rate of +/ — 0.05 <. In addition
to the limit cyvcle deadband, an inner deadband bounded by a displacement of
+/—=0.01" and a rate of +/ — 0.02 s« is installed around the origin. When the attitude
controller drives the svstem to within this inner, or zero deadband, the simulation or

actual logic software shuts off the control accelcration. Without decadbands about the
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x4(1)

x, ()
B
N
u'=-1
A=l ‘e
u =0 u' =0
0
xy (1)
u’ =4l
u =0
u' =+l
(b) A

Figure 17.  Switching Curves for Weighted-Time-Fuel Optimal Performance; After
[Ref. 8:p. 283]

origin, the controller would chatter back and forth around the origin, cycling between
positive and negative control accclerations. The residual velocity or any external dis-
turbance torques will eventually drive the system back out to the outer or limit cycle
deadband and the control process repeats. An illustration of the two-decadband control

scheme is shown in Figure 18 on page 38.
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U=-Ui

+.05
W o
\\ 144
-1.25 & = +1.25
X1=91
W I
A} ) [ L4

U=+Ui

Figure 18. Deadband Control around the Origin.

The sinudation step-size has a major effect on setting the 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 forth, cycling across
the deadband without shutting off. For actual operation of the CER, the simulation
step-size could be thought of as the minimum impulse specification of the jet thruster.
If the nminimum impulse time (corresponding to the step-size) is greater than the zero
or inner 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 lisced as follows:
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U=, =[1,1"'T,=5T, (3-59)

v

(1) = &, = [, 77T, == 1T, (3.60)

U (1) = @, = [:Izz]_1 T, =JL~ 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 displaved in bold face:

(6=)f1=%Tx~§rv+Ji.T; (3.62)
(.,/,_)x,_——"—rx+:+Ty—J£.T, (3.63)
G=) =S T -2 T 41T, (3.69)

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 contro] from the other axes.
[t 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.
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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 targer caprure case listed in Figure 9 on page 19 into equation (2.19). The
baselinc ¢onfiguration control torques included in the equations are listed in Section 1.5
on pagc 1.
I. Simulation Block Model
The simulation program was written using the TUTSIM computer simulation
language to accomplish a dvnamic simulation of the block model shown :: Figure 19
on page 41 [Ref. 9: pp. 1.1-1.3]. Notr that the angular acceleration components are
integrated twice in succession to vield 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 vielded by the
integrators define the locarion 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 svstem 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
mayv not be reached. The simulation runs displaying unstable control are expected to

have control accelerations less than the cross-product gencrated acceleration term sums.
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ROLL
{ACCELERATIONS FROM Ux=§ =(a/j)Tx
CROSS PRO|DUCTS}
o0 l ' °
0 = (a/)Tx + (-b/j)Ty + (c/j)Tz i>e— f>9 | swrome LI
LOGIC
PITCH
{ACCELERATIONS FROM Uy=V =(e/)Ty
CROSS PROIDUCTS}
L 1l] I I o
v= (e/jTy + (-d/j))Tx + (-1j)Tz i>\g' i>‘£. SwroHNG
LOGIC ‘|
YAW
{ACCELERATIONS FROM T
CROSS PRODUCTS| Uz= ¢ =(I7))T2
.0 I l °
o =(i/))Tz + (g/f)Tx + (-h/j)Ty DLDL' SwTcinG
‘ LOGIC ‘l

Figure 19. Simulation Block Model of the CER

2. Simulation Inputs
The simulation program is listed in “APPENDIX A. TUTSIM SIMU-
LATION PROGRAM” on page 58 and requires the following inputs to dynamically

simulate three-axis attitude control for the CER:

® ‘Three control torques (fi-Ihf:
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> T, - (Block 73)
> T, - (Block 249)

3T, - (Block 450>
e
¢ Nine inverse moment of inertia values [/]-' (f1-lbf):
Ji. — (Block 70)
% ~ (Block 240)
Ji. — (Block 439)

;—.’—» (Block 68)

ol

[

— — (Block 239)
J
f
‘7—> (Block 343)

—‘i.’——»(Block 71)
’Tf'—»(Block 243)
JL:—»(Block KET

¢ Three lambda values (4 = 0 for nunimum-time):
4= (Block 13)
+, = (Block 213)
s..— (Block 413)
¢ Initial conditions for each axis of angular position in radians and angular velocity
in radians second:

Roll position — (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




radian equivalents for the initial conditions of 2" anguiar position and 0.2° sec angular
velocity are assigned to cach axis for all the simulation runs for comparison to allow for
easy visuahzation of the dynamic movement. The initial conditions correspond to the
svstem 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
1s 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 arc 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
by the deadzone characterisuc 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 deternune control stability for the selected target capture cases, onlv
nunimum-time simulations were initially run. The optimal-fuel weighting factor lambda

(3 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
inittal conditions using minimum-time control.  Of main interest is the maximun over-
shoor attained by the states while being driven to zero and the time it took to initially
arrive near zero.

The CER baseline configuration using 1.0 1bf thrusters was simulated for all target-
capture cases and the results are shown in Figure 20 on page 44 along with the moment
of inerua 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 by the infinity (oo) symbols.  The five case axis combinations experiencing
unstable control are from the 8§30 pound point mass target capture cases. The absolute
value of the control acceleration component for each axis experiencing unstable control
15 less than the absolute value of the sum of the acceleration components generated from

the cross-products of inertia.
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MAX OVERSHOOT

CASE ") o/sec MOMENT OF INERTIA
FROMI.C. =2 /0.2 TENSOR
& TIME TO ZERQ (sec)
NO TARGET R 21/29/15 l={396 0 o0
P 21/23/15 0 5 0
Y 21/29/15 | 0 0 55
CASE1A (Xmax){ R 21/25/1.4 =633 0 -1782
P 22/06/83 0 11538 O
Y oo = 1782 0 1124.1
R 20/21/19
CASE1B(Ymax) = 989 -1105 -110.5
P oo — -110.5 496.1 -29.7
v e -110.5  -29.7 496.1
&
CASE1C(Zmax) [ R 25/05/156 |]=[3695 0 -368.4
Y 21/12/38 -368.4 0  503.6
D 20/20/22 -
(CxA=SzE\1/=1) Ro20720/2 [] ={172.7 -93.7 -2823
' P oo — -93.7 839.7 -39.8
-282.3 -39.8 732.
v e — | -282.3 -39.8 7329
CASE2 R 20/19/22 1] =[ 1129 24 -111.9
(MAN+MMU) P 21/09/49 24 5349 6.4
Y 21/08/66 -111.9 6.4 4976

Figure 20.

The “No Target” case and "Case 1A”

calculated using cquations (

ulation.

¢ No Target
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Baseline Configuration Simulation Results

angular acceleration components were hand-
3.62). (3.63). and (3.64) to gain further insight into the sim-

The control acceleration magnitude is shown bold face as [ollows:




f=21,-Lr LT,

j J
6 = (.02526)(3) — (0)(3) + (0)(4)
0 =.07578 + (0)  (stable)

—.TX—T T,

— d ~/‘
v J
b = (01818)(3) — (0)(3) - (0)(4)

1*’, = ()54\4 _— (U) {stable)
g }
é = 'J_ Tx - TII— Ty
¢=wwwu+@m—@m
¢ =.07272 +(0) (siable)
e (Case 1A:

b=21, L1l
B } J - J -
8 = (.02437)(3) — (0)(3) + (.00386)(4)
6 =.07311 + .01345  (stable)
}=£T—dT-£1

! d J o F

(00037u?)—(oxu)—(ﬂx4)
1 =.0026 — (0) (stable)
o=TT4iT——T

é = (.0015)(4) + (.00386)(3) — (0)(3)
& =.006 + (.01158) (unstable)

Similar calculations for the rest of the cases were completed by the author and for everv
casc 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 displaved in Figure 20 on page 44 were taken from
the simulation runs in state space plot form for each of the axes of everv case. The times
to iniually arrive to zero were taken off the simulation runs of the angular positions
verrus 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 cvcle resulting from the inner and

outer deadbund regions.




The author tried various combinations of torque summation values for the thrce
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

> T,=134 (f-lbD) @.1)
37, =100 (ft-1bf) 4.2)
> T,=100 (ftIbh) (4.3)

which yielded unstable control about four case’axis combinations as shown in
Figurc 21 on page 47. The simulation plots are not displaved 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 may 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 .Y 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 r, and the corresponding skew-syvnunetric matrix as shown previously in Fig-
ure 8 on page 18. Equation (2.36) shows that a reduction in the skew-syimmetric matrix
reduces the total moment of inertia tensor. The following thruster sizes are proposcd to
be used at the original baseline locations since the torque combination from equations

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

figuration:
Fe=113 Ibf (4.9)
F,=33.33 Ibf (4.5)
F,=25 Ibf (4.6)
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MAX OVERSHOOT

CASE T MOMENT OF INERTIA
FROMI.C.=2/0.2 TENSOR
& TIME TO ZERO (sec)
NO TARGET R 20/99/03 [N={396 0O 0
P 20/143/03 0 5 0
Y 20/143/03 | 0 0 55
CASE1A (Xmax)] R 20/8.0/0.5 M= —69.3 0 -1782
P 20/26/1.2 0 1153.8 0
Y 21/20/21 -1782 0 11241
CASE1B(Ymax) | R o < |m=[ 989 -1105 -1105
P 20/23/20 -110.5 496.1 -29.7
Y 20/23/20 -110.5  -29.7 496.1
CASE1C(Zmax) | R oo &&= 01=3s95 o
0 7964 O
P 20/39/1.0
Y 207/8.0/0.45 -368.4 0 5036
E1D R oo _
?x’isz Y1) < im=[1727 -e87 -2823
’ P oo &= -93.7 839.7 -39.8
-282.3 -39.8 7329
Y 20/38/1.1 -
CASE2 R 20/48/0.8 [l ={ 1129 2.4 -111.9
(MAN+MMU) P 20/47/0.8 2.4 5349 6.4
Y 20/49/08 -111.9 6.4 497.6

Figure 21. Baseline Configuratior Simulation Results With Tx=34, Ty=Tz= 100
(ft-1bf)

The CER proposed configuration is illustrated in Figure 22 on page 48, and
shows an example of a thruster pair [iring to produce a positive roll about X. Note the

capturc 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 ,I, # A
+X M = / +Y
. PR LT Dipmpmpagn R '
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+ROLL '\ /! /:‘,,---,-- ______
s (.- ]
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+Z
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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 arc shown in Figure 23 on page 49 along with the moment
of inertia tensors corresponding to cach case. The left-handed arrow indicates unstable
control about the X axis for Case 1C target capture. All the other target capture cases
have stable control with satisfactory maximum overshoot values.

Case 1C is the 850 pound point mass captured at the bottom of the capture net.
The target was brought closer to 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,




MAX OVERSHOOT

CASE o o/sac MOMENT OF INERTIA
FROM IL.C.=2/0.2 TENSOR
& TIME TQ ZERO (sec)
NO TARGET R 20/99/03 [ =[396 o
P 20/143/0.4 0 55 0
Y 20/143/04 | 0 o0 55
CASE1A (Xmax)] R 2.0/99/0.4 M=[396 o 0
P 20/29/712 0 1124 0
Y 20/29/1.2 0 0 1124
CASE1B(Ymax) | R 2.0/6.4/0.6 —
P 20/51/0.77 (NM=| 693 -1105 0
Y 20/95/0.77 -1105 4664 O
|0 0 496
| CASE1C R & Ml=[2013 o -2579
(emax=3Y 1p 20/44109 0 6281 O
Y 20/78/05 -257.9 0 4664
CASE1D R 20/26/17 .
(X=Z,Y=1) P 21/12/38 1={ 83 937 -1418
Y 21/14/35 -93.7 750 -19.9
1418 -19.9 7329
CASE2 R 20/29/08 =104 24 -14
(MAN+MMU) P 20/471/08 24 5499 6.4
Y 20/47/08 | 1.4 6.4 539.
Lo | CASE1C 1 R 20/34/12 « |{l=[ 924 0 -1474
(Zmax=2) P 20/48/08 0 5192 0
Y 20/56/07 -1474 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 configuration tensors shown in Figure 20 on

page 44.

simulation plots for the proposcd configuration are shown in Appendix B.
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The time response to initially drive the system to zcro is satislactory.




3. Proposed Configuration With Baseline Thrusters
The proposed conﬁgu;ation was simulated using 1.0 Ibf thrusters in the original
baseline locations to minimize changes to the baseline configuration. The simulation
results are shown in Figure 24 aon page 51 and the left-handed arrows indicate unstable
control about 2 axes of Case 1D and I axis of Case IB. The sitnulation plots are not

included in Appendix B to avoid confusion.

D. FUEL OPTIMAL ANALYSIS FOR THE PROPOSED CONFIGURATION

The proposed configuration was simulated using the weighted-time-fuel optimal
switching curves with a weighting factor 2 = 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 X axis for minimum-time and weighted-time-[uel optimal con-
trol are compared in Figure 25 on page 52. The deadzone on the optimal control plot
minimizes the maximum angular velocity value attained. The time response to iitially
drive the system to zero is increased when compared to minimum-time control.

The simulation plots of position versus time for minimum-time and optimal control
with 4 = 100 give the time to complete one limit cycle and the thruster “on times” for
one limit cycle as follows:

* Time to complete one limit cycle starting from origin for 2 =0 (minimum-time):

Roll = 90 sec
Pitch — 58 sec
Yaw — 58 scc

* Time to complete one limit cycle starting {rom origin for A = 100 (optimal-fucl):
Roll » 140 sec
Pitch — 110 scc
Yaw — 110 sec

* “On times” for one limit cycle with 1 =0:

Rolt — 3 sec
Pitch — 2 sec
Yaw — 2 sec

* “On times” for one limit cycle with 1 = 100:
Roll = 1 sec

Pitch — 0.4 sec
Yaw — 0.4 sec

The number of cycles completed during 30 minutes (1800 scconds) of operation is:

e Forli=0:




T
CASE MAXOVERSHQOT .| MOMENT OF INERTIA
FROMI.C.=2/0.2 TENSOR
& TIME TO ZEROQ (sec)
NO TARGET R 21/29/15 =396 0
P 21/23/15 0 5 0
Y 21/29/15 | O 0 55
CASE1A (Xmax)i R 2.0/29/13 1 =396 0 0
P 22/05/8.0 0 1124 0
Y 21/07/6.7 |0 0 1124
CASE1B(Ymax)| R 20727715 —
] = 69.3 -1105 0
P oo ot -110.5 4664 O
21/1.0/43 _ 0 0 49
CASE1C R 21/17/27 [ = 2
(Zmax=3.5') P 22/08/55 2010'3 6231 507 9
Y 23/06/11 -257.9 0 466.4
CASE1D R 20/25/16 n=l
(X=Z,Y=1) []=| 83 -93.7 -141.8
P oo — 937 750 -19.9
-141.8 -19.9 732.9
Y oo —
CASE2 R 20/19/23 (1] = 71 0.4 24 1.4
(MAN+MMU) P 21/08/50 24 5499 6.4
Y 21/1.0/43 | 1.4 6.4 5392
Figure 24. Proposed Configuration Simulation Results Using 1.0 Ibf Thrusters

Roll —

Pitch and Yaw —

¢ [or/=100:

90 sec cycle

1800 sec  _ 20 cvcles

1800 scc
58 secieyvele

51

= 31 cycles




Y1:INPUT »2 INITINL CONDITION KO TARGET ROLL PROFOSED
8.1745008 v ' ' v ! ! ' v
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8.1847000 1
9.8690088 | 1
0.83419008 r . 1
6.8000 - 1— ]
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Figure 25. Comparison of Minimum-Time and Optimal Fuel (Lambda= 100) Roll
Axis Coatrol for “No Target”

1800 sec
140 sce/cvele
1800 sec
110 sec/cycle

Roll —» = 12.9 cycles

Pitch and Yaw — = 16.4 cycles

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

time per cvcle to vield
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o Fori=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 i1s chosen for analysis to be 0.5 pounds;second of nitrogen (.V,).
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 850 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 (.M/,) 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 1s reduced to:

326 0 0
[CER = 0 45 0
0 0 45

and the reduction improves minimum-time control. The reduction of the moment of
inertia tensors improves the minimume-time control for all target capture cases as shown

in Figure 27 on page 35.




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
le) O/ &C P } 0.3 SECONDS P } 3 SECONDS
2/ 0.2 Y Y

Figure 26. Fuel Optimal Analysis for Proposed Configuration
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=
CASE (END OF MAX OVERSHOO o MOMENT OF INERTIA
MISSION) FROMI.C.=2/0.2 TENSOR
_& TIME TQ ZERO (sec)
CASE1A (Xmax)] R 2.0/9.9/0.4 [ = Fe.ga 0
P 20/34/1.1 1124 0
Y 20/34/1.1 B o 0 1124
CASE1B(Ymax) | R 2.0/6.7/08 0 =[69.3 -1105 o0
P 20/51/08 -110.5 466.4 0
Y 2.0/5.0/0.8 | 0 0 496
CASE1C.1 R20/87/11  lyy.[e24 o0 -1474
(Zmax:2‘) P 20/50/05 0 519.2 0
Y 20/597/04 -147.4 0 466.4
CASE1D R 20/29/15 1 ={ 83 -93.7 -141.8]
(X=2Z,Y=1) P 20/217/241 -93.7 750 -19.9
Y 20/22/20 -141.8 -19.9 732.9]
CASE2 R 20/6.9/05 - 1104 24 1.4 |
(MAN+MMU) P 21/50/07 =154 5499 64
Y 21/507/07 -1.4 6.4 539.2,
Figure 27.  End-of-Mission Simulation Results for the Proposed Configuration
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V. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The CER baseline configuration of 1.0 Ibf thrusters and capture mechanism at-
tached at the bottom of the CER did not provide effective control during capture of a
worst-case 830 pound target. Changing the :hruster size and location to increase the
summation of torques about the axes did not provide effective control during target
capture. The unstavle control cases were shown to be caused bv 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 eflective control
during all cases of target capture except for Case 1C (+- roll). The unstable control
became stable when the target distance from the center of the net was reduced from 3.3
fect to 2 feet on the Z axis. Control stability was dramaticallv 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.

Weighted-time-fuel optimal control with 7 = 100 reduced propellant use by §5% for
the selected example but increased the time response to drive the system to zero by a
factor ot 10. The maximum angular velocity values attained are minimized by the dead
zone of the optimal control. Weighted-ume-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. RECONMMENDATIONS

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¢ improved.

The bascline thruster configuration should be changed to provide control torques

as follows if the CER model used is similar to the model presented in this research:

N
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D To=34felof
ST, = 100 fi-lof
e

> T,=100 fi-lbf

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

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

Fo=1131bf
F, =333 Ibf
F.=251bf

Weighted-time-fuel optimal control could be used during coasting periods, between
orbits or for slow or small commanded rotations, when a minimum-time response is not
required. Operation of the CER with target may require immediate minimume-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 1o 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 velocitics
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 analvses.

The rescarch 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.




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 svstem moment of inertia
tensor including non-zero cross-product terms. The program is shown in Figure 28 on
page 39, 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 399 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 Scction I1V.2 on page 41. The simulation is sensitive to
the step-size used since the inner or zero deadband boundrics are small. A step-size of
001 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 bascline configuration with no

target.
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PROFESS10NAL. VERSION OF TUTSIM

Model File: cerbsnt
Date: 2/ 28 / 1989
Time: 13 : 45
Timing: 0.0400000 ,DELTA ; 10.000E+03 ,Ri.~GE
FlotBlocks and Scales:
Format:
BlockNo, Plot-MINimum, Plot-MAXimum; Comment
Horz: 1, -5.0000 . 5.0000 ; INPUT x1 INITIAL CONDITION
Yi: 2 , -5.0000 ) 5.0000 : INPUT x2 INITIAL CONDITION
Y2: . , H
Y3: , ' '
Yoo . ;
0.0350000 1 INT 2 s INPUT x1 INTTIAL CONDITION
0.0035000 2 INT 67 s INPUT x2 INITIAL CONDITION
3 SUM 1 10 ;x14(0.5/Ucx)x2[x2]
0.0000 4 REL 8 -8 -8 ;sign(xl)
1
0.5000000 5 CON
1.0000 6 CON
0.0000 7 CON
8 MUL 70 73 ;(a/3)Tx-Ucx
10 MUL 2 1l 66 ;(0.5/Ucx)x?[x2]
11 ABS 2 s Ix2}
12 SUM 1 13 ;x14+((144LUcx) /(2Uex))Ix2[x2)
13 MUL 2 11 22 ((144LUcx)/(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 ;114LUex
2.0000 18 CON
19 MUL 18 8 ; 2Ucx
20 IFE Lh 47 21 ;begin dead zone
21 IFE 43 7 -47 ;leave dead zone
22 DIV 17 19 ; (144LUex) /(2Ucx)
37 INV 38 itrue if outside zero rect.
38 AND 48 4l ;inside zero rect.
350.000E-06 39 CON i INPUT zero rect. velocity (x2)
40 ABS 1 s [x1)
4] SUM 39 -11 ;0.001-{x2]
42 IFE 38 7 46 ;inside zero rect.?
43 MUL 4 3 s (x14(0.5/Ucx)x2(x2])sign(xl)
a6 MUL 4 12 ;(Block #12)sign(xl)
45 MUL 1 2 i x1%x2
46 IFE 45 -h 20 ;set U for 1st&3drd quad
0.0000 47 REL 8 -8 -8 ;sign(x2)
2
48 SUM 49 -40 ;0.01-[x1}
175.000E-06 49 CON i INPUT zero rect. position (x1)
56 ORR 59 61 ;outside outer rect.?
57 INV 56 ;true if inside outer rect.
0.0218000 58 CON s INPUT outer rect. position
59 SUM -58 40 {x1]-1.25
872.000E-06 60 CON ; INPUT outer rect. velocity
61 SUM -60 1l 1 [x2}-.01
Fizure 28.  TUTSIM Simulation Program (First Page)




1.0000

0.0000

0.0252640
0.0000

3.0000
0.0035000
0.0350000

0.0000

0.5000000

C.0000
0.0000

0.0000

350.000E-06
175.000E-06

0.0218000
872 .000E-06

1.0000

0.0181843
0.0000

0.0000

204

209
210

211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
239
240
2461
242
243
244
245
246

IFE
SRS
AND
IFE
D1V
SUM
CON
MUL
CON
CON
MUL
CON
INT
INT
SUM
REL

MUL
CON
DIV
MUL
ABS
CON
REL

IFE
MUL
CON
MUL
SUM
MUL
IFE
MUL
IFE
IFE
IFE
AND
SUM
CON
SUM
CON
ABS
CON
CON
SUM
SUM
ORR
INV
Ny
SRS
AND
IFE
CON
CON
MUL
SuM
CON
MUL
MUL
SUM

38
37
63
64

65

-68

71
242

201
204
201
239

205
200
200

204
200
212
203

200
201
203
216
201
218
222
222
225
224

226

201

-228
-229
230
232
222
234
235
236

-240
69

-243
14
6

57
37
62

241

73

73

207
-204

249

204
208

-204

209
202

208
214
2135
210
200
-203
209
209
223
-208

-227

227
208
231

233
234
221

249
237

249
213
245

42

440

-204

206

-204

-210

248

211

217

219
220

209

A

204

U=0 if inside zero rect.
;1.D. and loop thru regions
;compare loop and location
;U=0 until outside

;0.5/Ucx

;sum of control inputs

; INPUT d/j

((-d/])Tx

JINPUT a/)

JINPUT g/)

i (B/1)Tx

s INPUT Tx

;INPUT y2 INITIAL CONDITION
INPUT yl INITIAL CONDITION
1y1+(0.5/Ucy)y2{y2}
;sign(yl)

; (e/1)Ty=Ucy

10.5/Ucy
1 (0.5/Ucy)y2{y2)
ily2]

isign(y2)

;leave deadzone

; (y14(0.5/Ucy)y2[y2])sign(yl)

s INFUT lambda=l, (opt. fuel wtng)
; ((144LUcy) /(2Ucy) ) y2 (y2]

i yIH((1+4L0cy) /(2Lcy) ) y2(y2]
i(Block #215)sign(yl)

;begin deadzone

iyl*y2

vset Uy for 1lst&3rd quadrants
;inside zero rectangle?

;Uy=0 if inside zero rectangle
iinside zero rectangle?
;0.001-{v2]

i INPUT zero rect. velocity (y2)
;0.01-{yl]

VINPUT zero rect. position (yl)
ilyl)

i INPUT outer rectangle position
i INPUT outer rectangle velocity
ifyl)-1.25

i[y2]-.01

;outside outer rectangle?

itrue {f inside outer rectangle
itrue if outside zero rectangle
ildentify and loop thru regions
;compare loop and location
+Uy=0 until outside

JINPUT (e/])

(INPUT (b/))

P (-b/1)Ty

;sum of control torques

JINPUT (h/3)

SCGh/ DTy

;4LUcy

;144LUcy

Figure 29, TUTSIM Simulation Program (Second Page)
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247 MUL 18 206 :2Ucy

248 DIV 246 247 s (144LUcy)/(2Ucy)
3.0000 249 CON s INPUT Ty
0.0035000 400 INT 445 s INPUT z2 INITIAL CONDITION
0.0350000 401 INT 400 ;INPUT z1 INITIAL CONDITION
402 SUM 401 407 :z14(0.5/VUcz)z2|22)
0.0000 403 REL 404 -404 -404  ;sign(zl)
401
6404 MUL 441 450 1 (1/3)Tz=Ucz
0.5000000 405 CON
406 DIV 405 404 ;0.5/Ucz
407 MUL 400 408 406 ;(0.5/Ucz)z2{z2}
408 ABS 400 1 122)
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 1 (z14(0.5/Ucz)z2(22]))sign(zl)
0.0000 413 CON ; INPUT lambda-L, (opt. fuel wtng)
414 MUL 400 408 449 ;((144LUcz)/(2Ucz))2z2{22]
415 SUM 401 414 +z1+((144LUcz) /(2Ucz))z2[22)
416 MUL 403 415 i (Block #415)sign(zl)
417 IFE 416 410 411 ;begin deadzone
418 MUL 401 400 yzl*z2
419 1FE 418 -403 417 ;set Uz for 1st&3rd quadrants
420 IFE 422 409 419 ;inside zero rectangle?
421 IFE 422 409 420 ;Uz=0 if inside zero rectangle
422 AND 425 423 ;inside zero rectangle?
423 SUM 424 -408 ;0.001-([22]
350.000E-06 424 CON ; INPUT zero rect. velocity (z2)
425 SUM 426 -4217 10.01-(2z1])
175.000E-06 426 CON s INPUT zero rect. position (zl)
427 ABS 401
0.0218000 428 CON i INPUT outer rectangle position
872 .000E-06 429 CON ; INPUT outer rect. velocity
430 SuM -428 4217 i lz1)-1.25
431 SUM -429 408 i [z2)-.01
432 ORR 430 431 ;outside outer rectangle?
433 1INV 432 ytrue {f inside outer rectangle
434 1INV 422 ;true if outside zero rectangle
1.0000 435 SRS 434 433 ;1dentify 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 VINPUT (c/))
440 MUL 439 450 e/ T2
0.0181843 441 CON VINPUT (L/9)
0.0000 443 GCON JINPUT (f/))
444 Hul -443 450 (-E/))T2
445 SUM 72 244 437 ,sum of control torques
446 MUL 14 413 404 4LUcz
447 MUL 18 40n ;2Ucz
448 SUM 6 446 ;144LUcz
449 DIV 448 a4 1 (L+44LUcz)/(20cz)
4 0000 450 CON s INPUT Tz

Figure 30. TUTSIM Simulation Program (Third Page)
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APPENDIX B. SIMULATION PLOTS

florz:
yi:
Y2
¥3:
Y

Hovz o

Y?

Y3
AT

BlockHo,

Flot -HINlmum,

Piot-MAXImum; Comment

(U 0.0000 ., 10.0000 3 Time
1, -0.0872600 0.0872600 ; ITHIUT x1 IHITIAL CONDITION
701 , -0.0872600 0.0872600 ; IHPUT y1 IMITIAL Conubivion
401 , -0.0872600 0.0872600 ; INI'UT zl INITIAL CONDITION
YI:INPUT x1 INITIAL CONDITION HO TRGT BASELINE TOSITION vs TIHE
0.8072600 T Y ' M ' T N
8.8690008 | 1
8.8523568 |
D.A3149010
8.8171520
2
0.0np0 1 -3
1
-0.8171%28
-8.8349910 |
-8.4527500
-0.0,90000
-8.00720600 L L N 3 2 4 " L
0.0000  Timo 18.60000
BlockHNo, Plot - MiHimum, Plot-MAX{mum; Comnent
v, -0.0872600 , 0.0872600  ; THPUT x1 INTTIAL COUDITION
2, -0.0872600 0.0872600 ; INFPUT x2 INITIAL CONDETION

a.
8.
n.
8.
fa.

VITIHPUT »2 1
8.8072600

.8174520 |

.a319810 |

MITIAL CONDITION
T T

HO _TARGET ROLL DnLELINE
LI —

8GI0000
8523568
8319018 |
atv4528 I

6000 L

0523568
8690008

8072000

S W SN U
~8.80726HINPUT x1 INITIOL CONDITION

T

P EUSUIS N ]

L
0.A0726R0

o
0z

ure 31.

Simulation Plots for Baseline No Target
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Blockle, [Cllot-MIHimum, Float-MAXfmun; Comment
llorz: 200, -0.0872600 0.0872600 ; INPUT yl INITIAL CONDLITION

Yi: 200 , -0.0872600 0.0872600 ; INPUT y2 INITIAL COHDLITION
Y2: . . ;
Y3: . ’ H
Yo ' ' H
Y1:IHIUT y2 INITIAL CONDITI1O NO INRGET ritcH NALELINE
9.0072600 Y ¥ T v v 7 '

0.8690000
9.8523560
9.0317018 | )
8.0174528 | 1
0.0000 - ) /}

-9.81745208 | ;

-0.0349910
-0.9523560

-8.0690000

~-0.0072600

1 L 1 1 i ] L

) L - 1
~8.0072681H1I'UT y1 INITIAL CONDITION 8.8072608

BlockNa, Tlot-MINfmum, Tlot-MAXImum; Comment
llorz: a0y, -0.0872600 0.0872600 ; 1HPUT z1 INETIAL CONDITION

Yl: 400 , -0.0872600 , 0.0872600 ; INPUT 22 INITIAL CONDITION
Y2: R , '
Y3: . ' '
Y4 ) , B
Y1:INPUT %2 INTTIOL CONDITION NO_TARGET ¥nU BNSTLINE
0.8072608 v v ’ T ' v ' ' T
0.8690000 |

8.8523500
9.0319010
8.0171528 |
a.v0680 - 1—

-0.8171528 | k

-0.0349818 | 1

-8.85235%680

-8.06900000 |

-0.8072600 L . 1 L L ' 1 I\ t _J
-8.8072681INIUT z1 INITIAL CONDITION a.e072040

Figure 32. Baseline No Target
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Norz:
Y2:
Y3:
Ya

RlocklNo,
o,

LI

201
Hol1

PFlot-MiNfmunm,

0.0000

-0.0872600
-0.0872600
-0.0872600

Plot-MAX jinuam;

10.0000
0.0872600
0.0872600
0.0872600

*
v
.
.

Comment
Time

INPUT x1 INITIAL COHDITION
INFUT yl INITIAL CONDITION
INPUT z1 INITIAL CONDITION

llorz:
YI:
¥2:
Y3
Yh:

1]

2 = 3 9 9 a

-0

-0

¥3:IHIrUT z1 INITIAL COMDITIOM
T T

.8072608
.8690000
.8523568
.8319840
.8174528
.onne

.0171520
.8349910
.N523560
.86o0000

.D072600

CASEIN BASELINE POSITION vs TIHE
T T T L T

L 1.

1
8.8008

Tirne

16.6009

BlockNo,
1,
.

Plot-HINIimum,
-0.0872600
-0.0872600

’

Flot-MAX{mum;

0.0872600
0.0872600

Comment
INPUT x1 INITIAL CONDITION
INPUT x2 INITIAL CONDITLION

YIIINTUT xZ INITINL COND
T

3]

]
8
a
8
3]
-0

.au720608

.8690000

.0523568

.0319818

.0174528

.0no0e

.8174520
.A349918
.0523560
.a6900080

-N072600

I1TION
T

CASEIN ROLL BALELINE
T ¥ v

| USRI

T

J U | L ] 1. L

-0.007260INTUT x1 INITInNL CONDITION

8.80720660

lNoure

33, DBaseline Case 1A
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Hovz:
yt:
Y2:
Y3:
Yo

Horz:
Yl:
Y2:

BlockHo,
201,
200

Plot-MINimun, Plot-UAXImun; Comment
-0.0872600 , 0.0872600 ; INPUT yl INITIAL CONDITION
-0.0872600 0.0872600 ; INPUT y2 INITIAL CONDETION

n.
0.
0.
0.
n.
-0

-8

-0.

YL:INPUT 42 INITIAL CONDITION
8.0072600 ' T

2690008
8523568
8319040
81714520

0008

.9174520
.8319010
.85235608

.a6960u0

0072600

CNSELIN FIICH BNSKLINE
¥ L T T

i 1 [V t J. 1 A

L

[}
-8.807200INFUT y1 INITINL CONDITION

8.0072000

Blockho,
a0l
Hot

Y3
Y4

"lot -MINImum, Tlot-MAXiwum; Comment
-0.0872600 0.0872600 ; INIUT z1 INITIAL GONDITION
-0.0872600 0.0872600 ; INPUT z2 INITIAL CONLITION

.

Y1:IHPUT 22 INITINL CONDITIOM
.0072680 T v

.8090000

.8523560
.8349940
.0174520

.4Huo

.81714520

.0319040

.0523568
.86300U0
.0072608

CASELIN YnW InsLEL THE
T T 1

1 1 1 -0 A 1 i) t

4

~0.8U7260INPUT z% lﬁ];lnL CONDITION

L
8.8072040

Figure

34.  Bascline Case 1A




llorz:

Y2:
yi:
Yo

lorz:
Yl:
Y2:
Y3:
Yh:

R

lockNo,  Plot-HIN{mum, Plot-HAXimum; Comment

(U 0.6000 . 10.0000

1 . -0.0870000 |, 0.0870000 ; IHPUT x1 INITIAL CONDIYION
201 , -0.0870000 0.0870000 ; INPUT yl INITIAL COMDITION
401 , -0.0870000 0.0870000 ; INPUL 21 INITIAL COUDITION

s Thme

Y1:INPUT x1 INITIAL CONDITION
T ¥

CNSE1D BASELINE I'0OS1TION vs TIHE
v L T L] L

08.0078900

-0696800

.8522000

.0174000

T

a

1]

0.03410008

[}

8.8009 1
-9.0171600
-0.0340000
-0.0522800

-0.0696080 |

-N. 8170000 L 1

L

6.0080 Time

18.0000

B

LockNo, Plot-MINimum, Tlot-MAX{imu; Comnent

1, -0.,0870000 , 0.0870000
2, -0.0870000 |, 0.0870000 ; INPUT <2 INITIAL COHDITION

v INPUT x1 INITIAL GOUDITION

YIZINTUT x2 INITINL CONMDITIOM
T - T

0 .0078000
8.0696000 |
0.0522008
#.0340000
8.9171908 |
8.0000

-9.0174008

-8.1340080

-8.0522000

-0.8690808 |

=

CNSEIB ROLL BASELINE
T T 1

AL A (3115 R S SR S EN 3 . 4 1

T

1.

-8.A070UBIMIUT x1 IHITINL CONDITION

0.0070008

Figure

3

3. Baseline Case 1B




BlockNo, Plot-MINIimum, Plot-MAXimun; Comnent
Horz: 201 , -0.0870000 0.0870000 ; INPUT yl INITIAL CONDITION
Yi: 200 , -0.0870000 0.0870000 ; INIPUT y2 INLITIAL COHNDITION
Y2: . R
Y3 .
Ya: .

Y1:INPUT 42 INITIAL CONDITION CNSE1B PITCH BaSELIME
. 80 78008 T T T Al T T L T

.06960D0 T

.0522000

1
81740088 - //J

[{]
e
0.8310000 |
]
0.80080 2
~-0.9174000 | 1
-0.0310000
-9.8%220008

~8.00696800 | 1

-0.08070000 1 t
-8.8070BBINI'UT y1

1 {1 1 A A (|

-L
INITINL CONDITION 8.bg700ve

BlockNo, TFlot-MINimum, FPlot-MAXimun; Comment
Horz: A0l . -0.0870000 0.0870000 ; INPUT =zl INITIAL COHDITION
Yl: 400 , -0.0870000 0.0870000 ; INPUT z2 INITIAL CONDITION
Y?: , . :
Y3 . ,
Yo R

'

’ v

Y1:IHPUT 22 INITIAL CONDITION CNSE1B ¥YAW BNSELINE
0.n070000 ’ ! T v T T '

0.8696008 | 1
©.8522008 {

8.8310008

0.0174808 | //”’/,,,—~'””"~{
f.0800 . :
8.0174008 |- :
-0.0340000 |
-0.8522000 | ]

-8.0696000
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0
)
0.8310000 | 1
[:]
3]
0

.o174008 | T
.8008 - 1

-0.8174080 |}

-0.08310800

-0.8%22008 |- 4

-9.8696000 |}

-0.8870000 L 1 R 1 L 1 1 2
-0.887BLBINIUT yl IHITINL COMDITION 8.80870000

Blocktlto, FPlot-MINimum, Plot-MAX!mum; Comment
liorz: 40t , -0.0870000 , 0.0870000 ; INPUT zl INITIAL COHDITION
Yi: 600 ,  -0.1750000 , 0.1750000 ; INFUT z2 INITIAL CONDITLION
Y2: N . H
Y3
Yh:

’ B

Y1:INTUT 22 INITINL CONDITION
8.1750008 T !

CASEIC YU PROIOSED
0.1100098
8.1858000
0.8780000
0.0258000 | 1
8.n0ND F 1

-8.09350000 |
-R.0760000
-0.1050008 |

-0.1400000 |

-0.17%0000 1 L N | 1 2 L I Lt
~0.8878N0INPUT 21 INITINL CONDITION 0.8070000

Ficure 32, Proposed Case 1C




BlockNo, FPlot-MiNimum, Plot-MAXImumr, Comment
Hovr: 0, 0.0000 . 2.0000 : Time
Yi: 1, -0.0870000 0.0870000 ; IHIUT x]1 INITIAL COHDITION
Y2: 201 , -0.0870000 0.0870000 ; INPUT yl INITIAL CONDITION
Y3 401 , -0.0870000 0.0870000 ; INPUT zl1 INITIAL CONDITION
Y4

Y1 IHTUT x1 TNITINL CONDITION CASELC.1 TROFOSED I'OSITION vs TINE
0.0070000 ¥ v v T T Y T T T

.0696000 1

0

8.052z008 | ]
8.0310000

f

0174000 [ 1

6.0000 o = 1
-0.08171000
-0.8340008
-8.0522000 |

-0.9696000 L

-8.8078090 L L 1 1 L 1 4 1 4
9.8000 Time 2.0000

RlockMNo, Tlot-MINimum, TPlot-HAXImum; Comnent

lorz: 1., -0.0870000 |, 0.0870000 ; IHPUT x1 INITIAL GOHDITION
Yl: 2, -0.0870000 , 0.0870000 ; INFUT x2 INITIAL CONDITION
Y2: , ;
AR N s ) H
Yh:

YIDINPHT x2 INITIAL CONDITION
T T

CNSE1C.1 ROLL TROFOSED
0.8070000 ' ' N '

.B696008

.8522000

8
8
9.9310088 |
0.8174088 |
9.8000 - 1
8

.8171008 |
-0.9340008
-0.0%22000

-0.00966800

-0.0u7Reoo L P I | v 1 I 1 | SRS
-0.007080INPUT x1 IHITINL CONDITION 8.0u7a000

Figure 3. Proposed Case 1C.1
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Blocklo,

I'lot-MIHNLmnna,

Plot-HAX fwun;

Comment

Hovz: 200 -0.0870000 , 0.0870000 ; INPIUT yl INITEAL CONDITION
Y1 200 , -0.0870000 0.0870000 ; INPUT y2 1INITIAL COMMITION
Y2: . . .
Y3: , . H
Ya: . . :
¥Y1:IRPUT y2Z INITINL CONDITION CNSELC.1 PLICH PROPOSED
8.0070800 T T v T T T T ¥
8.0690008 | I
0.85220808 [ 1
0.68310080
8.0174000
0.9000 I 1
-0.8174008 |
-A.9340000 |
~-0.8522008 | {
-8.0696080 |
-8.8070008 L 1 1oL L 1 1 L
-A.B0700B INFUT yi INITINL CONDITION 8.8070004)
Blockto, 'lot-MINImum, FPlot -HAXimum; Comment
Horz: Hol -0.0870000 0.0870000 ; INPUT z1 INITIAL cOubiITION
Yl: 400 . -0.1750000 , 0.1750000 ; INPUT z2 INITIAL CONDITION
Y2: . , :
Y. , . ;
Y4u:

.

Y1:1HPUT 22 INITIAL COMDITION
T T

CNSEIC. 1 ¥YnW PROI'OIED
0.1750000 T v ' T

9.11000006

0.
.A700000
.835%00n08
.onvs

.8350008
.A7anonB
.1850000 |

. 1400000

1850008

. 1758000

SISV SN W SN L L

-8.807000INIUT z1 INITINL CONDITIUON

0.08700008

Ficure S4.

[)

roposed Case 1C.1




BlockHo, FPlot-MINimum, Plot-MAXimum; Comment

iorz: o, 0.0000 ., 10.0000 ;. Time
vl: 1, -0.0870000 |, 0.0870000 ; INIPUT x] INITIAL COUDITION
Y?: 201,  -0.0870000 , 0.0870000 ; INIUT yl INITIAL CONDUITION
Y3: 401 , -0.0870000 0.0870000 ; INFUT z1 INITIAL CONDITION
Yo : . . S

Y1:IHPUT x1 INITIAL CONDITION
T T

CASEAD TROI'OSED POSITION vs TIME
a.887v0000 ' ' ¥ K '

.8696008
.8522000
.8310000

]

a

[}
0.68174008
8.08600
6.0174000
-p.B310000
-0.05228060

-8.6696009 L

-9.0078000 L L 1 X 1 1 1 L (T
8.60080 Time 19.60

BlockNo, FPlot-MINfmum, Plot-MAXlmum; Comment

Horz: 1, -0.0870000 , 0.0870000 ; JUPUT x1 INITIAL COHDITION
Yli: 2, -0.0870000 0.0870000 ; 1INPUT x2 INITIAL CORDLITION
Y2 . . .

Y3: . . H
Y .

. ’

YI:INPUT x2 INMITINL CONDITION
T T

CASF1D ROLI. FROI'OSED
8.0070000 T v 1

.0626000
.8522008 | 1
.0310000

.B5171000

a T« 3 2 2

.0800 B 1
-9.0174088 | g
-9.A210008
-0.8%22000 |

-8.0690000

-0.8070000 2 L 1 1 2 2 t

L L
~8.8070001INIUT x1 INITINAL CONDITION 8.88706100

Figure 35, Proposed Case 1D




BlockNe,

Horz: 201 ,
Yl: 200 ,
Y2 ,
Y3: ,
Y4

Flot-MINimum, Plot-MAXimw; Comment
-0.0870000 , 0.0870000 ; INPUT yl INITIAL COHNDITION
-0.0870000 , 0.0870000 ; INPUT y2 INITIAL CONDITION

’

»

0.0870d80

.8696G800
.8522608
.8J1U000
.g1741908
.A00N0

.9174000
.8310000
.0522000
.06I6080

.B076000

Y1:INPUT y2 INITINL CONDITION
L T

L A

CNSELD PITCH PROIOGED
T L] T T

1L/

L L 1 I 1 1

{

-8.8076001INIUT y1 INITINL CONDITION

8.6078000

BlockNo,

Horz: 401

Yi: 400

Flot-HINimum,

Plot-MAXimum; Comment

-0.0870000 , 0.0870000 ; INPUT =zl INITIAL CONDUITON
-0.0870000 , 0.0870000 ; INFUT z2 INITIAL CONDITION

.

’
’

-}

.869G000
.05226800
.8310000
.9171800
.8000

.8171000
.0310000
.8%22000
.8696008

.9078000

Y1:INIUT 22 INITIAL COMDITION
.0870000 T T

H '

CNSEID YnW PROI'OSLD
¥ T T

:\/

[ L 1 Il ] 1

-8.607880INPUT =1

INITINL CONDITION

L
8.8070000

Figure 56.

Proposed Case 1D




BlockHo,

Horz: [
yi: | .
Y2: 201
Y3: 401
Yh

Flot-Ml1

0.0000
-0.0870
-0.0870
-0.0870

Nimum, FPlot-MAXLimun; Comment

. 2.0000
000 ,  0.0870000
000 ,  0.0R70000
000 , 0.0870000

s Time

s BHEFUT x1 THITIAL CONDETION
i INPUT y1 INITIAL COHNDITION
i THPUT z1 INITIAL CONDITION

a

-0

0
L]
0.
[:]
o

-0.

.0070000
.0696000
.0522000

a3410n09

.01746008
.0600

.0174800

0340000

.8522000

.8636000

.0070U08

YLOINPUT x1 INLTIAL COMDITION
T T

CNSE2 FPROPOSED FOLITION vs TIHE
T ¥ T T T

] L 1

1 [l 1 1 I t

-

8.8008 Time

2.0000

BlockNo,

llorz: 1,
Yi: 2,
Y2: .
Y3 )
Yh:

.

Mot-MINfmum,

-0.0870000 , 0.0870000
-0.1750000 0.1750000

Plot -MAXimwn;, Comment

o INPUT X1 INTTTAL, COUDITION
v INPUT x2 INITIAL CONDETION

a o o

-8

-8.

-0.

Y1:INPUT x2 INITINL CONDITIONM
8. T Ll

1758000

11000080

. 18500080
.87ANBNN
.8350008
.neno

.0350000

.8700000

10,0008

. 1190000

1750000

CNSEZ ROLL FROrosEDd
T T T

-—.L L (] 1 1 1

R
-0.807888 INI'UT x1

INITIAL COMDITION

0.8070000

Figure 37,  Proposed Case 2




florz:
Yl:

Y3:
Yh:

BlockNo,

201,
200

.

Plot-MINfimum, Tlot-HAXimum;

-0.0870000 0.0870000
-0.0870000 0.0870000

v
.
»
’

GComnent
INFUT yl INITIAL CONDITION
mror yz INITIAL CONDITION

Y1:IHPUT yZ INITIAL CONDITION
A T

]

]
9
o]
e
a

.0310000

.0J10000 |

CNSEZ
¥

PITCH IPROFOSED
L A

0070000
0696800

0522000

0171000 |
8008 -

.a174808 |

.a52z2e00 |-

.8696000

.0070000 1 - L

o

1

A

-8.06U7BUBINPUT y1

p— |
INITINL CO

NDITION

8.0070n00

BlockNo,

tlorz:
Yi:
Y2:
Y3:
Yh:

401
H00

Plot-MINimum, Plot-MAXImum;

-0.0870000 0.0870000
-0.0870000 0.0870000

Commen

INPUT z1 INITIAL
INI'UT 72 INLITIAL

V1:INPUT 22 INITIAL CONDITION
T T

CASFEZ_YAW TROI'OSED
L ¥ Al

t

CONDITION
COHNDITION

.80700080
.NGIGH08
.0522000
.03100008
.8174008
.B009 -
.8171008
.0310000 -
8522008

.8696008

.H070000

-

——— .S

1

A 1

1 (-
-8.807080 INI'UT =21

INITINL CONDITION

1
0.au70000

Figure

38.

P

roposed Case 2
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RBlockNo, Plot-MiNimum, FPlot-MAXLiwmun; Comment
Horz: o, 0.0000 ' 3.0000 . Time

Yl: 1, -0.0870000 |, 0.0870000 ; INPUT x1 INITIAL COHDITION

Y2 201 -0.0870000 , 0.0870000 ; INPUT yl INITIAL COMDJTION

Y3: 401 , -0.0870000 |, 0.0870000 ; INPUT z1 INITIAL COMDITION

Ya: . R H

Y1:INIUT x1 INITIAL CONMDITIO CASE1n END PROT'OSED IOS vs TIHE
0.00780680 T v M v ¥ T ' v
8.8690000 | i
0.0522008 | ]
8.8310009 1
B.0174000 |
@.0008 - ™~ 1
-8.8174008 |
-0.9310008 |
-0.05220008
-9.8696080 ]
-0.0070000 L L 2 1 1 1 ) L L
9.8008 Time 3.8000
BlockNo, Flot-MINimum, FPlot-MAXimum; Comment
Horz: 1, -0.0870000 , U.0870000 ; INPUT x1 INITIAL CONDITION

Yl: 2 , -0.1750000 |, 0.1750000 ; INI'UT x2 INITIAL CONDITION

Y2: , . :

Y3:

v [ .

Y1:INTUT x2 INITIAL CONDITION
¥ T

CNSEIN END ROLL FROI'OSED
9.1750000 v T v v

0.1108009

8.1050008
6.9700000 | ]
8.8350008 | 1
8.6008 - 1

-9.8356008 |
-0.8700008 | :
.185e008 |

.1480008 | 1

. 1758000 X L [ |
-8.887000INFPUT x1 INITIAL

L 1 1

CONDITION

L
8.807v000

Figure 39,

Proposed Case 1A End of mission




Y2:

Ya:

BlockNo,
Horz: 201 ,
Yl 200 ,

Plot-MINimum
-0.0870000
-0,0870000

, Plot-MAXimum; Comment
’ 0.0870000 ; INPUT yl INITIAL CONDITION
. 0.0870000 ; INPUT y2 INITIAL CONDITION

8.

3]
2]
]
(3]
a

.8696008
.8s22008 |
.8310000 |
.8174000 |
.8008
.8174000 |
.p310008
.8522008 |-
.8696000 r
.8070008

¥Y1:INPUT y2 INITINL COMDITION
T T

CNSELN END PITCIl PROFOSED
T L L] v

0070080
!

'l 1 1 1 ] s 1 A

. ]

-@.887009 INPUT y1 INITINL CONDITION

8.8070000

Y2:
Y2
Y

BlockNo,
llorz: 401
Yl: H00

Flot-MIN{mum
-0.0870000
-0.0870000

, Plot-HAXimum; Comment
R 0.0870000 ; INPUT zl INITIAL CONDITION
. 0.0870000 ; INPUT 22 INITIAL COMDITION

’ ’

.8078000

.8522008 |

.8174000 |
.8800 -
.e174e88 |
.e310e00 |
.es22000 |
.0696008 |
.8078008

YI:INPUT 22 INITIAL CONDITIO|

CNSELIN END ¥YNW PROPOSED
L T T T

869,089

8310000 |

A\l T T A

1 Il [ A Y 1

4

1
-0.807880 INIUT =21

L
INITIOL CONDITION

i |
8.06070008

Figure 60.

Proposed Case 1A End of Mission
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liorz:
Y2:
Y3:
Y&

BlockNo,
0,

1,

201 ,
401 ,

Plot-MINimum, Plot-MAXimum; Comment

0.0000

-0.0870000
-0.0870000

, 3.0000 ; Time

0.0870000

0.0870000 ; INPUT x1 INITIAL COMDITION
THPUT yl INITIAL CONDITION

-0.0870000 , 0.0870000 ; INPUT zl INITIAL CONDITION

Y1:IMPUT x1 INITINL COMDITION
T

.8070009
.0696008
.B522008
.83410000
.8171000
.0800

.81740008
.8310000
.8522000
.8696000
.9070008

T

CNSE1B_END PROPOSED oS vs TIHE
L T L] T L]

I3 I 1 1 1 A i

8.9060 Time

3.8000

BlockNo,
1,
2

.
.
.

Plot-MINimum, Plot-MAXimum; Comment
-0.0870000 0.0870000 ; INFUT x1 INITIAL COMDITION
-0.1750000 0.1750000 ; INPUT x2 INITIAL CONDITION

Y1:INPUT x2 INITIAL CONDITION
L] ¥

.1758000
.1400000
.1850008
.a790008
.8350800
.0009

.8358000
.8700000
.1850089
.1180000

.17508008

T T

t 4 L L 1. A 1

CNASFE1B END ROLL PROrOSED
Ll L] T T

-4

-0.807080INPUT x1i IMITINL COMDITION

) |
8.8070000

Figure

61. Proposed Case 1B End of Mission




BlockNo, Plot-MIN{mum, FPlot-MAXJmum; Comment
Horz: 201 , -0.0870000 |, 0.0870000 ; INFUT yl INITIAL CONDITICN
Yi: 200 , -0.0870000 |, 0.0870000 ; INPUT y2 INITIAL CONDITION
Y2: ' ' '

Yi:IRPUT y2 INITINL CONDITION
¥ T

CNASE1B END PITCH PROPOSED
6.0070000 T v Y T

.8696008

T
i

8

©.8522000

8.0310800 | 1
8.0171008 | 1
)
-8

.8b08 - 1 ]
.8174800 T
-0.8340008 ;- E
-9.0522008 |- 1
-0.96956000 | J
-8.0070000 1 1 L L 1 fl 1 1 1
-B.8078PBINPUT yi INITINL CONDITION 8.98978080
BlockNo, Plot-MINimum, Plot-HAXimum; Comment
Horz: 401 , -0.0870000 |, 0.0870000 ; INPUT zl INITIAL CONDITION
Yl: 400 , -0.0870000 |, 0.0870000 ; INPUT z2 INITIAL CONDITION
Y2 . ' 4
Y3 . ' H
Yb: . , H

YLIIHPUT 22 INITINL CONDITION
T ¥

CNASEIB END YnW TROPOSFED
0.8070069 T T v T

8.86960088 | 1
8.0522000 |
9.8310008 | 1
0.8174808 | 1
0.9000 - J 1
-0.8174088 | .
-8 8340000 | :
-6.8522000 | ]
~0.869%68R8 | J

-8.68070000

1 {1 I A Y L

—l bl
-0.887888 INFUT 21 INITIAL CONDITION 8.8070008

Figure 62. Proposed Case 1B End of Mission
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BlockNo, FPlot-MINimum, Plot-MAXimum; Comment

lorz: o, 0.0000 , 3.0000 ¢ Time
Yi: 1, -0.0870000 |, 0.0870000 ; INPUT x1 INITIAL CONDITION
Y2: 201 , -0.0870000 0.0870000 ; INPUT yl INITIAL CONDITION
Y3: 401 , -0.0870000 |, 0.0870000 ; INIUT zl INITIAL CONDITION
Ya: , . B
Y1:INPUT x1 INITINL CONDITION CNSEL1C.1 EMD PROPFOSED I'0S vs TINE
a . 00 76688 ¥ T ¥ T T T T T T

.8696000 1

.85220800 | 1

.a174808 |

L]
2]
0.0310600 1
)
i)

.8080 B 1
-0.01748080 |
-0.8310000
-8.85220n8

-0.0696000 |

-8.0070009 L L 1 1 1 1 2 1 it
9.8000 Time 3.0008

BlockNo, Plot-MINimum, Plot-MAXimum; Comment

Horz: 1, -0.0870000 , 0.0870000 ; INPUT x1 INITIAL CONDITION
Yi: 2, -0.0870000 |, 0.0870000 ; INPUT x2 INITIAL CONDITION
Y2: \ R B
Y3: . R .

Y . , ;
Y1:INFUT x2 INITIAL CONDITION CNSELIC.1 END ROLL FPROTOSED
#.8070000 T v M T v r T 7

0.0696080 | ]
9.0522000 1
6.83400808 | 1
8.8171008

8.6008 - 1 J
-6.8174000
-8.8310008 | <
-8.8522000

~-0.A696000 |

-8.8070008

1 1 'y 4

L 1 ) SRS L
~0.8070B0INTUT x1 INITINL COMDITION 8.0078008

Figure 63.  Proposed Case 1C.1 End of Mission
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BlockNo,

Horz: 201
Yl: 200
Y2:

Y3:

Yh

Flot-MINimum,

-0.0870000

-0.0870000 ,

Piot-HAX{mum;
0.0870000
0.0870000

Comment
INFUT yl INITIAL CONDITION
INPUT y2 INITIAL CONDITION

.8070009

0.
9.
8.
9.
0.

86906000
8522000
8310008
8171000

8008

.8171000

.83400089

.8522p00

.8696000

.0070000

Y1:INPUT y2 INITINL COMDITION

CNSEIC.1 END P1TCH PROI'OSED
1 T I T T

Y

L ¢
-8.8070001NFUT yi INITINL CONDITION

A

0.8070000

BlockNo,

Horz:
Yl:

Y3:
Yh:

401
400

Flot-MINimum,

-0.0870000
-0.1750000

Plot-MAXimum;
0.0870000
0.1750000

Comment
INFUT z1 INITIAL CONDITION
INFUT 22 INLITIAL CONDITION

-8.

8.1750000

8.1400800

1850000

.87800800

A350000

.8000

8358000

.a700008
.185p000
. 1400000

. 1750008

Y1:IHPUT 22 INITINL CONDITION
¥ T

CNSE1C.1 END YnW T'ROTOSED
T Ll T T T

1 1

A

1

1

L

-8.807000INTUT =21 lNl;inL CONDITION

9.807e000

Figure 64.

Proposed Case 1C.1 End of Mission




BlockNo, PFPlot-MINimum, Plot-HAXimum; Comment

lorz: o, 0.0000 . 3.0000 : Time
Yl: 1, -0.0870000 0.0870000 ; INI'UT x1 IMITIAL COMDITION
2 201 , -0.0870000 , 0.0870000 ; INPUT yl INITIAL CONDITION
Y3 491 , -0.0870000 , 0.0870000 ; INFUT 21 INITIAL CONDITION
Y , . ;
Y1:INPUT x1 INITINL CONDITIO CNSE1D END FROPOSED FOS vs TIME
8'0078808 T T T T ¥ T -1 T r

9.8696009
0.6522008
0.8310009
]

.8174000 [

0.0008 d - 1
-9.0174000 | 1
-0.8340008
-9.0522000 |- :

~-0.98696600 | 1

-p.ep7oonN0 L 0 r . _ g ' Iy 1 ] 1 .
8.0N00 Timo 3.8000

Blockto, Flot-NINimum, Plot-MAXImuwn, Comment

Horz: 1, -0.0870000 0.0870000 ; INFrUr xl INITIAL cOtntyIONn
Yl: 2, -0.0870000 0.0870000 ; INFPUT x2 INITIAL CCIDITION
YZ: . ' H
Y3y . . i
Yh:

Y1:INFUT =2 INITIAL CONDITION
0.8070008 ' T

CASELD EMD ROLL TMOFOSED
T T T T
.8696008
.es2za08 | i
8310008 | 1

.e174000 |

@ & o a9 o

.00n8 . 1

-8.8171080 | 1
-8.83180000 |
-8.87.22000 |

-0.0696000 |

-p.An7B088 L L 1 i 1 L A 1 1
~8.007800INMIPUT x1 INITIAL CONDITION 8.8u7vu188

Figure 63, Proposed Case 1D End of Mission
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BlockNo,
Horz: 201 ,
Yl: 200 ,

Plot-HIN{imum,
-0.0870000 ,
-0.0870000

0.0870000
0.0870000

Plot -MAXimum;

Comment
INPUT yl INITIAL CONDITION
INFUT y2 INITIAL CONDITION

3 o O @

-0

Y1:INTUT y2 INITINL
.B070008

.067:900
.8522008
.8310000
.8171000
.e800

.8171000
.8340808
.85220808
.80690008

.8070000

CONDITION
T T

CASE1D END TiTCH I'ROFOSED
T L ¥ T

1 1

L Il i 1 I I

-0.087000 INFUT y1 INJTINL CONDITION 08.8078800

BlockNo,
Norz: 401
A 400

Flot-MINimum,
-0.0870000
-0.0870000

Flot-MAX Imum;

0.0870000
0.0870000

.
’
v
N

Comment
INPUT z1 INITIAL CONDITION
INTUT z2 IN1TIAL CONDITION

8
.}
a
[}
[}

-8

V1:INPUT 22 INITINL

.8070668
.8696000
.B522008
.8310000
.8171009
.8o00

81741008
.8340000
.8522008
.0696008

.8u78000

CONDITION
T —f

CNSE1D EMD YnW TROPOSED
-1 T T T

T

1 1 1 1

1 A
-8.8BB7BBOINIUT z1

—_—L 1
INITINL CONDITION 8.6807A000

Ficure 00.

Proposed Case 1D End of Mission




BlockHn,

Horz:
¥Yi:
Y?2: 200 ,
Yi: 401
Yh:

o,
L.

Plot-MINimum, Tlot-MAXimum;

0.0000 ' 3.0000
-0.0870000 0.0870000
-0.0870000 0.0870000
-0.0870000 , 0.0870000

.

Comment
i Time

THPUT x1 JTNITIAL CONDITION
INPUT yl INITIAL CONDITION
INPUT 21 INITIAL COHDITION

[}
2]
;]
0
0

-8

-8.

.8636800
.8522000
-8310000
.81714000 |

.8000

.8310000

.8696000 |

Y1:INTUT x1 INITINL CONDITION
T

CNSFE2 END PROFOSED TOS vs
T T L T

TIME
T

.e070080 T

0174000 |

8522000 |

.8070080 L L 2

0.8089 Time

BlockNo,

HHorz:
Yl
X7
AR
Ya

1,
2,

Flot-MINI{mum, Plot-HAXiwum;
-0.0870000 0.0870000
-0.1750000 , 0.1750000

’

Comment
INFUT x1 INITIAL CONDITION
INFUT x2 INITLIAL CONDITION

8.

-8

YLIIMPOT x2 INITIAL CONDITION
8 . T T

1750000
1100000
. 1856008
.A780008
.8350a00
.8008

A358000
.8780009

1a%nN0e

. 1400000

. 1750008

CNSEZ END ROLL PROFOSED
T T T T

L J_ 1 1 1

1

i 4
~0.8U7000INPUT x1

INITIAL CONDITION

9.8070000

Figure 67.

Proposed Case 2 End of Mission
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BlockNo, FPlot-HINImum, FPlot-MAXimum; Comment

llorz: 201 , -0.0870000 0.0870000 ; INFUT yl INITIAL CONDITION
Yi: 200 , -0.0870000 |, 0.0870000 ; INFUT y2 INITIAL CONDITION
Y2: . . H
Y3: , ' H
Y4 R R H
Y1:INIUT y2 INITINAL CONDITION CNSE2 EMD P1ICH PROIOSED
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BlockNo, Tlot-MINfmum, Flot-HAXImum; Comment

llorz: 401 , -0.0870000 0.0870000 ; INPUT z1 INITIAL COHDITION
Yl: 400 , -0.0870000 |, 0.0870000 ; INPUT z2 INITIAL CONDITION
Y2: . . ;
Y):

Y&

v . '

YI:INFUT z2 INITIAL CONDITION
8.68700n00 T ¥
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Figure 68.  Proposed Case 2 End of Mission
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